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Abstract

An outbreak of rust oBalix x mollissima(S. triandrax S. viminali3 ‘Q83’, an important biomass willow, was first
observed at several locations in the UK in 1992. Rust collections obtained from ‘Q83’in 1992 at Long Ashton (south
west England), Markington (Northern England) and Loughgall (Northern Ireland), were tested for pathogenicity and
examined using amplified fragment length polymorphism (AFLP). All collections showed the same pathogenicity
patterns on the eight willow differentials and were assigned to lasjgi-epitea typicaof Melampsora epiteaA

total of 304 AFLP markers was scored for 54 rust isolates, 20 from Long Ashton, 20 from Markington and 14 from
Loughgall. Cluster analysis placed the isolates into three distinct groups according to the collection sites. Within
each site, Markington isolates were least variable, Nei & Li's similarity coefficients averaging 0.996. Average
similarities within isolates from Long Ashton and Loughgall were 0.899 and 0.883, respectively. Average per-locus
diversity within site (H), calculated using Shannon information index, was 0.014 in Markington, 0.24 in Long
Ashton and 0.23 in Loughgall population. Most diversity (69.1%) was partitioned between populations. An analysis
of molecular variance (AMOVA) attributed 85.8% of variance to between populations and 14.2% to the individuals
within populations. The results suggest that, in 1992, this previously unknown pathotype was not spread from a
common source but from separate sources. The AFLP analysis and early records on the hostVarepsted
indicate that the rust virulent 8. x mollissimamay have existed in nature before 1992.

Introduction and spore-trapping data. Using these conventional
methods, difficulties arise in determining whether the
The rise and spread of new virulent types in plant new type has single or multiple origin in cases where
pathogens, especially in highly specialised biotrophs the new type occurs simultaneously or over a short
such as rust fungi, can drastically breakdown host period of time at different locations. So far, convincing
resistance and seriously affect crop productivity. For evidence on the origin of new virulent types in rust
most rusts, rapid increases in population size are pathogens has been lacking.
achieved through repeated cycling of asexual ure- Rust caused byMelampsoraspp. is the most
diniospores. The urediniospores are thick-walled and widespread and frequent disease of willoBglfx) in
known to travel long distances. The longest docu- short-rotation coppice plantations for renewable energy
mented single movement of wheat leaf riticcinia (biomass willows) in the UK and western Europe.
graminisPers., in North America was 680 km (Roelfs, When severe, rust can defoliate willows prema-
1984). To date, however, almost all the information turely, predispose them to other secondary pathogens
on the spread of rusts is based on the combination and lead to serious yield losses and even rootstock
of field observations, pathogenicity of rust, weather death (Parker et al., 1993; Hunter et al., 1996). The
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most widespread species Belampsoraon biomass  for conventional restriction fragment length polymor-
willows is the larch-alternating/!. epiteaThim. M. phisms (RFLPs), which usually need more than several
larici-epiteaKleb.) (Pei et al., 1993). WithiM. epitea, hundred milligrams of sample, is often difficult and
several pathotypes (a pathotype is defined as one or atime-consuming. AFLP requires only a small amount
group of pathogen genotypes showing the same viru- of sample and, therefore, has a practical advantage over
lence/avirulence patterns on a set of host differentials) RFLP in studies of rust fungi.

have been identified and assigned to flafci-epitea This study used the AFLP technique to determine
typica f.sp.larici-retusae and f.splarici-daphnoides whether the rust that was first detected on ‘Q83’ in
(Pei et al., 1996). the UK in 1992 was spread from a common source

Salix x mollissima(triandra x viminalis) ‘Q83’ (a single genotype or a pool of genotypes) or multi-

is one of the most important biomass willow clones ple sources in the growing season of 1992. If the field

currently grown in SRC plantations in Europe. It had populations were spread from a single genotype, they

been observed to be highly resistant to rust until 1992 would have the same clonal lineage and would show the

