
Introduction

Leaf rust (Melampsora larici-epitea Kleb.) is con-
sidered a major limiting factor for growth of short
rotation coppice (SRC) willow (Salix spp.), a
bioenergy crop grown in northern Europe (Larsson
1998; McCracken and Dawson 2003). It can cause
premature defoliation (Rönnberg-Wästljung and
Gunnerbeck 1985), stool death due to infection by
secondary pathogens (McCracken and Dawson
1994), poor cold acclimation, and production
losses (Rönnberg-Wästljung and Thorsén 1988).

Breeding for resistance is the main approach to

control the rust in SRC willows (Larsson 1998;
Åhman and Bertholdsson 2001). However, the

pathogen has a high capacity for evolutionary
change (McDonald and Linde 2002), being a
biotroph with both asexual reproduction, by
widely wind-dispersed urediniospores, and sexual

propagation (Samils et al. 2001). Evidence from
SRC field trails has shown that rust populations can
adapt to the Salix clones used for cultivation and
overcome resistance (McCracken and Dawson
1998; Pei et al. 2000). The importance of the prob-
lem is further emphasised by experiences in the re-
lated Populus–M. larici-populina pathosystem in
Central Europe, where several poplar clones com-
pletely resistant to M. Larici -populina have lost
their resistance within less than a decade of culti-
vation, due to changes in the pathogen population
(Pinon et al. 1987; Pinon and Frey 2005). Since the
life length of a SRC needs to be more than
10 years, possibly up to 20 years, to make the wil-
low bioenergy approach economically feasible,
rust resistance used in breeding programs must be
durable.

Studies of the interaction between poplar and

M. larici-populina in Europe have identified both
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qualitative (i.e. complete) resistance and quantita-

tive (i.e. partial) resistance (Lèfevre et al. 1994,

1998; Dowkiw et al. 2003; Dowkiw and Bastien

2004; Jorge et al. 2005; Dowkiw and Bastien

2007). Poplar breeding programs in Europe have

utilized the native Populus nigra L., as well as the

exotic species P. deltoides Bartr. and

P. trichocarpa Torr. and Gray for production of

both inter- and intraspecific hybrids (Legionnet et

al. 1999). Several reports have shown both quali-

tative and quantitative resistance against various

races of M. larici-populina in P. deltoides and hy-

brids between P. deltoids and P. trichocarpa

(Lèfevre et al. 1994, 1998; Dowkiw et al. 2003;

Dowkiw and Bastien 2004; Jorge et al. 2005;

Dowkiw and Bastien 2007), while only quantita-

tive resistance has been reported in P. nigra

(Legionnet et al. 1999) and P. trichocarpa

(Lèfevre et al. 1994, 1998). Quantitative resis-

tance has been proposed for poplar breeding

(Jorge et al. 2005; Pinon and Frey 2005), since it is

likely to be durable in comparison to qualitative

resistance.

Compared to poplar, SRC willow is at an ear-

lier stage of breeding. The willow species com-

monly used in SRC have been dominated by

quantitative resistance rather than qualitative re-

sistance (Lascoux et al. 1996). In S. viminalis

(the most common species in SRC), no complete

resistance has been detected. There is, however,

a high degree of host specificity in

M. larici-epitea, and various willow species are

infected only by certain formae speciales (f. sp.) of

M. larici-epitea (Pei et al. 1996). For example,

S. viminalis is infected by Melampsora

larici-epitea f. sp. larici-epitea typica, while

S. dasyclados is infected by M. larici-epitea f. sp.

larici-retusae. In recent breeding programs, a

number of willow clones with complete or almost

complete resistance have been produced (Åhman
and Bertholdsson 2001). Like in poplar, this resis-

tance is usually derived in interspecific hybrids

(e.g. hybrids between S. viminalis and the exotic

species S. schwerinii).

