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Mendelian inheritance of rust resistance to Melampsora
larici-epitea in crosses between Salix sachalinensis and
S. viminalis
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Two Fy, two F, and two backcross (BC) full-sib families of Salix sachalinensis x S. viminalis were tested for resistance to
two pathotypes of Melampsora larici-epitea in leaf-disc inoculation experiments. Two single-pustule isolates, VM and ST,
belonging to pathotypes LET1 and LETS, respectively, were used in the tests. Disease was scored based on the number of
uredinia, uredinial diameter and inoculum densities. Both F; families were completely resistant to both VM and ST. Resis-
tance to VM segregated at a 9:6:1 ratio in the F, families and at a 1:2:1 ratio in the BC families, suggesting that two indepen-
dently segregating genes controlled rust resistance, with resistance dominant over susceptibility. This also indicates
incomplete dominance of the resistance alleles over the susceptibility to VM. For ST, the equivalent ratios were 3:1 and 1:1,
showing that a single dominant gene was responsible for rust resistance. The broad sense heritabilities were >0-91 for uredin-
ial diameter and 0-1-0-33 for the number of uredinia. There were significant overall correlations between data from inocula-
tions with VM and those from inoculations with ST in the number of uredinia, uredinial diameter and disease scores

(Spearman’s rank correlation coefficients = 0-31-0-75).
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Introduction

In recent years, the rising demand for energy from renew-
able sources has led to an increased interest in growing
biomass crops. Willows (Salix spp.) are one of the main
biomass crops cultivated in Europe. Biomass willows
are grown in short-rotation-coppice (SRC) plantations
which are harvested at 2- to 4-year intervals and remain
productive for 15-25 years once established. SRC plan-
tations sustain a dense, fast-growing canopy and are often
severely attacked by rusts (Melampsora spp.). Rust
reduces biomass yields by as much as 40% (Parker et al.,
1993) and predisposes plants to attacks by secondary
pathogens, which often cause death of willow plants.
Field experiments (Royle, 1991) suggested that, on sus-
ceptible clones, at least five fungicide applications are
needed to keep levels of rust low throughout the season.
However, routine use of fungicides in SRC plantations is
nota viable option because of economic and environmen-
tal considerations. Instead, breeding for disease resis-
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tance proved to be particularly effective for SRC willow.
For example, since biomass willow breeding started in
Europe in 1987, levels of leaf rust were reduced consider-
ably and the average yield increased by 50% (Larsson,
2001).

Of several Melampsora species occurring on SRC
willows, the most widespread and damaging is
M. larici-epitea (Pei et al., 1996, 1999b). Within
M. larici-epitea, there is a large variation in pathoge-
nicity to different willows. A number of pathotypes
(defined as one or a group of genotypes showing the
same virulence/avirulence patterns on a set of host
differentials) occurring on biomass willows were
identified under f. spp. larici-epitea typica (LET) and
larici-retusae (LR) (Pei et al., 1996, 1999b).

Willow species belonging to section Vimen (Skvortsov,
1968; Wang & Fang, 1984) are favoured for biomass
production because of their vigour, coppicing ability and
growth form. Currently S. viminalis is the most important
species grown in SRC plantations in Europe. Studies have
shown that S. viminalis clones are more or less susceptible
to LET (Pei et al., 1996, 1999b, 2004a). By contrast, Far
Eastern species belonging to section Vimen, such as
S. schwerinii and S. sachalinensis (syn. S. udensis) are
highly resistant to Melampsora rusts in Europe (Pei et al.,
1996, 2004a). In fact, deployment of the resistance from
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S. schwerinii has been a great success. Biomass clones
Tora and Bjorn, which are F; hybrids of S. schwerinii x
S. viminalis, have been free of rust over the past two dec-
ades. Rust resistance from S. sachalinensis is yet to be
exploited in breeding.

So far, only limited information is available on how
rust resistance is inherited in willow. In intraspecific
hybrids of S. viminalis, Gullberg & Ryttman (1993)
found considerable additive variation in field resistance
to rust in Sweden. Fritz et al. (1996) tested intra- and
interspecific F; hybrids of S. viminalis and S. dasyclados
(syn. S. burjatica; see Pei et al., 1999a) clones in
detached-leaf inoculation experiments. They suggested
that inheritance of resistance was additive based on the
results that the hybrids between resistant and suscepti-
ble parents showed intermediate resistance. Johansson
& Alstrom (2000) assessed the same crosses tested by
Fritz et al. (1996) for field rust resistance during 1997-
9. In 1997 and 1999, interspecific hybrids were more
resistant than intraspecific hybrids, suggesting a pattern
of hybrid resistance. In 1998, however, rust levels in
the interspecific hybrids were intermediate compared
to those of the intraspecific hybrids of the two parental
species, suggesting an additive pattern of inheritance of
rust resistance. In another study (Pei et al., 2001),
seven F; crosses of willows were tested for rust resis-
tance through leaf-disc inoculation experiments and
field disease assessments. The F; hybrids were equally
or more susceptible than the parents in the crosses
S. disperma X S. burjatica, S. viminalis X S. cinerea ssp.
oleifolia, S. viminalis X S. triandra and S. viminalis cv.
Bowles Hybrid x S. wviminalis cv. French Osier. By
contrast, the F; hybrids were more resistant than the
parents in S. wviminalis X S. burjatica, S. viminalis X
S. candida and S. viminalis x S. linearistipularis. More
recently, Rénnberg-Wistljung et al. (2008) reported
that 8-26% of the variation in rust resistance could be
attributed to the quantitative trait loci (QTLs) in nine
genomic regions in (S. schwerinii X S. viminalis) X
S. viminalis and to the QTLs in seven genomic regions
in an F, family of S. viminalis x S. dasyclados. These
studies have brought some degree of understanding to
the inheritance of rust resistance, but the genetic basis
of resistance in Salix to Melampsora rusts is yet to be
resolved.

