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Abstract The genus Salix (willow) contains a number
of species of great value as biomass crops. Efforts to
breed varieties with improved biomass yields and resis-
tances to pests and diseases are limited by the lack of
knowledge on the genetic basis of the traits. We have
used AFLP and microsatellite markers to construct a ge-
netic map of willow from a full-sib cross of the diploid
species Salix viminalis (2n = 38). In accordance with a
double pseudo-testcross approach, separate parental
maps were constructed and merged to produce a consen-
sus map comprising 291 AFLP and 39 willow microsat-
ellite markers. Nineteen poplar microsatellites were also
tested in willow. Five of these amplified loci, of which
two were mapped. Linkage groups of the consensus map
that could be identified in the parental maps are present-
ed here and spanned 1,256.5 cM with an average interval
between markers of 4.4 cM.

Keywords Willow - Salix - Biomass - AFLP - SSR -
Genetic map

Introduction

Increased production from renewable energy sources is
currently a high priority in Europe in response to the
growing need to replace fossil fuels in ways that are non-
polluting. Fast-growing biomass crops contribute to the
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solution, and the European Union is now committed to
reach a target for additional biomass energy of 8.5%, or
90 million tonnes of oil equivalent (mtoe) per year, by
2010 (European Commission White Paper, Anon 1997).
This equates to planting biomass crops on 7.1% of all
EU agricultural and forestry land (10 million hectares).
Breeding of high yielding, pest- and disease- resistant
biomass crops urgently needs to be accelerated to help
meet these targets.

The genus Salix (willow) contains a number of spe-
cies of great value as biomass crops (Gullberg 1993;
Ahman and Larsson 1994; Lindegaard and Barker 1997).
Over the past few years, significant advances have been
made in the breeding of biomass willows (Zsuffa 1990;
Gullberg 1993; Ahman and Larsson 1994: Lindegaard
and Barker 1997) with cultivars such as Tora and Bjorn
(bred in Sweden), and Ashton Stott (bred in the UK),
giving maximum biomass yields of 20-22 oven-dried
tonnes/ha in trials. However, the scope for further yield
increases is still enormous. Furthermore, Melampsora
rusts (Pei et al. 1996) and insect pests, such as the blue
willow beetle (Phratora vulgatissima) (Bjorkman et al.
2000), can reduce yields significantly and there is a need
for a continuous supply of high yielding cultivars, with
new forms of pathogen and pest resistances, for use in
commercial plantations. Varieties that are able to sustain
yields in less optimal growing conditions, such as
drought or poor soils, or are optimised for different end-
uses, are also required.

The ability of willow breeders to select promising
parents for crossing and to identify progenies with fa-
vourable combinations of characters is hampered by the
limited knowledge available on the genetic basis of im-
portant traits such as yield and rust resistance. Molecular
techniques can contribute directly to accelerate the effi-
ciency of willow breeding by helping to locate genes
controlling agronomic traits and providing markers for
marker-assisted selections and introgressions of desired
traits (Mazur and Tingey 1995). However, identifying
the genetic basis of agronomic traits presents a formida-
ble challenge in willow. There are 19 chromosomes in
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the haploid set and the genus is very heterogeneous.
Many species are polyploids and numerous inter-specific
hybrids occur at all ploidy levels. Willows are also dioe-
cious and highly heterozygous. Homozygous lines are
not yet available from any source and crossing among
available parents give F; that are comprised of varied ge-
notypes from which different types of segregating fami-
lies may be derived.

Given these constraints, genetic mapping in willows
is best achieved through a double pseudo-testcross strat-
egy. This approach assumes that both parents in the cross
may carry a high level of heterozygosity and allows
markers that are heterozygous in either parent to be de-
tected (Grattapaglia and Sederoff 1994). The double
pseudo-testcross approach has been successfully used for
genetic mapping in crops of similar genetic complexity
to willow, such as poplar (Bradshaw et al. 1994; Cervera
et al. 2001), apple (Maliepaard et al. 1998), rubber
(Lespinasse et al. 2000) and larch (Arcade et al. 2000).