To improve the chances for developing variet-

ies with durable resistance, it is necessary to un-

derstand better the genetics of the Salix–

Melampsora interaction. Since breeding for quali-

tative resistance has yet not been pronounced in

this system, one could expect that Salix might still

possess a high diversity of quantitative resistance

genes. In the present study we have used 2 popula-
tions that are derived from crosses between Salix

species that are frequently used in breeding today;

one population is derived from S. viminalis and
S. schwerinii, and the other is derived from
S. viminalis and S. dasyclados. The occurrence
and genomic mapping of quantitative trait loci
(QTLs) were analysed for the resistance compo-
nents that are commonly used to measure quantita-
tive resistance, i.e. latent period (LP), uredinia
number (UN) and uredinia diameter (UD). The ob-

jectives of this study were to (i) map quantitative

trait loci (QTLs) for rust resistance in hybrids be-
tween Salix species frequently used in SRC; (ii)

determine if there are QTLs common to various

resistance components; and (iii) examine if resis-

tance QTLs are rust-isolate-specific. To our

knowledge this is the first published report on the

genetics of quantitative resistance against

M. larici-epitea in willows.

Materials and methods

Plant material

Two mapping populations, previously studied for

other characters, were used in this study. One of

them was a backcross population (here called the

‘BC population’) derived from a cross between the

diploid male hybrid clone ‘Björn’ (Salix viminalis

� S. schwerinii) and the diploid female clone

‘78183’ (Salix viminalis) (Tsarouhas et al. 2002).

‘Björn’ and ‘78183’ are commercial clones re-

leased by Svalöf Weibull AB. ‘Björn’ shows only

little rust infections in the field, while ‘78183’ is

known to be a rather susceptible clone. In a compi-

lation of several field experiments, the clone

‘78183’ showed a rust score of 3.1 on a scale from
0 to 6, where 6 represents strong rust infection on
every leaf. The relative rust score of the clone
‘Björn’ was 1%, compared to ‘78183’ in the same
experiments (Åhman and Larsson 1999). Sev-
enty-three genotypes in the BC population and the

parents ‘Björn’ and ‘78183’ were analysed for the

resistance components.

In the second mapping population (here called the

‘F2 population’), the grandparents were the female

‘Jorunn’ (Salix viminalis) and the male ‘SW901290’

(Salix dasyclados) (Rönnberg-Wästljung et al. 2003).

The F1 parents were the hybrid clones ‘SW950182’

and ‘SW950185’. ‘Jorunn’ had a relative rust score of

18% when compared to ‘78183’ in the study men-

tioned above. In 3 field experiments performed on the

F2 population in central and south Sweden, the

grandparent ‘Jorunn’ had rust scores from 0.05 to

0.38 on a scale from 0 to 4 (Rönnberg-Wästljung
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et al. 2006). The grandparent ‘SW901290’ scored

0 in the 2 field experiments in central Sweden and

0.10 in the experiment in south Sweden.
Flow cytometry showed that the F2 population

was tetraploid, the grandparent ‘SW901290’ was
hexaploid, and the grandparent ‘Jorunn’ was dip-
loid, giving an average of 75% of the S. dasyclados
genome in the F2 population (Rönnberg-Wästljung
et al. 2003). ‘SW901290’ is a clone of Russian ori-
gin used in Svalöf Weibull AB’s breeding pro-
gram. In the F2 population, 85 offspring plus F1

parents and grandparents were scored for resis-
tance components.

Linkage map construction

Thorough descriptions of the linkage maps have

been presented earlier (BC population: Tsarouhas

et al. 2002; F2 population: Rönnberg-Wästljung

et al. 2003) and the linkage groups in this study are

named according to these publications. Linkage

maps for the 2 populations were developed with

the 2-way pseudo-test-cross strategy (Grattapaglia

and Sederoff 1994) generating 2 linkage maps (i.e.

for both parents), in each mapping population.

The 2 parental maps of the BC population were

constructed with amplified fragment length poly-

morphism (AFLP) markers (Vos et al. 1995) and

restriction fragment length polymorphism mark-

ers (RFLP) analysed in 94 BC siblings. For the

QTL analysis, 73 individuals from the mapping

population and markers segregating 1:1 were

used. Markers segregating 3:1 are less informative

when using dominant markers (AFLP) and thus

were excluded from the QTL analysis. The female

map (S. viminalis map) used in the QTL analysis

consisted of 94 markers grouped into 14 major

groups, 4 triplets, and 2 doublets, and the male

map (S. schwerinii � S. viminalis map) was com-

posed of 202 markers distributed into 25 major

linkage groups, 6 triplets, and 10 doublets.