The aim of this study was to determine the nature of
inheritance of rust resistance in S. sachalinensis X S. vimi-

nalis to M. larici-epitea using Fy, F, and backcross (BC)
families in order to assess the potential of S. sachalinensis
as a source of resistance for willow breeding pro-
grammes.

Materials and methods

Willow plants and rust isolates

Willow crosses were made using S. viminalis and S. sacha-
linensis, both being diploid (2n = 38). Salix viminalis
occurs naturally across Eurasia, from the British Isles to
the Far East, whilst S. sachalinensis is native to eastern
Siberia, northeastern China, Korea and Japan. Willow
shoots carrying flower buds were water-cultivated in
heated glasshouses in January/February and crosses were
made by hand-brushing female flowers with male pollen.
Resulting seeds were harvested during March—April. The
seeds were germinated in a mist chamber and cotyledo-
nous seedlings were picked and potted in John Innes
Compost No. 3. The plants were grown in pots in
glasshouses for several weeks, then transferred to trays
(60 x 40 x 10 cm, 24 seedlings in each tray) containing
the same compost and placed in an open nursery. The
trays were drip-irrigated twice a day.

In all, two Fy, three F, and two BC families were tested
for rust resistance (Table 1). However, family 1234 was a
remake of 1008 and therefore both belonged to the same
full-sib family, giving two F, families in total. Inoculation
experiments were carried out using willow leaves from
nursery-grown plants with family 589 in July 1999, with
families 761 and 762 in July 2001, with 1008 and 1015 in
July 2004 and with 1234 in July 2008. By the time of inoc-
ulations, plants of the families 589, 761 and 762 were
110-140 cm in height and those of 1008, 1015 and 1234
were 80—-120 cm in height. With family 373, leaves from
glasshouse-grown plants (80-100 cm in height) were
used for inoculation in May 2002.

Two single-pustule isolates, VM belonging to patho-
type LET1 and ST to LETS (see Pei et al., 1999b), were
used for inoculation. VM was derived from S. viminalis
cv. Mullatin collected at Long Ashton, southwest
England, in September 1991, and ST from S. X stipularis
(S. viminalis x S. cinerea) collected at Long Ashton in
September 1995. These isolates were chosen because
pathotypes belonging to LET were most prevalent on
S. viminalis and its hybrids in the UK (Pei et al., 1999b).

Table 1 Crosses between Salix sachalinensis and S. viminalis, with number of host genotypes tested ( ) and Melampsora larici-epitea isolates inoculated [ ]

Male
Female S. sachalinensis cv. Sekka S. viminalis cv. Ulv S. sach x vim 589-82
S. viminalis cv. Bowles Hybrid F4 family 373 (32) [VM, ST]

S. sachalinensis cv. Kioryu
S. sach x vim 589-95
S. sach x vim 589-79

S. sach x vim 589-86

Fy family 589 (22) [VM, ST]

BC family 762 (30) [VM, ST] Fo family 761 (160) [VM, ST]
Fo family 1008 (154) [VM, ST]
Fo family 1234 (147) [VM, ST]

BC family 1015 (89) [VM, VMrepeat]
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Salix viminalis cvs Bowles Hybrid and Ulv were sus-
ceptible to VM, showing disease scores of 0-15-0-3
(diseases score = square root pustule area/square root
inoculum density; see below) in leaf-disc inoculation
experiments, but they were resistant to ST, showing
disease scores of 0-0-02. By contrast, S. sachalinensis
cvs Kioryu and Sekka were immune (without symp-
toms when inoculated) to both of the isolates. All the
families, except for BC 1015, were inoculated with
the two isolates. Inoculation of 1015 with VM was
repeated to validate reproducibility of the inoculation
procedure.

Inoculation experiments

Two weeks before inoculation, rust spores were freshly
bulked up on detached leaves of S. X stipularis, which is
universally susceptible to LET pathotypes. For testing the
Fi, F, and BC families, leaf discs 1-1 cm in diameter
(95 mm? area) were cut from the fifth to 15th leaves from
the first unfurled leaf (furled edge less than one-third of
total leaf edge) on actively growing willow shoots. Five
leaf discs, each from a different leaf, were used as repli-
cates. The discs were placed, abaxial surface uppermost,
on blotting paper bridges soaked in tap water in the com-
partments of 10- X 10-cm-square Petri dishes (each dish
contained 5 x 5 = 25 compartments). To measure inocu-
lum densities, 60-mm-diameter round Petri dishes con-
taining 1% water agar, usually one agar plate for every
six square Petri dishes, were placed in the spray target
area. Before making spore suspensions, rust spores were
initially mixed in a drop of distilled water with a hair
brush to ensure spores were fully wet before adding more
water. Rust spore suspensions were adjusted to 80 x 10°
spores mL™" and sprayed evenly on to the spray target
area (1 mL per 10- X 10-cm area) using a Humbrol air
brush (Humbrol Ltd). After inoculation, the leaf discs
were incubated in a growth chamber at 16°C with
16 h/day illumination at an intensity of 80 uE m™2s™'.
Inoculum densities (viable spores cm™) were estimated
by counting the number of germinating spores on the
water agar in eight fields of view of a light microscope
(10 x 10 magnification = 2-4 mm? each field) for each
Petri dish 24 h after inoculation.

Thirteen days after inoculation, the leaf discs were pho-
tographed using a digital camera. Image analysis soft-
ware SIGMASCAN Pro 5.0 (SPSS Inc.) was used to measure
the disease. For each leaf disc, pustule numbers were
counted and pustule diameters were measured manually
with the TRACE MEASUREMENT MODE function. If there were
more than 10 pustules on a leaf disc, only 10 randomly
selected pustules were measured to obtain an estimate of
average pustule diameter.