Here, we report on the use of the double pseudo-test-
cross approach for the construction of a genetic map of
Salix viminalis, a willow species commercially important
for biomass production, using microsatellite and AFLP
markers. This work forms part of a longer-term program
to identify markers linked to important agronomic traits
in willow.

Materials and methods

Plant material

The K3 mapping population comprises 66 siblings from a cross
between two full-sib parents, known to differ in resistance to
Melampsora rust, derived from two unrelated, non-inbred willows
(Ahman 1997). The cross was produced in Sweden (at Svalof-
Weibull AB) and 15-cm cuttings of grandparents, parents and
progeny were supplied for planting at IJACR-Long Ashton Re-
search Station, UK (IACR-LARS).

DNA extraction

Genomic DNA was extracted from fresh leaf tissue using the Nu-
cleon Phytopure Plant DNA Extraction Kit (Amersham Bioscien-
ces) with the addition of 10 mM 2-mercaptoethanol to Reagent 1.
The quantity and quality of DNA was assessed by agarose-gel
electrophoresis using 0.8% agarose with known concentrations of
uncut lambda DNA (Sigma). Gel images were captured using
the Gel Doc 2000 Gel Documentation System (BIO-RAD) and
DNA concentrations calculated using Quantity One software
(BIO-RAD).

AFLP markers

Initial AFLPs were performed using the magnetic bead method for
fragment selection followed by a single selective PCR amplifica-
tion (Zabeau and Vos 1993) with genomic digests carried out us-
ing Msel and Pstl restriction enzymes. Amplifications were based
on Msel primers with three selective nucleotides and PstI primers
with two selective nucleotides, as described in Barker et al.
(1999). To improve throughput, AFLPs were later performed ac-
cording to Vos et al. (1995) with genomic digests carried out using
Msel and EcoRI restriction enzymes. After ligation of adaptors,
pre-amplification with a single selective nucleotide at the 3'-end

of both the EcoRI and Msel primers was followed by selective
amplification using three selective nucleotides per primer. In total,
48 primer combinations were used, as listed in Table 1. Primers
were synthesised and de-salted by Sigma-Genosys Ltd. Segregat-
ing AFLP markers were scored independently by two persons and
segregation codes assigned according to the system used in Join-
Map and described in Maliepaard et al. (1997) as follows: abxaa
for markers segregating in the male parent only; aaxab for mark-
ers segregating in the female parent only; aOxa0 for markers seg-
regating in both parents.

Microsatellite markers

From a microsatellite-enriched, small-insert genomic DNA library
previously developed from Salix burjatica, Germany (Edwards et
al. 1996), 530 clones were sequenced for development of micro-
satellite markers. Prior to primer design all library sequence data
was screened for the presence of duplicated inserts using Autoas-
sembler software (Applied Biosystems). Forward and reverse
primers (21-mers) were designed for the flanking sequences of the
microsatellite loci and were synthesised and de-salted by Sigma-
Genosys Ltd. Primer pairs were tested for their ability to amplify
polymorphic PCR products from the genomic DNA of the parents
and grandparents of the K3 mapping population. Informative pairs
were then used to amplify genomic DNA from the 66 full-sib
progeny of the K3 mapping population, together with the parents
and grandparents for direct comparisons on the same gels. All
autoradiographs were scored independently by two persons. Seg-
regation codes were assigned according to the system used in
JoinMap and described in Maliepaard et al. (1997) as follows:
abxaa for markers segregating in the male parent only (two al-
leles); aaxab for markers segregating in the female parent only
(two alleles); abxab for markers segregating in both parents with
two alleles; abxac for markers segregating in both parents with
three alleles; abxcd for markers segregating in both parents with
four alleles. Details of microsatellite primer sequences can be ob-
tained from the authors, on request.