The parental maps of the F2 population were made

from AFLP analyses on 92 of the F2 siblings

(Rönnberg-Wästljung et al. 2003). To avoid prob-

lems with different segregation ratios due to the

tetraploidy of the F1 plants, only single-dose mark-

ers segregating 1:1 in the F2 population were se-

lected for the QTL analysis of 85 individuals from

the mapping population. The female map in the

QTL analysis consisted in total of 147 markers di-

vided into 20 major groups, 8 triplets and 7 dou-

blets, while the male map consisted in total of 168

markers distributed over 23 major groups, 9 trip-

lets and 13 doublets.

Fungal material

For inoculations of the BC population, we used 2

single-uredinial isolates of Melampsora

larici-epitea f. sp. larici-epitea typica (074 and
135), collected from a plantation outside Uppsala
on S. viminalis clone ’78183’ for a genetic diver-
sity study. Isolate 074 was chosen because it was a
common rust clone in the population studied out-
side Uppsala (constituting 10% of the isolates
sampled) (Samils et al. 2001). Frequency of iso-
late 135 was low (a single copy of this clone was
sampled). In order to get single-uredinial isolates,
spores from one uredinium were placed on a

greenhouse-cultivated leaf of willow clone

‘78183’. The leaf was kept in a Petri dish on a wa-

ter-soaked filter paper at 18°C, with a 12-hour

light period, until new uredinia developed about a

week later. This isolation procedure (inoculation

of spores from a single uredinium to a new leaf)

was repeated twice to ensure that each rust isolate

consisted of a single genotype. To get enough
spores for the experiment, each of the 2 isolates
was bulked-up on several leaves from green-
house-cultivated plants of clone ‘78183’. The
spores were collected, dried and kept in a freezer
until the day before the inoculation.

For inoculations of the F2 population, we used

isolates 074 and 135 (M. larici-epitea f. sp.

larici-epitea typica, collected from S. viminalis), as

well as a single-uredinial isolate of M. larici-epitea

f. sp. larici-retusae (M111) collected from

S. dasyclados in a plantation in central Sweden. Iso-

lates 074 and 135 were bulked-up as in the BC ex-

periment, while M111 was multiplied on

S. dasyclados clone ‘77056’. In this experiment,

the bulked spores were kept at room temperature

for a couple of days until inoculation.

Inoculation of leaf discs

The leaf disc experiment on the BC population
was performed during the winter of 2001, and the
experiment on the F2 population, in 2002. Four to
six cuttings per clone were grown in a greenhouse,
at 20–22°C with supplemental light. When the cut-
tings were 50–80 cm tall and still actively grow-
ing, leaves from the middle part of the plant were
harvested, and leaf discs (1 cm in diameter) were
cut out. Square-shaped Petri dishes (10�10 cm2)
divided into 25 (5�5) compartments were used in
the inoculation experiment in the same way as de-
scribed by Pei et al. (1996). Leaf discs were placed
(with the abaxial surface uppermost) on wa-
ter-soaked paper bridges in the compartments of
the dishes. In both experiments the leaf discs were
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designed into 4 randomized blocks. The BC exper-
iment also had 5 control discs on each tray (1 in
each row and each column), to control for uneven
spraying of the tray.

A suspension of 105 spores per ml were

sprayed onto the leaf discs by a TLC-Sprayer

(Merck KGaA, Germany). One tray at a time was

sprayed by moving the air-brush, perpendicular to

the leaf discs, at a constant distance and an even

speed over the tray. During the spraying the posi-

tion in the first row and the first column of the tray

was always placed in the uppermost left corner in

relation to the spray.

Scoring of resistance components

Reactions on leaf discs were recorded by using a

digital camera fixed at a specific distance from the

Petri dish when photographed. In the BC experi-

ment, some few uredinia became visible on the

surface of the leaf on day 9 after inoculation.

Photos were taken on all dishes in the experiment

at the same hour in the morning on days 10, 11, 12,

13, 14, and 17. In the F2 experiment, the first

uredinia were visible on day 6, and photos were

taken in the morning on days 6, 7, 8, 9, 10, and 11.