Data analysis

Disease scoring
Disease severity was scored for each willow genotype
by dividing the average square root of pustule area

per leaf disc by the square root of inoculum density
in each combination of willow family and rust iso-
late. This method of disease scoring was proposed
previously (Pei & Hunter, 2005) based on the linear
relationships between uredinial pustule area and
inoculum density in the willow rust M. larici-epitea
and the poplar rust M. larici-populina. A relative
disease score (RDS) was calculated for each genotype
by dividing its disease score by the highest disease
score for that willow family/rust isolate combination.
Thus, the most susceptible genotype had a RDS of 1.
A relative uredinial diameter (RUD) was also calcu-
lated for each genotype by dividing its diameter by
the largest diameter for that willow family/rust
isolate combination.

Broad-sense heritability (H?)
Broad-sense heritability (the degree to which individual
phenotypes are determined by their genotypes) were cal-
culated as
62
2 _ G
3G + 8

in which #%; is the variance among genotypes and 6%
is the variance within genotypes(i.e. phenotypic vari-
ance among replicates of genotypes).

Segregation analysis

The finding that all or some genotypes in the tested fami-
lies were completely resistant (see Results) indicated that
resistance to the tested isolates could be qualitative and
was probably controlled by major gene(s). As disease was
measured quantitatively, data obtained were more or less
continuous (raw data are presented in Figs 1-5). To
examine segregation, individuals within a family were
assigned to two to five classes according to their RDS or
RUD values. For example, in the case of four classes, the
individuals having an RDS or RUD value of 0 were
assigned to one class and those having values of 0-0-33,
>0:33-0-67, >0:67-1 were assigned to the other three
respective classes. A chi-squared goodness-of-fit test was
conducted with the categorical data under various
assumed genetic models, such as that 1, 2 or 3 genes may
control rust resistance and these genes may interact with
each other.

Correlation between variables

Spearman’s rank correlation was tested between the
number and the diameter of uredinia on the same leaf
disc separately for each family/isolate combination
because inoculum densities differed between inocula-
tions. Leaf discs which did not produce uredinia were
excluded from the test because they had a value of 0
both for the number and the diameter of uredinia. The
same test was also conducted between VM and ST on
the number of uredinia, uredinial diameter and disease
scores, irrespective of willow families. Families 761,
762, 1008 and 1234 were included in the tests between
VM and ST.

Plant Pathology (2010) 59, 862-872
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Figure 1 Number of uredinia, uredinial diameter and disease scores in inoculations of the F, family 761 with Melampsora larici-epitea.
Horizontal scales represent the upper value of the range. For example, VM formed 5-10 uredinia on 15 genotypes (upper left). Parental
clones 589-95 and 589-82 were completely resistant (no uredinia) in both inoculations.

Results

Inoculum densities were in a range of 80-410 viable
spores cm ™ (Table 2). All the genotypes in the F, families
373 and 589, including those used as parents for other
families (589-79, -82,-86 and -85), showed no symptoms
or barely recognizable necrotic spots only. The majority
of the genotypes in the three F, families (761, 1008
and 1234) were highly resistant, having disease scores of
0-0-05 (Figs 1, 2 and 3). The majority of the BC families
762 and 1015 were also scored 0-0-05 (Figs 4 and 5). On
the whole, inoculations of the F, and BC families with
VM resulted in relatively more and larger pustules, hence
higher disease scores, than those with ST (Table 2). Dis-
ease scores were relatively low in F, 761 and BC 762,
which were more mature (110-140 cm in height) than
other families (80-110 c¢cm). In BC 1015, inoculum den-
sity and level of disecase were slightly higher in the
repeated inoculation experiment (Fig. 5, Table 2).

Broad-sense heritabilities were extremely high (H* >
0-91) for uredinial diameter and disease scores, but low
or moderate (0:1-0-33) for the number of uredinia
(Table 3).

In inoculation of F, 761 with VM, the RDS data
differed significantly from the 9:3:3:1 ratio, but the RUD
data fitted the same ratio well (P = 0-52; a P value >0-05
indicates that the observed data do not differ significantly
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from expectations based on the hypothesized segregation
ratio) (Table 4). Results from inoculations of F, 1008 and
F, 1234 with VM did not reject the 9:3:3:1 ratio
(P = 0-07 and 0-42, respectively, for RDS and P = 0-31
and 0-15, respectively, for RUD). P values for the com-
bined data for F, 1008 and F, 1234 inoculated with VM
fell at the margins of rejecting the 9:3:3:1 ratio (P = 0-05
for RDS and 0:06 for RUD). When the two intermediate
classes (RDS/RUD = 0-0-33 and RDS/RUD >0-33 -
0-67) were combined, both the RDS and RUD data from
the inoculations of F, families fitted the 9:6:1 ratio
(P = 0-25-0-41).

In inoculation of BC 762 with VM, the RDS data dif-
fered significantly from the 1:1:1:1 ratio, but the RUD
data did not reject the same ratio (P = 0-18). When the
two intermediate classes were combined, the data from
the inoculation of BC 762 with VM fitted the 1:2:1 ratio
(P = 046 for RDS and P = 0-43 for RUD). The results
from BC 1015 and its repeat fitted either the 1:1:1:1 ratio
(P = 0-11-0-59; two intermediate classes separate) or the
1:2:1 ratio (P = 0-36-0-51; two intermediate classes com-
bined).