(Hunter and Pei, unpublished results). Surveys of dis- same or almost identical DNA fingerprints and, if they

eases and pests in willow plantations, which were were from the same pool of genotypes, the fingerprints

undertaken at many sites in Europe and Canada dur-would show little differentiation between the popula-

ing 1987-91 (Hunter et al., 1996), confirmed that tions. Otherwise, if they were from different sources in

‘Q83’ had been one of the most resistant clones at all the season of 1992, the DNA profiles would reveal the

investigated sites. In the autumn of 1992, severe rust extent of variation within and between the populations.

infections were detected on Q83’, for the first time,

simultaneously at Long Ashton (south west England),

Markington (Northern England) and Loughgall (North- Materials and methods

ern Ireland). These three sites were among the first

established biomass plantations in the UK and many Rust collections and willow differentials

willow clones, including ‘Q83’, have been grown since

1980s. Since 1992, infections on ‘Q83’ have occurred The rust samples on ‘Q83’ were collected from Long

at all three sites every year (Hunter and Pei, unpub- Ashton, Markington and Loughgall in September 1992

lished results). (Figure 1). Some 200 leaves bearing active uredinial
In a previous study (Pei et al., 1996), a rust isolate pustules were collected at random from one-year-old

(M7) collected from ‘Q83’ at Long Ashton in 1992 stems on a diagonal transect from a plot, which had a

was designated as pathotype LET4 of flapci-epitea configuration of 5x 5 (=25) stools at 1x 1 m spac-

typicaof M. epitea. Melampsora epitgaroduces five ing, at Long Ashton and Markington. Over 50 rust-

spore stages during the life-cycle and alternates on infected leaves were randomly collected from a ‘Q83’

larch (Larix spp.). During the growing season, the rust plot having the same plantation design at Loughgall.

spreads in willow plantations as urediniospores, which The urediniospores were collected into 2 ml polyethy-

are capable of producing the next generation in 67 lene vials using a cyclone spore collector, dried € 4

days (Pei et al., 1996). The rust develops teliospores in for one week and stored atl5°C until use. Eight wil-

the autumn and overwinters on fallen willow leaves. In low clonesS.x calodendrotWimm.,S. burjaticaNas-

spring, teliospores germinate to produce basidiosporessarov ‘Korso’ and ‘Germany’S. dispermaRoxb. ex

that infect larch. Fertilization between spermagonia Don. ‘LA068/01’, S. x mollissimaHoffm. ex Elwert

on larch needles results in formation of aeciospores ‘Q83’, S. x stipularisSm.,S. viminalis L. ‘Mullatin’

which infect willow. The basidiospores and sperma- andS. viminalis‘Bowles Hybrid’, were grown from

tia are monokaryotic, having a single haploid nucleus, 25cm dormant cuttings in pots containing John Innes

while aeciospores, urediniospores and early phases ofCompost No. 3 in an unheated glasshouse. By the

teliospores are dikaryotic, containing two nuclei. time of inoculation, the plants were 60-80 cm tall and
Recently, we applied amplified fragment length actively growing.

polymorphism (AFLP) to willow rust (Pei and Ruiz,

2000). AFLP is a PCR-based DNA fingerprinting tech- Pathogenicity test

nigue and has proven to be extremely efficient in geno-

typing and examining genetic variation. Rusts thrive Rust collections were tested for pathogenicity to exam-

only on living tissues of plants and bulking up material ine their virulence/avirulence pattern on the eight
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Figure 1 Principal coordinate analysis M. epiteaisolates collected fron§. x mollissima'Q83’ at Markington ), Long Ashton @)
and Loughgall ) in 1992, based on 305 AFLP loci.

willow differentials. Willow leaves betweenthe 5thand of 80pEm2s? and examined 11-12 days after
15th leaf counted from the first unfurled (judged as inoculation.