All photos were scored visually for number of

uredinia. The numbers of uredinia on the 2 last

days of the recordings were usually identical, or

differed with some few percent. The number of

uredinia was counted on the last day of recordings,

or the last day before any uredinia erupted and re-

leased urediniospores. The uredinia diameter

(UD) was measured with a ruler on the photo of

one uredinium on each leaf disc. The measurement

was made in units of length, where 10 units equal

0,62 mm. The measurement was made on the last

day of the recordings or on the last day when the

majority of the uredinia had a distinct circular pe-

riphery. The latent period (LP) was defined as the

time point when half of the uredinia had become

visible on the surface of the leaf. The time point

within the 24 h between the consecutive record-

ings with less and more than half of the number of

uredinia on a leaf disc (UN), respectively, was cal-

culated under the assumption that the number of

uredinia increased with a constant rate per time

unit during this period.

Statistical analysis

Both the control discs and the average number of

uredinia in a tray position showed that the spray-

ing caused a systematic difference in number of

uredinia between positions. The number of

uredinia on a leaf disc (UN) was therefore cor-

rected in the following manner:

UN = UNrec/[(UNtray/UNoverall)(UNposition/UNoverall)],

where UNrec is the recorded number of uredinia on

a leaf disc; UNoverall is the overall mean number of

uredinia in the trial; UNtray is the mean number of

uredinia in the tray; UNposition is the mean number

of uredinia in the position. Neither LP nor UD

were affected by uneven spraying of spores.
A check for normality by the Shapiro-Wilks W

test (JMP 3 software, SAS Institute Inc., Cary, NC,
USA) showed that in the BC population none of
the variables for rust isolate 135 had a normal dis-
tribution. No transformation improved the nor-
mality for the variables UN or LP, while a log
transformation improved the normality of the vari-
able UD. However, since no difference was de-
tected between transformed and untransformed
data for UD in the QTL analysis, untransformed
data was used. For rust isolate 074 in the BC popu-
lation, all variables were normally distributed. In
the F2 population using rust isolate M111, all traits
were normally distributed except for trait UN.
This trait was square-root transformed to improve
the normality. Analysis of variance was conducted
for each of the resistance components, and vari-
ance components were estimated by using the
mixed model fitting facilities in JMP 3 software.
The following statistical model was used:

Yij = � + Bi + Cj + eij,

where Yij is the phenotypic value for the jth clone in

the ith block, � is the overall mean, Bi is the fixed

effect of the ith block, Cj is the random effect of the

jth clone, and eij is the residual error. Clonal mean
heritability (mean H2) was calculated as:

H2 = �c
2/(�c

2+(�e
2/b)),

where �c
2 and �e

2 are the clone and error variance
components, respectively, and b is the mean num-
ber of replicates. For each population, phenotypic
correlations were estimated (Pearson correlation

coefficient; JMP 3 software) between the resis-

tance components of the isolates, on the basis of
mean values for each clone.

QTL analysis

Associations between segregating genetic markers
and the phenotypic variability found for the resis-
tance components were detected with the compos-
ite interval mapping technique (CIM). CIM was
performed by using the program QTL Cartogra-
pher v. 1.15 (Basten et al. 2001) and mean values,
based on all blocks, for each of the clones in the 2
populations. Model 6 in the Zmapqtl program
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module for CIM was used to detect QTLs and their
effects. The genome was scanned at 2-cM inter-
vals, with a window size of 10 cM. Markers used
to control for background were first identified
with stepwise regression, implemented by using
the FB option in the SRmapqtl module (model 6).
A maximum of 5 background markers were used
as cofactors in the CIM analysis. The ge-
nome-wide significance level at P < 0.05 was de-
termined by a series of 1000 permutations of the
phenotypic data for each trait. The significances
are presented as LOD scores, where LOD repre-
sents a log10 of the likelihood odds ratio that a QTL
is present versus absent. Additive effects of the de-
tected QTLs were estimated by the Zmapqtl pro-
gram. The proportion of phenotypic variation
explained by each significant marker was esti-
mated as the coefficient of determination (r2) at
the peak QTL position estimated by QTL Cartog-
rapher. Separate QTL analyses were carried out
for each parent under the 2-way pseudo-backcross
model (Grattapaglia and Sederoff 1994).