In inoculations with ST, data from the F, families 1008
and 1234 fitted remarkably well a 3:1 ratio (P = 0-65-
0-93). However, data from the inoculation of the F,
family 761 with ST did not fit the 3:1 ratio (P = 0-04). On
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Figure 2 Number of uredinia, uredinial diameter and disease scores

the other hand, results from the inoculation of BC 762
with ST did not reject the 1:1 ratio of segregation
(Pvalue = 0-15).

Spearman’s rank correlation coefficients between the
number of uredinia and the diameter of uredinia on the
same leaf discs were relatively low in F, 761 and BC 762
(0-22-0-47) (Table 4) but high in BC 1015 (0-7-0-79).
Correlations between the two variables were significant
in all combinations of willow family and rust isolate.

Spearman’s rank correlation coefficients between VM
and ST for the number of uredinia, uredinial diameter
and disease scores were 0-73-0-75 including all geno-
types, 0-31-0-43 excluding those which scored 0 against
both isolates, and 0-5-0-54 excluding the genotypes
which scored 0 against one or both isolates (Table 5).
There were significant correlations in these parameters
between the data from the two isolates (Table 6).

Between the data from the repeated inoculations of
1015 with VM, Spearman’s rank correlation coefficients
were in a range of 0-88-0-96 for number of uredinia,
uredinial diameter and disease scores.

Discussion

In this study, the inheritance of rust resistance in willow
was examined using two rust pathotypes of M. larici-
epitea and six full-sib families of S. sachalinensis x
S. wviminalis. The use of the leaf-disc inoculation

Uredinial diameter (mm)

50 0 01 02 03 04 05 06 07 08 09

Uredinial diameter (mm)

03 04 05 06 07 08 09

120 .
Disease score

95 Inoculum density =
81+26 spores/cm?

0 0:05 0-1 0-15 0-2 0-25 0-3 0-35 0-4 0-45

120116
Disease score

Inoculum density =
92+26 spores/cm?

0 0.05 0-1 0-15 0-2 0-25 0-3 0-35 0-4 045

in inoculations of the F, family 1008 with Melampsora larici-epitea.

procedure allowed a large number of samples to be tested
and the resulting disease measured precisely. In previous
studies (Pei et al., 1996,2001), disease was scored using a
0-4 ranking system. A similar ranking system was also
used to score the size of uredinia in studies of Melampsora
on poplars (Populus spp.) (Lefévre, 1998; Dowkiw et al.,
2003; Dowkiw & Bastien, 2004; Jorge et al., 2005). With
these ranking systems, estimation of pustule size is subject
to the assessor’s judgment and, therefore, considerable
experience is required to achieve consistency. Also, in
Melampsora rusts on willow and poplar, inoculum densi-
ties can greatly influence the number of pustules pro-
duced (Pei et al., 2002, 2004b; Pei & Hunter, 20035). In
the present study, direct measurement of uredinia pro-
vided objective and precise data and the weighting of the
differences in inoculum density made it easier to compare
the disease data between inoculations. The repeated inoc-
ulations of 1015 with VM produced almost identical
results (Spearman’s correlation coefficients = 0-88—
0-96), indicating that the results obtained using the pres-
ent inoculation procedure were robust. Also, between the
families 1008 and 1234 (remake of 1008), the results
obtained were very similar.

It is known that the age of leaves of plants and growing
conditions can influence levels of rust disease. In poplars,
Sharma (1980) showed that older leaves were more
resistant to M. larici-populina than younger leaves.
Experience with willow rusts in the past 20 years

Plant Pathology (2010) 59, 862-872
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Figure 3 Number of uredinia, uredinial diameter and disease scores in inoculations of the F, family 1234 (remake of 1008) with Melampsora

larici-epitea.

(Pei et al., 1996; Pei & Ruiz, unpublished data) suggests
that older leaves, leaves from older plants and plants
grown under unfavourable conditions are less suscepti-
ble to rust. In the present study, disease levels were rela-
tively low in the families F, 761 and BC 762 (Table 2;
Figs 1 and 4). Maximum disease scores against VM
were 0-16 in both 761 and 762, but 0-24-0-39 in other
families, in which the plants were younger than in 761
and 762. Introduction of the RDS and the RUD made
the data derived from F, 761 and BC 762 somewhat
more comparable to those from other families. How-
ever, this relative approach needs to be adopted with
caution because, in cases where all individuals in a fam-
ily are more or less resistant because of genetic factors,
RDS and RUD values would exaggerate disease severity.
In such cases, a highly susceptible clone can be included
in inoculation experiments as a reference clone. On the
whole, it is important to standardize the experimental
conditions, including the maturity and growth stage of
plant material, as rigorously as possible in inoculation
experiments.

In the past two decades, extensive research has been
carried out to determine the genetics of rust resistance in
poplars, which are closely related to willows and serve as
hosts to many species of Melampsora. Studies have
shown that, in North America, P. trichocarpa possesses
at least two major genes for resistance, to M. medusae

Plant Pathology (2010) 59, 862-872

and M. x columbiana, and P. deltoides possesses at least
two major genes for resistance to some pathotypes of
M. X columbiana (Newcombe, 2005). In Europe, Lefeé-
vre et al. (1994) reported that inheritance of qualitative
resistance to M. larici-populinain P. deltoides x P. tricho-
carpa is relatively simple: one or two genes control resis-
tance to a given set of isolates of the pathogen, and some
of these genes appear to be organized in a cluster (Lefévre,
1998). Also, statistical associations have been observed
between qualitative and quantitative resistances to
M. larici-populina (Dowkiw et al., 2003; Dowkiw &
Bastien, 2004). In these studies, mapping populations
have been used for detection of QTLs for poplar rust
resistance (Cervera et al., 1996; Newcombe et al., 1996;
Lefévre, 1998; Dowkiw & Bastien, 2004; Jorge et al.,
20095).