furled edge less than 1/3) or the first expanded (leaf

length longer than 2/3 of the leaves on middle of the

shoots) were used. The test was done in two steps. INAFLP procedure

the first step, whole willow leaves of the eight willow

differentials were placed, abaxial surface uppermost, Fifty-four single-pustule isolates, 20 from Long
on tap-water-soaked filter paper in 14 cm diameter Petri Ashton, 20 from Markington and 14 from Loughgall,
dishes. The urediniospores in the vials were mixed well obtained in the second step pathogenicity test, were
with camel hair brushes and approx. 3 mg viable ure- used for AFLP analysis. The urediniospores of the iso-
diniospores (viability was checked on 0.5% water agar lates were multiplied (1-2 generations) on detached
at 20°C for 24 h) were suspended in 10 ml distilled leaves of ‘Q83’ in 14 cm diameter Petri dishes contain-
water containing 0.004% Tween 20. The spore sus- ing tap-water soaked filter paper. The spores were col-
pension was sprayed evenly over the detached leavedected using cyclone spore collectors, dried &E4or
using an air brush (Humbrol). Four replicates, each hav- 1-2 week and stored at15°C before use.

ing a leaf from each differential, were inoculated with A two-tube method, described by Pei and Ruiz
each rust collection. In the second step, spores from (2000), was used to extract genomic DNA from
20 single pustules produced on ‘Q83’ from each col- rust urediniospores. For each isolate, approximately
lection in the first step were separately inoculated on 10 mg spores were used. The AFLP procedure was
to three replicates of 1.1 cm diameter leaf discSof  modified from the two-PCR protocol by Vos et al.
x mollissima’Q83’ andS. x stipularisusing a camel  (1995) as described by Pei and Ruiz (2000). In
hair brush. Inoculated leaves and leaf discs were incu- the first step (pre-amplification), both E-A and M-C
bated at 18C with 16 h/day illumination atanintensity — primers, each having one bp extension, were used.
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In the second amplificatiorEcoR and Msd primers wherep;, is the frequency of either the preserice= 1)
having three bp extensions were used: E-AAA and or absencgs = 2) of the band in the whole sam-
M-CAA, E-AAA and M-CAC, and E-AAA and M- ple (54(a) or 42(b) isolates). For each locus, diver-
CAT. The PCR products were denatured and run sity component within populations was calculated as
on a 6% polyacrylamide DNA sequencing gel and H,,/H,, and the component between populations as
autoradiographs were obtained using Hyperfilm MP (Hg, — H,,,)/ Hy,

(Amersham). The second PCR amplification was All markers, including the monomorphic, were

repeated once. included in the calculation. Monomorphic markers
were given zero values to allow the extent of monomor-
Data analysis phism to be reflected in the values of per-locus diver-

sity. The calculations were done using Microsoft
The presence and absence of an unambiguous band waExcel 97.
scored as 1 and 0 respectively. Similarities were com- An analysis of molecular variance (AMOVA)
puted between all pairs of isolates using the formula (Excoffier et al., 1992) was also conducted to examine
given by Nei and Li (1979% = 2xy/x + y, wherexy further the variation within and between populations.
is the number of bands shared by the pair and y An Euclidean distance matrix was constructed between
is the total bands of the pair. All AFLP markers, both all pairs of multilocus phenotypes (a multilocus phe-
mono- and polymorphic, were included in data anal- notype is referred to as the isolate(s) showing the same
ysis. Principal coordinate analysis was performed and AFLP profiles over all AFLP loci examined). All mark-
a dendrogram was constructed based on unweighteders were included in construction of distance matrix.
pair-group method using arithmetic means (UPGMA) AMOVA was performed using ARLEQUIN software
(Sneath and Sokal, 1973). Computations were done provided by L. Excoffier. The variance components and
using Genstat Release 5. ® statistics were tested by nonparametric randomisa-

Phenotypic diversity was examined using Shannon tion tests using 1000 repetitions.