Results

Phenotypic variation

The distribution of the resistance components (UN,
LP, and UD) in the mapping populations in the
2 experiments is shown in Figure 1. In the BC popu-
lation, the hybrid male parent (S. schwerinii �

S. viminalis) showed high levels of resistance for all
3 components. The female parent (S. viminalis), on
the other hand, showed lower levels of resistance to
isolate 074 than the mean of the BC population, ir-
respective of resistance component, and also to iso-
late 135 when measured by UD, but similar when
measured by LP and UN with isolate 135 (Fig-
ure 1). In the F2 experiment, no uredinia were ob-
served for rust isolates 074 and 135
(f. sp. larici-epitea typica, collected from
S. viminalis) on the F2 population, but ‘Jorunn’
(the S. viminalis grandparent of the F2 population)
was infected. Rust isolate M111, collected from
S. dasyclados (f. sp. larici-retusae), produced no
uredinia on the S. viminalis grandparent
(‘Jorunn’), while the S. dasyclados grandparent
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Figure 1. Phenotypic distribution of clonal mean values for the resistance components – uredinia number (UN), latent

period (LP), and uredinia diameter (UD) – for 3 rust isolates of Melampsora larici-epitea in 2 Salix mapping populations.

Results for the backcross (BC) population with isolate 135 are shown in diagrams a-c, and with isolate 074 in diagrams

d–f. F1 in the BC population is the S. schwerinii × S. viminalis clone ‘Björn’ and BCvim is the S. viminalis clone ‘78183’.

The distribution for the F2 population with isolate M111 is shown in diagram g-i. Pvim is the S. viminalis clone ‘Jorunn’,

Pdasy is the S. dasyclados clone ‘SW901290’, F11 and F12 are the F1 hybrid clones ‘SW950182’ and ‘SW950185’,

respectively.



(‘SW901290’) and the F1 plants had resistance
components similar to the mean values of the F2

population (Figure 1).
In the BC population the UN was higher for

isolate 074 than for isolate 135, while the UD and
LP were similar for both isolates (Figure 1).
The difference in UN could be associated to the
situation in the natural rust population where the
2 isolates were collected. Here isolate 074 was a
common rust clone, while isolate 135 was infre-
quent (Samils et al. 2001), possibly reflecting the
higher virulence of isolate 074.

A large part of the variance in all resistance

components is due to genetic causes, which could

be seen in the variance components and the clonal

mean heritabilities presented in Table 1. Pheno-

typic correlations between resistance components

in the BC population range from 0.33 to 0.73, with

a negative correlation between UN and LP as well

as between UD and LP (Table 2). The phenotypic

correlations between the various traits in the F2

population are high and significant (Table 3).

In the BC population some genotypes, as well

as the female parent (S. viminalis), had a distinctly

larger UD than the rest of the population. These

genotypes are among the genotypes having largest

UD irrespective of rust isolate (Figure 1).

The same genotypes are also the most extreme re-

garding short LP for both rust isolates.

Identification of QTLs

The analysis of QTLs revealed 9 genomic regions

in the BC population and 7 genomic regions in the

F2 population, important for rust resistance com-

ponents. QTLs were detected for all resistance

components and in both populations. One and two

QTLs were found for the resistance component

UN in the BC population for rust isolates 074 and

135, respectively, and two QTLs were found for

UN in the F2 population (Tables 4 and 5). Also the
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Table 1. Variance components for resistance components in the BC

and the F2 populations

Resistance component Clone Residual Mean H2

BC population, isol. 135

UN 3.3 8.4 0.61

LP 0.81 1.11 0.74

UD 4.5 3.3 0.85

BC population, isol. 074

UN 139 322 0.63

LP 0.97 0.49 0.89

UD 1.98 2.29 0.79

F2 population, isol. M111

UN 870 314 0.92

root UN* 5.65 1.77 0.95

LP 0.39 0.23 0.87

UD 0.96 1.18 0.76

UN = uredinia number, LP = latent period, UD = uredinia diameter; H2 = clonal mean

heritability; *UN transformed by square root

Table 2. Phenotypic correlations between resistance components for 2 spore

isolates in the BC population

UN

isol. 074

LP

isol. 135

LP

isol. 074

UD

isol. 135

UD

isol. 074

UN isol. 135 0.56 –0.57 –0.58 0.53 0.54

UN isol. 074 –0.40 –0.60 0.33 0.36

LP isol. 135 0.67 –0.59 –0.49

LP isol. 074 –0.64 –0.64

UD isol. 135 0.73

UN = uredinia number, LP = latent period, UD = uredinia diameter; P < 0.001 for all correlations