In comparison with research on rust resistance in pop-
lars, very limited work has been done on the genetics
of rust resistance in willows. Previously, Gullberg &
Ryttman (1993), Fritz et al. (1996) and Johansson &
Alstrém (2000) examined hybrids within and between
S. viminalis and S. dasyclados. Although 40 or more fami-
lies were studied, the small sample sizes (8—16 genotypes
in each family), the fact that only F; hybrids were
examined and the differences in ploidy level (2n = 38 in
S. viminalis and 2n = 76 in some S. dasyclados clones)
made it difficult to draw conclusions on the inheritance of
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Figure 4 Number of uredinia, uredinial diameter and disease scores in inoculations of the BC family 762 with Melampsora larici-epitea.

rust resistance. Also, their data were mainly derived from
assessments of rust severity in the field. Under field condi-
tions, many factors, such as weather, soil and water con-
ditions and field pathotype composition, can influence
rust severity. For example, Johansson & Alstrém (2000)
found that, compared with the intraspecific hybrids they
studied, interspecific hybrids were more resistant in 1997
and 1999, but not in 1998. The two families studied
by Rénnberg-Wistljung ez al. (2008) (S. schweri-
nii X S. viminalis) X S. viminalis and an F, of S. viminal-
is X 8. dasyclados, contained only 73 and 85 genotypes,
respectively. The authors pointed out that there were
indications of the involvement of a few genes or gene clus-
ters with a large impact, but a larger population was
needed to facilitate further study. Compared with previ-
ous work, the present study was much more focused. For
example, of the six full-sib families tested, five were
derived from a male clone of S. sachalinensis and a female
clone of S. viminalis. This ensured that the resistance
examined had the same genetic background and facili-
tated investigation of the same resistance genes from dif-
ferent angles, i.e. using Fy, F> and BC. Also, a reasonable
number of genotypes (22-89 for F;/BC and 147-160 for
F, families) were tested in each inoculation experiment to
obtain robust results.

The present study provides, for the first time, conclu-
sive evidence that rust resistance is inherited in a classic
Mendelian fashion in a willow cross. The dominant
nature of the gene(s) for rust resistance was evident in the

early stages of this study as all F; genotypes were com-
pletely resistant. This also suggested that at least one
resistance gene was homozygous in the resistant parent
S. sachalinensis. In inoculations with VM, the goodness
of fit tests with RDS and RUD data rejected neither a seg-
regation ratio of 9:6:1 for the F, families nor a ratio of
1:2:1 for the BC families (P = 0-25-0-51). This means
that, in this host-pathogen system, two independently
segregating genes conditioned rust resistance, with resis-
tance dominant over susceptibility. It also suggests that
the dominant resistance alleles were homozygous at both
loci in the resistant parent cv. Kioryu but were absent in
the susceptible parent cv. Ulv. For convenience of expla-
nation, the two genes in Kioryu resistant to VM can be
denoted as R1R1 and R2R2, and those in Ulv susceptible
to VM as r1r1 and r2r2. The present results show that all
the F; genotypes were completely resistant, being hetero-
zygous at both loci, 1. e. R1r1R2r2. In the F, families, the
R1_R2_,R1_r2r2, r1r1R2_and r1r1r2r2 genotypes seg-
regated at 9:3:3:1 ratio. Of these, R1_R2_ were com-
pletely resistant and r1r1r2r2 highly susceptible, whilst
R1_r2r2 and r1r1R2_ were intermediate. Thus, the ratio
of resistant : intermediate : highly susceptible phenotypes
would be 9:6:1. The involvement of the two independent
genes for rust resistance was confirmed by the data from
the backcrosses, in which R1r1R2r2, R1_r2r2, r1r1R2_
and rlrlr2r2 genotypes segregated at a 1:1:1:1 ratio
(1 resistant: 2 intermediate : 1 highly susceptible pheno-
types). The results also showed that the two independent
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Figure 5 Number of uredinia, uredinial diameter and disease scores in inoculations of the BC family 1015 with Melampsora larici-epitea. The
second experiment, which had a higher inoculum density, was a repeat of the first.

Table 2 Average number of uredinia, uredinial diameter (mm) and disease scores in inoculation experiments of the crosses between Salix sachalinensis and
S. viminalis with Melampsora larici-epitea

VM ST
Inoculum Number of Uredinial Disease Inoculum Number of Uredinial Disease
Family density uredinia diameter scores density uredinia diameter scores
373 245 + 622 0 0 0 218 £ 61 0 0 0
589 235 + 75 0 0 0 312 £ 65 0 0 0
761 132 £ 29 18 0-13 0-022 188 = 31 22 0-11 0-022
762 108 + 14 15 0-14 0025 131 £ 15 13 0-08 0014
1008 81+ 26 36 0-14 0044 131 £ 15 2 0-08 0-026
1015 146 + 31 76 0-24 0-071
208 + 34 12-2 027 0112
1234 313 + 50 Ihl 02 0-055 406 + 79 28 0-071 0013

2Standard error of mean (P = 0-05).