information index, a method widely used in ecological
studies to examine species richness and relative abun-
dance (Kent and Coker, 1994). Each AFLP marker was Results
treated as a putative locus with two alleles, 1 for pres-
ence, and O for absence, of a band. The diversity was Pathogenicity test
analysed using the data (a) from all 54 isolates and
(b) from 42 isolates, i.e. an equal sample (14 isolates) All three rust collections showed the same viru-
from each site. In the latter case, the 14 isolates from lence/avirulence patterns on the eight willow clones
Markington and Long Ashton were randomly chosen in the detached leaf inoculation: incompatible reac-
from the 20 tested. The diversity was calculated for tions (no symptoms, necrosis or negligible develop-
each single locus following the method of Monagahan ment (<0.2 mm diameter) of uredinia) d& disperma

and Halloran (1996) and Bussell (1999) as S. burjaticaKorso’, S. burjaticaGermany’,S. x calo-
dendron S. viminalisBowles Hybrid’ and ‘Mullatin’
H = Z piLog. pi, and compatible reactions (well developed uredinia) on

o ] ) ) o S. x mollissima’'Q83’ andS. x stipularis In the sec-
whereH is the estimate of diversity within a popula-  gng step pathogenicity test, all 60 isolates (20 from

tion, p; the frequency of either the presen¢e= 1) or each collection) produced well-developed uredinia on
absencei = 2) of an AFLP band. The average diver-  poth ‘Q83’ andS. x stipularis but not on the others.
sity over populations was calculated as Thus, all the rust collections could be assigned to the
1 previously described LET4 dfl. epitea(Pei et al.,
H, ==Y H, 1996).

n

wheren is the number of populations. The species AFLP analysis
diversity (refers to the diversity of rust from ‘Q83’) was
calculated for each locus as A total of 305 AFLP bands, 100 for E-AAA and M-
CAA, 104 for E-AAA and M-CAT, and 101 for E-
Hy, = Z p,s Log, p;, AAA and M-CAC, were scored on AFLP profiles of



54 isolates. Of these, 17 were monomorphic. Thirteen
bands were unique to all Markington isolates, one to all
Long Ashton isolates and 17 to all Loughgall isolates.
Within each site, the collection from Markington
was least variable, Nei & Li’s coefficients being 0.976—
1.0 (Table 1). Fourteen Markington isolates produced

Table 1 Summary of Nei & Li's similarity coefficients of
Melampsorasolates within and between three sites in the UK

Site Markington ~ Long Ashton  Loughgall
Markington

Range 0.976-1.000

Average 0.996

Long Ashton

Range 0.623-0.804 0.677-1.000

Average 0.764 0.899

Loughgall

Range 0.328-0.385 0.300-0.540  0.829-0.941
Average 0.358 0.363 0.883
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identical bands. The widest range of within-site vari-
ation was found among Long Ashton isolates (mini-
mum similarity coefficient 0.677). All the isolates from
Long Ashton and Loughgall, with the exception of
two from Long Ashton, generated different AFLP pro-
files. Principle coordinate analysis and the dendrogram
placed the isolates into three distinct groups accord-
ing to collection sites (Figures 1 and 2). The isolates
from Long Ashton were placed into 4 subclusters.
Similarities were greater between isolates from Long
Ashton and Markington compared with those between
Loughgall and Long Ashton, and Loughgall and
Markington.

In analysis of phenotypic diversity, the average per-
locus diversity indices were calculated for each primer
combination (Table 2). The diversity was much lower
in the Markington population/{; = 0.014) compared
with that in Long Ashton and Loughgall populations
(H; = 0.242 and 0.233 respectively). The estimated

SRZGRARRRRRAR
SO LR LI

S
BN VRN

>>
—c o

C

(T NN -

:3‘>‘>s>a>s>‘>*>‘>\>>

(s
[ola)
o —

NN N NN

B —D

T
0.80

Similarity

Figure 2 Dendrogram ofM. epiteaisolates collected frons x mollissima‘Q83’ at Markington (MK1..MK20), Long Ashton
(LA1...LA20) and Loughgall (LG1.LG14) in 1992, based on 305 AFLP loci.
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Table 2 Partitioning of average per-locus AFLP diversity within and between three populatibhspitea