Table 3. Phenotypic correlations between resistance

components for one spore isolate in the F2 population

LP

isol. M111

UD

isol. M111

UN isol. M111 –0.66 0.66

LP isol. M111 –0.61

UN = uredinia number, LP = latent period, UD = uredinia diameter;

P < 0.001 for all correlations



number of the identified QTLs for LP and UD var-

ied depending on the isolate used as inoculum and

on the mapping population that was studied (Ta-

bles 4 and 5).

In the BC population, the LOD value ranged

from 2.6 to 6.5 for the various QTLs, and QTLs
explained from 12 to 26% of the phenotypic varia-

tion (Tables 4). In the F2 population, LOD values

varied between 3.2 and 6.1 for the identified

QTLs, and the phenotypic variation explained by

these QTLs varied from 8 to 20% (Tables 5).

Some of the QTLs mapped at similar positions at

the linkage groups. For example, in the BC popu-

lation, QTLs for all of the resistance components

mapped at linkage group 2 with significant over-

lapping areas (Table 4, Figure 2). Fewer QTLs
were identified in the S. viminalis linkage map

than in the hybrid map, but the proportion of the

phenotypic variation explained was relatively

high (Table 4). For each of the resistance compo-

nents in the BC population, QTLs common to both

rust isolates were identified, even though iso-

late-specific QTLs were also detected (Table 4). In

the F2 population, overlapping QTLs were found

for UD and LP (linkage group i) and for UN and

LP in a triplet linkage group (Table 5, Figure 3).

Discussion

Our results demonstrate that it is possible to dis-

sect genetically rust resistance components in

Salix by using molecular-linkage mapping and,

furthermore, to detect and characterize rust resis-

tance loci with respect to their map position and

phenotypic effect. The rust resistance seems to be
controlled by some major genes in association
with minor genes. A similar genetic architecture
for resistance genes was observed in the
Populus-M. larici-populina system (Jorge et al.
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Table 4. QTLs for resistance components in the BC population

Resistance
component

Isolate number Linkage group (hybrid
map if not indicated

otherwise)*

Marker closest to
peak position

Peak posi-
tion

LOD LOD signifi-
cance thresh-

old

Additive
effect

r2 (%)

UN 135 2 L15b.234 41.1 2.6 3.5 –1.6 12

135 18 L1gr.255 122.1 2.9 3.5 –1.6 12

074 2 L30b.335 93.8 2.9 3.5 –11.9 15

LP 135 2 L30b.311 87.8 3.1 3.7 1.0 15

135 6 B37gr.2 32.6 4.7 3.7 –1.1 20

135 8 (viminalis map) L1gr.356 63.7 4.8 3.0 –1.5 24

135 14 (viminalis map) L13gr.294 18.0 3.6 3.0 –1.3 26

074 1 L12b.411 0.0 3.1 3.6 –0.8 12

074 2 L30b.311 87.8 5.8 3.6 1.1 26

074 6 B37gr.2 30.6 3.0 3.6 –0.7 12

UD 135 2 L30b.311 83.8 4.3 (3.2) 3.2 (3.2) –2.0 16 (15)

135 7 L27b.406 6.2 2.9 (3.6) 3.2 (3.2) 1.6 10 (15)

074 1 L13y.227 19.2 6.5 3.3 1.8 26

074 2 L30b.311 80.0 5.6 3.3 –1.7 24

074 11 (viminalis map) L1gr.349 12.0 3.0 2.9 –1.3 15

UN = uredinia number, LP = latent period, UD = uredinia diameter; LOD values and r2 values within parenthesis represent transformed data;

*naming of linkage groups according to Tsarouhas et al. (2002)

Table 5. QTLs for resistance components in the F2 population inoculated with rust isolate M111