Table 3 Broad-sense heritabilities in inoculations of the crosses between Salix sachalinensis and S. viminalis with Melampsora larici-epitea

VM ST
Family Uredinial number Uredinial diameter Disease score Uredinial number Uredinial diameter Disease score
761 0-32 092 0-99 0-24 091 0-98
1008 0-20 095 097 0-24 097 098
1234 0-13 097 0-98 0-1 0-94 098
762 0-33 094 0-99 0-31 093 099
1015 0-26 096 0-98
0-20 097 0-98

Plant Pathology (2010) 59, 862-872

85UB017 SUOWILLIOD BAIERID 3|eotjdde ) Aq peusenob ake 9 VO '8sn J0 S9|NI 0} ARIq1T 8UI|UQO AB]1M UO (SUOTPUOd-pUe-SWLBIALIY" A8 | 1M Ale.q 1 ul|uo//SAny) SuonipuoD pue swis | 81 8eS *[6202/50/9T] Uo Afeiq18ulluO A8|IM ‘yolessay paisWeLIoy Aq X LTE20°0T0Z 650€-G9ET [TTTT'0T/10p/wW00 Ao 1M Al jput|uo's feuinofddsa//:sdny wioa) papeojumoa 'S '0T0Z ‘6S0ES9ET



870 M. H. Pei et al.

Table 4 Segregation and Chi-squared values for relative disease scores (RDS) and relative uredinial diameter (RUD) in the F» and backcross families of
Salix sachalinensis x S. viminalis inoculated with Melampsora larici-epitea

Family RDS (RUD) Sum 7 P value
Inoculations with VM
Fa
0 0-0-33 >0-33-0-67 >0-67-1
761 81 (81) 53 (32) 20 (35) 6 (12) 160 2347 (2:27) 0 (0:52)
1008 95 (95) 34 (20) 18 (29) 6 (9) 153 7:22 (3:6) 0-07 (0-31)
1234 86 (86) 30 (18) 20 (30) 11 (13) 147 2:78 (5:25) 0-42 (0-15)
1008 + 1234 181 (181) 64 (38) 38 (59) 17 (22) 300 8:04 (7-51) 0-05 (0-06)
Expected ratio 9 3 3 1
0 0-0-67 >0-67-1
761 81 (81) 73 (67) 6 (12) 160 2:28 (2:78) 0-32 (0-25)
1008 95 (95) 52 (49) 6 (9) 153 2:02 (2-29) 0-36 (0-33)
1234 86 (86) 50 (48) 11 (13) 147 1-8 (1-98) 0-41 (0-37)
1008 + 1234 181 (181) 102 (97) 17 (22) 300 2:27 (2:49) 0:32 (0-29)
Expected ratio 9 6 1
BC
0 0-0-33 >0-33-0-67 >0-67-1
762 10 (10) 16 (11) 2 (5) 2(4) 30 18:53 (4-93) 0 (0-18)
1015 27 (27) 26 (16) 18 (29) 18 (17) 89 327 (6:06) 0-35 (0-11)
1015Repeat 21 (21) 30 (18) 20 (27) 18 (23) 89 381 (1-92) 0-28 (0-59)
Expected ratio 1 1 1 1
0 0-0-75 >0-75-1
762 10 (10) 18 (16) 2(4) 30 155 (1-68) 0-46 (0-43)
1015 27 (27) 44 (45) 18 (17) 89 2:06 (2:04) 0-36 (0-36)
1015Repeat 21 (21) 50 (45) 18 (23) 89 1-3(1:37) 0-41 (0-51)
Expected ratio 1 2 1
Inoculation with ST
0 0-1
Fa
761 94 66 160 22:53 0-04
1008 116 38 154 0-01 093
1234 115 31 147 0-82 065
1008 + 1234 231 70 301 0022 0-88
Expected ratio 3 1
BC
762 19 11 30 2133 0-15
Expected ratio 1 1
Table 5 Spearman’s rank correlation coefficients between the number and diameter of uredinia on the same leaf disc (leaf discs without uredinia were
excluded) in inoculations of the crosses between Salix sachalinensis and S. viminalis with Melampsora larici-epitea
VM ST
Correlation Degrees Correlation Degrees of
Family coefficient of freedom P value coefficient freedom P value
761 0-31 275 <0-001 022 241 <0-001
762 0-47 49 <0-001 0-38 36 0-006
1008 0-50 198 <0-001 0655 146 <0-001
1015 0-79 294 <0-001
070 254 <0-001
1234 076 276 <0-001 0-57 124 <0-001
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Table 6 Spearman’s rank correlation coefficients between inoculations with
VM and that with ST of Melampsora larici-epitea

Degrees of
Parameter Coefficient freedom P value
Including all genotypes
Number of uredinia 073 488 <0-001
Diameter 075 <0-001
Disease score 075 <0-001
Excluding genotypes scoring 0 against both isolates
Number of uredinia 0-31 231 <0-001
Diameter 0-43 <0-001
Disease score 041 <0-001
Excluding genotypes scoring 0 against one or both isolates
Number of uredinia 05 130 <0-001
Diameter 0-54 <0-001
Disease score 05 <0-001

alleles controlling resistance to VM exhibited incomplete
dominance over the respective susceptible alleles. Had
the two resistance alleles been completely dominant over
susceptibility, the segregation ratio of resistant and
susceptible genotypes would have been 15:1 in the F,
families and 3:1 in the BC families. This means that, if
resistance were completely dominant over susceptibility
at both loci, R1_R2_, R1_r2r2 and r1r1R2_ genotypes
would be completely resistant, and only r1r1r2r2 suscep-
tible to VM.

Although the results revealed incomplete or partial
dominance of the alleles R1 and R2 in resistance to VM,
the relative effect of these alleles on the extent of resis-
tance to VM is not yet clear. If either R1 or R2 is more
effective than the other, R1_r2r2 is more resistant than
r1r1R2_ or vice versa. Hence, the segregation ratio would
be 9:3:3:1 instead of 9:6:1 in the F, families and 1:1:1:1in
the BC families instead of 1:2:1. It is interesting to note
that both the RDS and RUD data from F, families 1008
and 1234 fitted the 9:3:3:1 ratio and that from BC 1015
fitted the 1:1:1:1 ratio. In F, 761 and BC 762, although
the RDS data did not conform to 9:3:3:1 and 1:1:1:1
ratios, respectively, their RUD data did.