Primer combination HI\//Iarking!on Hliong Ashton Hy;op Hs/p H;;op/Hs/p (Hs/p - H;;op)/Hs/p

(a) Including all isolates (54 in total)

M-CAG 0.012 0.204 0.210 0.142 0.728 0.295 0.705
M-CAT 0.006 0.223 0.238 0.156 0.775 0.270 0.730
M-CAC 0.024 0.300 0.251 0.191 0.720 0.362 0.638
Average 0.014 0.242 0.233 0.163 0.741 0.309 0.691
(b) Including 14 isolates from each site (42 in total)

M-CAG 0.008 0.215 0.210 0.144 0.863 0.253 0.747
M-CAT 0.004 0.234 0.238 0.159 0.961 0.200 0.800
M-CAC 0.008 0.323 0.251 0.194 0.863 0.319 0.681
Average 0.006 0.257 0.233 0.166 0.896 0.257 0.743

Table 3 AMOVA within and between three populations of the
‘new’ pathotype ofM. epitea

andM. medusad@him. on poplars anill. coleospori-
oidesDiet. on willow, are thought to have spread from
Australia to New Zealand by trans-Tasmanian air cur-

Source of d.f.  Variance Percentage P . .
variation components  of variation rents (Latch, 1980). In this study, the three locations
were 320-450 km apart from each other and the possi-
BS(;V;\)IS;?ion 2 0.20031 8582 bility that the rust spreads from one location to another
Within 52 0.03310 14.18 ~0.00001 cannot be excluded. Based on th_e occurrence ofthe rust
population in the same season, the same virulence/avirulence pat-

mean diversity within the speciesl—lgp) was 0.741,
much higher than that within populationgi{
0.163). Most AFLP variation (69.1%) was partitioned

between populations. The analysis with the same sam-

ple size (14 isolates) from each site yielded similar
results.
In AMOVA analysis, data from 40 different multi-

terns on host differentials and the geographical scale,
it is tempting to conclude that the new virulent type
may have spread from a common source in the grow-
ing season of 1992. However, AFLP analysis revealed
that the three geographical populations were distinctin
their genetic background.

AFLP profiles of the Markington isolates were
remarkably similar, 14 isolates being identified as the
same clone. The genetic variation among the members

locus phenotypes, seven from Markington, 19 from of a clonal lineage mainly arises by mutation. No infor-
Long Ashton and 14 from Loughgall, were used to con- mation on the mutation rate of rust fungi is available but
struct an Euclidian distance matrix. The AMOVA anal- it is expected to be generally low (18-10"° in most
ysis attributed 14.18% of variance to the individuals living organisms (Li, 1997)). Recently, Pei and Ruiz
within populations and 85.82% between the three geo- (2000) examined AFLP profiles from both sexually
graphical populations. Differentiation between popula- and asexually reproducing forms of willodelamp-
tions was highly significantP? < 0.0000) (Table 3). sora The isolates of these two forms were collected
from different geographical locations, including Long
Ashton, Markington and Loughgall, over three years.
Within the asexual form, Nei & Li's similarity coeffi-
cients were found to exceed 0.978. The isolates from
Pathogenicity testing and AFLP analysis were used to Q83 used in this study were collected in the same
examine thdlelampsoraust which caused breakdown plot in the same growing season and would have had
of resistance ir6. x mollissima’Q83’ in 1992. The |ittle chance to differentiate in the process of asexual
pathogenicity test showed that the rust collections (yredinial) reproduction. It is likely that Markington
from three sites in the British Isles shared the same isolates may have been derived from different recom-
pathogenicity pattern on the eight tested willow differ- pinants, one of which became predominant.

entials. Rust spores are airborne and can be dispersed The host willow S. x mollissima ‘Q83' is a
over long distances by air currents. A number of rust hybyrid betweers. triandraandS. viminalis which are
species, includinglelampsora larici-populinaKleb. both widespread in Europe, including the British Isles