Both radioactive and fluorescent labelling techniques were
employed for visualisation of PCR products. For radioactive de-
tection, the forward primer of each microsatellite pair was
end-labelled with [y-33P]JATP using T4 polynucleotide kinase
(Amersham Biosciences). PCR reaction mixtures contained 10 ng
of template DNA, 25 ng of labelled forward primer, 25 ng of re-
verse primer, 200 uM of each dNTP (Promega), 0.5 U Tag DNA
polymerase (GibcoBRL), 20 mM Tris—HCI pH 8.4, 50 mM KClI
and 1.5 mM MgCl,. Thermocycling conditions were as follows:
35 cycles of 94 °C for 40 s, 54 °C for 60 s and 72 °C for 60 s, fol-
lowed by a final 72 °C extension period of 10 min. A GeneAmp
PCR system 9700 (Applied Biosystems), with a 9600 ramping set-
ting, was used for all PCRs. Amplification products were mixed
with an equal volume of 2 x Gel Loading Buffer (98% formamide,
10 mM EDTA, 0.01% xylene cyanol and 0.01% bromophenol
blue) and denatured at 94 °C for 3 min. Products were separated
on 6% denaturing polyacrylamide gels and electrophoresed at 55
W power for approximately 2 h. Gels were dried and exposed to
Kodak Biomax MR-1 film overnight. For fluorescent detection,
PCR products were labelled using fluorescently tagged 2'-deoxy-
cytidine 5'-triphosphate ([F]dCTP) coupled to [R110], [R6G] or
[TAMRA] (Applied Biosystems), according to the Manufacturers’
instructions. Separation of PCR products was performed on an
ABI PRISM 377 DNA Sequencer using GeneScan-500 [ROX]
as the size standard (Applied Biosystems). Genotyper software
(Applied Biosystems) was used to analyse electropherograms.

Poplar microsatellite primers

Nineteen poplar microsatellite primer pairs, developed by Dr. T.
Bradshaw (University of Washington, USA), were tested on wil-
low DNA. Primer sequences can be retrieved from the Poplar
Molecular Genetics Co-operative SSR database (http://poplar2.



Table 1 Characteristics

of polymorphic AFLP markers
generated from 48 primer
combinations. Restriction en-
zymes/adaptors/primers used
in AFLP production are indi-
cated for each combination

(E = EcoRI, M = Msel and

P = Pstl). Additional characters
indicate selective nucleotides

1089

Primer
combination

Male
markers?

Female
markersb

Heterozygous
markers¢

Total polymorphic
markers

EAAC/MAAG
EAAC/MAAT
EAAC/MACC
EAAC/MTTG
EACA/MACA
EACA/MACG
EACA/MCTA

EACA/MCTC
EACA/MTGT
EACA/MTTG
EACG/MCTA
EACT/MAAG
EACT/MAAT
EACT/MACA
EACT/MACC
EACT/MGAA
EACT/MTTG
EAGA/MTGT
EAGA/MTTG
EAGC/MACC
EAGC/MGAA
EAGC/MTGT
EAGC/MTTG
EATA/MTTG
MAAG/PCA
MAAT/PAC
MACA/PAA
MACA/PCA
MACA/PCC
MACC/PAC
MACC/PCC
MCCG/PAA
MCCG/PAC
MCCG/PCA
MCCG/PCC
MCTA/PCA
MCTA/PCC
MGAA/PAA
MGAA/PAC
MGAA/PCA
MGAA/PCC
MGGC/PAA
MGGC/PAC
MGGC/PCA
MGGC/PCC
MTTG/PAC
MTTG/PCA
MTTG/PCC

Total 143

2abxaa marker; present in the
male parent only; segregating
1:1 in the progeny

b aaxab marker; present in the
female parent only; segregating
1:1 in the progeny

¢ aOxa0 marker; heterozygous
in both parents; segregating 3:1
in the progeny
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cfr.washington.edu). Primers were used in PCR with genomic
DNA from two willows (Salix burjatica, Germany and S. vimin-
alis, Astrid) and one poplar (hybrid Populus deltoides x Populus
nigra, Ghoy). PCR conditions were the same as described for wil-
low. PCR products were separated by agarose-gel electrophoresis
using 2% agarose. Gel purification and direct sequencing of am-
plification products from primer pair PMGC223 was performed
according to Hanley et al. (2000). Resulting sequences were
aligned using Autoassembler software (Applied Biosystems).