In inoculations with ST, data from the F, families 1008
and 1234 (both derived from the same parents) fitted well
the 3:1 ratio (P values 0-65-0-93), indicating that a single
locus conditioned rust resistance, with resistance domi-
nant over susceptibility. Data from inoculation of F,
family 761 with ST did not fit the 3:1 ratio (P = 0-04).
A possible explanation could be that ST may be more sen-
sitive to maturity of leaves or plants. Assuming that a sin-
gle gene is responsible for rust resistance, BC families
inoculated with ST should segregate in a 1:1 ratio. In this
study, the results from the inoculation of BC 762 with ST
did not reject the 1:1 segregation (P = 0-15). This suggests
a single gene is acting here too, but further work is needed
to confirm this.

In the present study, the values of the broad-sense heri-
tability (H?) for uredinial diameter (>0-91) were much
higher than that for the number of uredinia (0-1-0-33).

Plant Pathology (2010) 59, 862-872

Therefore, uredinial diameter is a more reliable heritable
trait than the number of uredinia. Ronnberg-Wistljung
et al. (2008) found that the broad-sense heritability of
uredinial diameter was in a range of 0-76-0-85. Dowkiw
et al. (2003) showed that uredinial size is the resistance
component in the poplar—-M. larici-populina system that
best predicts the effects under field conditions. Jorge et al.
(2005) also reported H* > 0-89 for uredinial diameter in
inoculations of F; families of poplars with several isolates
of M. larici-populina.

Results from the present study showed significant
correlations in the number of uredinia, uredinial diameter
and disease scores between inoculations with VM
and those with ST (Spearman’s rank correlation coeffi-
cients = 0-31-0-75). This suggests that there is an associa-
tion among the genes controlling resistance to VM and
the gene(s) controlling resistance to ST. With SRC wil-
lows, linkage maps have been constructed in Sweden
(Ronnberg-Wistljung et al., 2008) and in the UK (Hanley
et al., 2002, 2006). The UK mapping population K8,
derived fromtwo S. viminalis X (S.viminalis X S.schweri-
nii) hybrid sibs, contains a large number of genotypes
(947 in total) (Hanley, 2003). Future studies involving
the UK mapping population, VM and ST may provide
an insight into how the genes for resistance to VM and to
ST are organized in the willow genome.

Breeding for disease resistance is a high priority in
many crop systems. Salix is one of the largest genera of
woody plants in the northern hemisphere, comprising
300-500 species according to different authorities. Stud-
ies involving inoculation tests and field disease assess-
ments have shown that there are abundant sources of
resistance in Salix against rust (Pei et al., 1996, 2004a).
Also, willows are dioecious (male or female), hybridize
with relative ease, and those used for SRC usually reach
sexual maturity in 2 years. Furthermore, unlike grains,
fruits and vegetables, in which flavour, colour and shape
may have prime importance, interspecific hybrids are
readily accepted for biomass production. These attributes
make breeding for resistance a favourable option to com-
bat rust disease in SRC willow.

The present results clearly demonstrated that major
genes are involved in the inheritance of rust resistance
in S. sachalinensis x S. viminalis and indicated that
S. sachalinensis may be a useful source of resistance
for future breeding programmes. Like their hosts,
Melampsora rusts on Salix are highly diverse. The
results from a preliminary study (Pei et al., 2001) indi-
cated that the mechanisms involved in the inheritance
of rust resistance may vary in different willow crosses.
Judging from the immense diversity both in the host
and in the pathogen, genetic control of rust resistance
in the Salix—-Melampsora system may be complex.
Further work involving a wide range of willow crosses
may help to clarify the genetic basis of resistance in
different Salix spp. to Melampsora rusts and help
inform breeding programmes aimed at improving rust
resistance in SRC willow.

85UB017 SUOWILLIOD BAIERID 3|eotjdde ) Aq peusenob ake 9 VO '8sn J0 S9|NI 0} ARIq1T 8UI|UQO AB]1M UO (SUOTPUOd-pUe-SWLBIALIY" A8 | 1M Ale.q 1 ul|uo//SAny) SuonipuoD pue swis | 81 8eS *[6202/50/9T] Uo Afeiq18ulluO A8|IM ‘yolessay paisWeLIoy Aq X LTE20°0T0Z 650€-G9ET [TTTT'0T/10p/wW00 Ao 1M Al jput|uo's feuinofddsa//:sdny wioa) papeojumoa 'S '0T0Z ‘6S0ES9ET



872 M. H. Pei et al.

Acknowledgements

This research was funded by the Department for Environ-
ment, Food and Rural Affairs (Defra, project NF0424),
UK, and the European Willow Breeding Program
(EWBP). Rothamsted Research is an Institute of the Bio-
technology and Biological Sciences Research Council
(BBSRC) of the UK.

References

Cervera MT, Gusmao J, Steenackers M et al., 1996. Identification
of AFLP molecular markers for resistance against Melampsora
larici-populina in Populus. Theoretical and Applied Genetics
93, 733-7.

Dowkiw A, Bastien C, 2004. Characterization of two major genetic
factors controlling quantitative resistance to Melampsora larici-
populina leaf rust in hybrid poplars, strain specificity, field
expression, combined effects, and relationship with a defeated
qualitative resistance gene. Phytopathology 94, 1358-67.

Dowkiw A, Husson C, Frey P, Pinon J, Bastien C, 2003. Partial
resistance to Melampsora larici-populina leaf rust in hybrid
poplars: genetic variability in inoculated excised leaf disk
bioassay and relationship with complete resistance.
Phytopathology 93, 421-7.

Fritz RS, Johansson L, Ramstedt M, Astrom B, Higgstrom H,
1996. Susceptibility of pure and hybrid willows to pathotypes of
Melampsora epitea. European Journal of Plant Pathology
102, 875-81.