Discussion
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(Meikle, 1984).Salix triandra belongs to subgenus 0.84) among the 11 leaf rust genotypes collected from
SalixandS. viminalisto subgenu¥etrix. Usually, wil- S. viminalisand its hybrids in south west England dur-
low species belonging to these two subgenera do noting 1991-1993 (unpublished).
hybridise in nature. As an exception, natural hybrids  Alltherustcollections from ‘Q83’'in 1992 were non-
betweerS. triandraandS. viminalisdo occur (Meikle, virulenttoS. viminalisBowles Hybrid’ and ‘Mullatin’.
1975).Salix triandra, S. viminaliandS. x mollissima, During 1992-1995, field rust samples were collected
are among the most important of basket willows (Stott, annually from the three sites and tested for pathogenic-
1992). Basket-making is an age-old practice, its history ity (Pei et al., 1999a). It was found that a pathotype
dating back to the times of Egyptians and Romans virulent to both ‘Q83’ ands. viminalisalso occurred at
(Bobart, 1936). Henc&.x mollissimaoccurs not only Long Ashton and Loughgall. In our laboratory experi-
as a result of natural hybridisation but also through ments (Peietal., 1999b), we have obtained rust hybrids
introduction or escape of basket-willows. According to by crossing isolate LA16 from Long Ashton (coded as
Meikle (1975), in the UKS. x mollissimais common Q8-1) with an isolate of a different pathotype of f.sp.
in river-banks and roadsides, and in moist thickets and larici-epitea typica which is virulent toS. viminalis
osier-beds, where it is often planted. In continental The evidence indicates that the rust which occurred on
Europe,S. x mollissimais widely, but locally, dis- ‘Q83' is capable of hybridising with other pathotypes
tributed in Germany, France, Belgium and Sweden of f.sp.larici-epitea typica
(Meikle, 1984). It appears that there is no lack of host  The rust on ‘Q83’ is now widespread in the UK,
in nature for rust types virulent to ‘Q83’ to evolve, occurring at all the three study sites each year since
become established and spread. 1992 (Hunter and Pei, unpublished results). In Sweden,
Almost all the isolates from Long Ashton and rust collected from ‘Q83’ was also identified as LET4
Loughgall belonged to different genotypes. This sug- (Fritz et al., 1996). Whether the rust on ‘Q83’ arose in
gests that they are likely to be sexually recombining 1992 from the local non-virulent populations at these
populations. Previously, Pei et al. (1996) proved that sites is not certain. The present results suggest that the
the isolate M7 collected from ‘Q83’ at Long Ashton rust on ‘Q83’ from Markington may have come from
in 1992 readily completes a fulll. epitealife-cycle . a relatively newly established source, while that from
At Long Ashton, the first infections of rust on ‘Q83"  Long Ashton and Loughgall was from well-established
usually occur in June, some two months after bud burst sources. In the late 19th century, Klebahn (1899) con-
(Hunter and Pei, unpublished results). This suggests ducted inoculation experiments usikiglampsoraust
that the rust is unlikely to overwinter in the plantation from S. hippophaéfolidhuill. (= S.x mollissimavar.
but develops as aresult of ingress from outside sources.hippophaifolia(Thuill) Wimm.) collected from Ham-
As the alternate host, European larch, is widespread in burg, Germany. The rust readily infected the host wil-
the UK (Bean, 1973), it is possible that there may be low, producing uredinia in 8 days, but only formed
some locations where the willow host and European poorly developed uredinia o8. viminalisafter a pro-
larch grow together or nearby. If virulent pathotypes longed period, 16 days afterinoculation. He also proved
are available, such locations would allow the rust to thatthe rust fron8. hippophaéfolialternates on larch.
become established and to generate recombined inocudn ‘The British Rust Fungi’, Wilson and Henderson
lum each year. (1966) includeds. triandrax viminalisin the host list
The rust isolates used for this study were obtained of larch-alternatingVl. epiteabut the source of infor-
from a single plot from each location and, therefore, the mation is not clear. These records suggest that the rust
present results may not represent the genetic variationcapable of infecting. x mollissimamay have been in
oftheruston ‘Q83’in each geographical region. Forthe existence for a long time in continental Europe. How-
regional variation iM. epiteaf.sp.larici-epitea typica ever, its occurrence may have been rare or localised
AFLP data from the leaf-infecting form delampsora since no obvious rustinfections on ‘Q83’ were detected
on S. viminalisand its hybrids (Pei and Ruiz, 2000) in biomass willow plantations in western Europe dur-
may provide some clue. Like the rust on ‘Q83’, the ing 1987-91, when extensive disease and pest surveys
leaf rust onS. viminalishas European larch as alter- were carried out annually (Hunter et al., 1996).
nate host and completes a full sexual life-cycle. When  In the present study, the between-population diver-
the data comprising 215 AFLP loci were examined, sity component estimated using Shannon’s index