Trait Linkage group* Marker origin Marker closest to
peak position

Peak position LOD Additive effect r2 (%)

root UN VII dasy M1216 0 3.7 –1.67 12

triplet vim M299 36.9 3.9 –1.88 14

LP i dasy F5910 10.8 3.2 0.41 8

VI dasy F1418 8.0 3.6 0.51 13

n dasy F2710 22.0 6.1 –0.62 20

triplet dasy F597 12.0 3.6 0.44 10

UD i dasy F5910 12.8 5.6 –1.01 17

o dasy F486 49.5 3.3 –0.70 9

triplet vim M299 36.9 4.0 –0.92 15

UN = uredinia number, LP = latent period, UD = uredinia diameter; dasy = S. dasyclados, vim = S. viminalis; *naming of linkage groups accord-

ing to Rönnberg-Wästljung et al. (2003)
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Figure 2. Quantitative trait loci identified for the resistance components (uredinia number, latent period, and uredinia

diameter) in the backcross population. Naming of linkage groups according to Tsarouhas et al. (2002)

Figure 3. Quantitative trait loci identified for the resistance components (uredinia number, latent period and uredinia

diameter) in the F2 population. Naming of linkage groups according to Rönnberg-Wästljung et al. (2003).



2005), but in this study the major genes explained
a larger proportion of the phenotypic variance. In
poplar, up to 82.8% of the phenotypic variance
was explained by individual resistance QTLs
(Jorge et al. 2005), compared to 26% in the present
study. QTLs common to all resistance components
in the BC population and to both LP and UD in the
F2 population were detected. The identification of
QTLs in the same region of linkage groups 2 and 6
in the BC population, by using various isolates of
the fungi, indicate that this genomic area is impor-

tant for resistance against M. larici-epitea. Fur-

ther, the combination of negative values for UN

and UD, and the positive value for LP for the addi-

tive effects of QTLs in the common region of link-

age group 2, emphasize the importance of this

genomic area for resistance breeding. Separate

genomic areas important for each of the resistance

components were also detected in both popula-

tions, indicating that resistance components may

at least partly differ in genetic background.

In the BC population, 12 of the identified resis-

tance QTLs originated from the hybrid parent

S. viminalis × S. schwerinii, and 3 from the

S. viminalis parent. The parents of the hybrid have

not been genotyped and thus it is not possible to

identify the species origin of the QTLs from the

hybrid. The ratio of QTLs originating from the hy-

brid parent (S. viminalis � S. schwerinii) to the

S. viminalis parent (12:3) was much higher than

would be expected by chance (1:1) if the genomes

of both species contributed evenly to the resis-

tance. Hence, we find it likely that a larger propor-

tion of the resistance QTLs was inherited from

S. schwerinii, although this cannot be confirmed

by this study. In the F2 population, 78% of the

QTLs originated from the S. dasyclados grandpar-

ent and 22% from the S. viminalis grandparent

(Table 5). This is what could be expected by

chance, since on average 75% of the genome of

the F2 individuals is of S. dasyclados origin due to

the hexaploidy of the S. dasyclados grandparent

(Rönnberg-Wästljung et al. 2003). QTLs for quan-

titative resistance in this population were thus in-

herited from both S. dasyclados and S. viminalis.

Only the rust isolate belonging to M.

larici-epitea f. sp. larici-retusae (collected from

S. dasyclados), and not the 2 isolates belonging to

f. sp. larici-epitea typica (from S. viminalis) in-

fected the offspring in the F2 population. Con-

sidering the high degree of host specificity in this

pathosystem (Pei et al. 1996), this infection pat-

tern is probably an effect of the high proportion of

S. dasyclados genome in this population.

Samils et al. (2001) observed specificity for

rust clones of M. larici-epitea in their occurrence

on various S. viminalis clones in Northern Ireland

but not in Sweden. The differences, both in

phenotypic expression of UN and with regard to

identified QTLs, between the reaction to the 2 rust

isolates in the BC population, indicate that such

specificity also occurs among rust clones in Swed-

ish SRC cultivations.

In the Populus–M. larici-populina system,

bimodality for uredinia size has been observed

(Dowkiw et al. 2003) and a QTL that explains up

to 80% of the variation in size has been identified

(Jorge et al. 2005). In the present study, the

phenotypic variation of UD in the BC population

revealed a few extreme individuals with large UD.