Gullberg U, Ryttman H, 1993. Genetics of field resistance to
Melampsora in Salix viminalis. European Journal of Forest
Pathology 23, 75-84.

Hanley SJ, 2003. Genetic Mapping of Important Agronomic Traits
in Biomass Willow. Bristol, UK: University of Bristol, PhD thesis.

Hanley SJ, Barker JHA, van Ooijen JW ez al., 2002. A genetic
linkage map of willow (Salix viminalis) based on AFLP and
microsatellite markers. Theoretical and Applied Genetics 105,
1087-96.

Hanley SJ, Mallott MD, Karp A, 2006. Alignment of a Salix
linkage map to the Populus genomic sequence reveals
macrosynteny between willow and poplar genomes. Tree
Genetics and Genomics 3, 35-48.

Johansson LKH, Alstréom S, 2000. Field resistance to willow leaf
rust Melampsora epitea in inter- and intraspecific hybrids of
Salix viminalis and S. dasyclados. European Journal of Plant
Pathology 106, 763-9.

Jorge V, Dowkiw A, Faivre-Rampant P, Bastien C, 2005. Genetic
architecture of qualitative and quantitative Melampsora
larici-populina leaf rust resistance in hybrid poplar:
genetic mapping and QTL detection. New Phytologist 167,
113-27.

Larsson S, 2001. Commercial varieties from the Swedish
willow breeding programme. Aspects of Applied Biology 65,
193-8.

Lefevre F, 1998. A single gene cluster controls incompatibility and
partial resistance to various Melampsora larici-populina races in
hybrid poplars. Phytopathology 88, 156-63.

Lefévre F, Pichot C, Pinon J, 1994. Intra- and interspecific
inheritance of some components of the resistance to leaf rust
(Melampsora larici-populina Kleb.) in poplars. Theoretical and
Applied Genetics 88, 501-7.

Newcombe G, 2005. Genes for parasite-specific, nonhost resistance
in Populus. Phytopathology 95, 779-83.

Newcombe G, Bradshaw Jr HD, Chastagner GA, Stettler RF,
1996. A major gene for resistance to Melampsora medusae f. sp.
deltoidae in a hybrid poplar pedigree. Phytopathology 86,
87-94.

Parker SR, Royle DJ, Hunter T, 1993. Impact of Melampsora rust
on yield of biomass willows. In: Abstracts of the 6th
International Congress of Plant Pathology, Montreal, Canada,
28 July — 6 Aug 1993. Ottawa, Canada: National Research
Council Canada, 117.

Pei MH, Hunter T, 2005. Disease scoring by taking inoculum
densities into consideration in leaf disc inoculations with poplar
and willow rust. In: Pet MH, McCraken AR, eds. Rust Diseases
of Willow and Poplar. Wallingford, UK: CABI Publishing,
131-7.

Pei MH, Royle DJ, Hunter T, 1996. Pathogenic specialisation of
Melampsora epitea var. epitea on Salix. Plant Pathology 45,
679-90.

Pei MH, Hunter T, Royle DJ, 1999a. Host-pathogen relationship
between Salix and Melampsora sheds light on the parentage of
some willow hybrids for biomass. New Phytologist 141,
155-60.

Pei MH, Hunter T, Ruiz C, 1999b. Occurrence of Melampsora
rusts in biomass willow plantations for renewable energy in the
United Kingdom. Biomass and Bioenergy 17, 153-63.

Pei MH, Lindegaard KN, Hunter T, Ruiz C, 2001. Preliminary
studies of inheritance of rust resistance in biomass willows.
Aspects of Applied Biology 65,281-8.

Pei MH, Ruiz C, Hunter T, Arnold GM, Bayon C, 2002.
Quantitative relationships between inoculum of Melampsora
larici-epitea and corresponding disease on Salix. Plant
Pathology 51, 443-53.

Pei MH, Ruiz C, Bayon C, Hunter T, 2004a. Rust resistance in
Salix to Melampsora larici-epitea. Plant Pathology 53, 770-9.

Pei MH, Ruiz C, Harris J, Hunter T, 2004b. Quantitative
inoculations of poplars with Melampsora larici-populina.
European Journal of Plant Pathology 109, 269-76.

Ronnberg-Wistljung AC, Berit S, Tsarouhas V, Gullberg U, 2008.
Resistance to Melampsora larici-epitea leaf rust in Salix, analyses
of quantitative trait loci. Journal of Applied Genetics 49,
321-31.

Royle DJ, 1991. Potential pest and disease problems associated
with arable energy crops. In: Richard GE, ed. Wood Fuel for
Thought. Oxford, UK: Harwell Laboratories, 283-94.

Sharma JK, 1980. Effect of leaf maturity and shoot age of clones of
Populus species on susceptibility to Melampsora larici-populina.
Phytopathology 70, 548-54.

Skvortsov AK, 1968. Willows of the USSR. Moscow, USSR:
Nauka.

Wang C, Fang CF, 1984. Salicaceae. Flora of the People’s Republic
of China, Vol. 20. Beijing, China: Science Press.

Plant Pathology (2010) 59, 862-872

85UB017 SUOWILLIOD BAIERID 3|eotjdde ) Aq peusenob ake 9 VO '8sn J0 S9|NI 0} ARIq1T 8UI|UQO AB]1M UO (SUOTPUOd-pUe-SWLBIALIY" A8 | 1M Ale.q 1 ul|uo//SAny) SuonipuoD pue swis | 81 8eS *[6202/50/9T] Uo Afeiq18ulluO A8|IM ‘yolessay paisWeLIoy Aq X LTE20°0T0Z 650€-G9ET [TTTT'0T/10p/wW00 Ao 1M Al jput|uo's feuinofddsa//:sdny wioa) papeojumoa 'S '0T0Z ‘6S0ES9ET