Nei & Li's similarity coefficients were-0.73 (average  ((Hy,—H,,,)/ Hg,) and that using AMOVA were 69%
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and 86% respectively. In plants, RAPD-based esti- (DTI) through the Energy Technology Support Unit
mates of the between-population diversity compo- (ETSU), aswell as by the Ministry of Agriculture, Fish-
nent ranged from 15% to 38% in outbreeding species eries and Food (MAFF). IACR receives grant-aided
(seven examined) and 87.5% in the predominantly support from the Biotechnology and Biological Sci-
inbreeding specielsotoma petrae#&. Muell (Bussell, ences Research Council of the United Kingdom.
1999). Where RAPD diversity has been analysed using
AMOVA, modified F-statistics and other methods, the
value was usually<20% for outbreeding species and
>50% forinbreeding species (Bussell, 1999). Crossing
experiments using the alternate host, larch, suggested

L . i, BeanWJ (1973) Trees and Shrubs Hardy in the British Isles, Vol.
that M. epiteais heterothallic and sexual compatibil Il, 8th edn. John Murray Ltd., London, UK

ity is controlled by a pair of alleles at a locus (Pei  gopart HH (1936) Basketwork through the ages. Oxford Univer-
et al., 1999b). In terms comparable to the breeding ity press: Oxford, UK

behaviour in plants and animals, the breeding sys- Bussell JD (1999) The distribution of random amplified polymor-
tem in rust fungi involves both inbreeding and out-  phic DNA (RAPD) diversity amongst populations Isbtoma
crossing. Where large numbers of willow and larch _ petraea(Lobeliaceae). Molecular Ecology 8: 775-789
hosts ocaur together and rust populations are well TS - CRCeR e oL B ond DA
eStab!IShed (effective p_ODUIatlon size is large), out- haplotypes: application to human mitochondrial DNA restric-
crossing would predominate. By contrast, where rust oy gata. Genetics 131: 179-191

populations are newly established and few host plants fritz RS, Johansson L, Astrom B, Ramstedt M and Haggstrém H
are available, inbreeding would become more likely.  (1996) Susceptibility of pure and hybrid willows to isolates of
In this study, the between-population diversity values = Melampsora epiteaust. European Journal of Plant Pathology
appear to reflect fragmented co-existence of willowand = 102: 875-881 S

larch hosts in nature. Hunter T, Royle DJ and Arnold GM (1996) Variation in the occur-

Spread of rust pathogens has long been an impor- rence of rustKlelampsorapp.) and other diseases and pests, in
p ust p g 9 imp short-rotation coppice plantations $&lixin the British Isles.

tant issue in plant disease epidemiology and various  annals of Applied Biology 129: 1-12

approaches have been suggested to investigate suclkentM and Coker P (1994) Vegetation Description and Analysis:
events. For example, to identify whether a rust has A Practical Approach. John Wiley and Sons Ltd., Chichester,
spread over long distances, Zadoks and Bouwman UK

(1984) listed 10 criteria, which include characteristics KIebr_:lhn H. (1?99) Kulturversuchg mit heterécischen Rostpilzen.
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