The observed variation in uredinia size indicates

that also Salix might have a few genes or gene

clusters with a large impact on this resistance com-

ponent, but a larger population is needed to be able

to study this more accurately.

The relatively low number of offspring studied

in the 2 populations can cause an overestimation

of the QTL effects (Beavis 1994). On the other

hand, the vegetative propagation of each genotype

and the replicated experimental design made accu-

rate estimates of the phenotypic traits possible.

The high mean clonal heritabilities also indicate

the high repeatability of the experiment. In the

QTL analyses, where a backcross model has been

used, the dominance effect is assumed to be zero.

Earlier quantitative studies in Salix with 8 male

and 8 female parents in a factorial crossing

scheme, have shown very small non-significant

dominance effects for rust resistance in the field

(Rönnberg-Wästljung and Gullberg 1999), sug-

gesting the assumption in the QTL analyses to be

correct.

Breeding implications

Laboratory analysis of resistance components will
most probably be a powerful tool in willow breed-
ing. It gives insights into the host-pathogen inter-
action, such as variation in aggressiveness within
the rust population or the importance of different
epidemiological components as resistance mecha-
nisms, which are extremely difficult to obtain in
field studies. It also speeds up the clone testing and
is therefore presently used as a part of poplar
screening in France (Pinon and Frey 2005). It
would therefore be of value to willow breeding to
find out how this technique could be optimized.

Considering the observations made in the
Populus-M. larici-populina system and the varia-
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tion in UD observed in this study, it would be valu-
able for the breeding of Salix to know the genetics
of uredinia size. Newcombe (1998) proposes
uredinial diameter as a good candidate for QTL
studies of quantitative resistance against M.
medusae f. sp. deltoidae in poplar, since it is a nor-
mally distributed measure of resistance and rela-
tively unaffected by leaf age. Dowkiw et al. (2003)
have shown that uredinia size is the resistance
component in the poplar–M. larici-populina sys-
tem that best predicts the effects under field condi-
tions. They have also shown that the number of
spores in one uredinium varies from 500 to 20 000,
and that the spore production in M. larici-populina
is linearly related to the volume of a half-ball cov-
ering the uredinia surface. Assuming that the lin-
ear relation with a half-ball also holds for M.
larici-epitea on Salix, the 1-dimensional range in
diameter between 1 to 3 observed in this study
(Figure 1) would mean that the number of spores
varied with a multiple in the range 1 to 27. This
range in itself suggests that uredinia size is an im-
portant factor for rust development, and the possi-
bility that a large part of this range is controlled by
few genes, further emphasizes the importance of
studies on uredinia size in breeding.

This study indicates that the Salix-M.
larici-epitea pathosystem has genetic similarities
to the Populus-M. larici-populina system. Con-
sidering the rapid loss of previously complete re-
sistance in several hybrid poplar clones (Pinon and
Frey 2005), it would be unwise to rely solely on
the complete resistance derived in hybrid clones of
Salix in SRC cultivation. Like in poplars, efforts
should be made to investigate the possibilities to
utilize quantitative resistance genes in breeding
(Jorge et al. 2005; Pinon and Frey 2005).

The similarities between the Salix–M.
larici-epitea and the Populus–M. larici-populina
pathosystems offer an opportunity for willow
breeding to take advantage of the availability of
the Populus genome sequence and studies thereon,
since Salix and Populus are members of the same
plant family (Salicaceae) and thus closely related.
This could enhance the possibilities to identify and
map candidate genes for resistance and to develop
molecular markers to be used in marker-assisted
selection.

Conclusions

In this study a number of QTLs for leaf rust resis-
tance were identified and mapped in 2 Salix popu-
lations. One genomic region seems to be
especially important, as it contains QTLs for all

studied resistance components. A more extensive
QTL study, performed on a larger mapping popu-
lation and a denser genetic linkage map is cur-
rently underway. If the QTLs for rust resistance
are verified also in that study, we will have a good
basis for the development of markers to be used as
a selection tool in breeding for quantitative resis-
tance to Melampsora larici-epitea in Salix.
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