Map construction
All data analysis was performed using JoinMap version 3.0 soft-

ware (Van Ooijen and Voorrips 2001). This programme was chosen
as it has the capability to perform linkage analysis on outbred prog-

enies involving markers of different segregation type. As is the
case for JoinMap 2.0, version 3.0 uses the estimation procedures
for cross-pollinators as described in Maliepaard et al. (1997). This
procedure uses all available information for any combination of
markers, segregating from two alleles in just one parent, through
two alleles in both parents, to three and four segregating alleles in
both parents. The JoinMap 3.0 software was used to test markers
for segregation distortion using a chi-square test. AFLP markers
with highly significant levels of distortion (P < 0.005) were exclud-
ed from further analyses. Parental linkage maps were constructed
using AFLP and microsatellite markers heterozygous in one parent
only (types abxaa and aaxab). In addition, microsatellite markers
of types abxac and abxcd were used but were first separated so that
only alleles from either the male or female parent were employed
for construction of each respective parental map. For the integrated
map, all marker data, including that for AFLP markers of type
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aOxa0 and microsatellite markers of type abxab, were utilised. For
all maps, linkage groups were determined using a minimum LOD
threshold of 4.0 and map construction performed using the Kosam-
bi mapping function with the following JoinMap parameter set-
tings: Rec = 0.45, LOD = 1.0, Jump = 5. Resulting linkage maps
were drawn using MapChart software (Voorrips 2001). Robustness
of the integrated linkage map was tested by comparison of marker
orders with separate parental maps.

Results
AFLP markers

In total, 477 polymorphic AFLP markers were scored
from 48 primer combinations (Table 1). Of these, 143
were abxaa, 145 were aaxab and 189 were aOxa0. The
average total number of bands identified per assay was
56 for the bead selection method and 41 for the two-step
amplification method. The percentages of scorable poly-
morphic markers for these two methods were 35% and
18%, respectively. Following analysis of genotype fre-
quencies for each marker, approximately 15% of markers
showed segregation distortion (P < 0.1: chi-square test).
Seventeen distorted markers with P values less than
0.005 (about 4% of markers) were discarded prior to
construction of the parental and consensus linkage maps.

Microsatellite markers

From the willow microsatellite-enriched library, 160
unique primer pairs were designed and screened for their
ability to detect polymorphism in the mapping popula-
tion. Of these, 98 (61%) amplified easy to score, single
loci, of which 53 (33%) were polymorphic between the
K3 parents and could be mapped. Significant levels of
segregation distortion (P < 0.1: chi-square test) were ob-
served for 12 (23%) of the microsatellite loci; however,
all loci were included in linkage analyses.

Of the 19 poplar microsatellite primer pairs tested
on willow, five successfully amplified willow DNA
(PMGC93, PMGCI108, PMGC223, PMGC456 and
PMGC2020). To determine whether corresponding pop-
lar microsatellite loci were amplified in willow, PCR
products from PMGC223 were sequenced and align-
ments performed. Resulting sequences indicated that the
microsatellite motifs of the two willow and poplar loci
were identical, although some minor differences in the
flanking regions were detected (data not shown).

Construction of parental maps

On examination of individual genotype frequencies, two
offspring were shown to have missing genotype data for
a large number of AFLP markers and were excluded
from further analysis.

For the paternal map, a total of 132 AFLP markers
and 24 microsatellite markers showed segregation in the

mapping population and were included in linkage analy-
sis. At a LOD threshold of 4.0, 79% of markers could be
assigned to 21 linkage groups each containing a mini-
mum of three markers. In addition, seven duplets were
formed and 19 markers remained unlinked. Marker-
ordering proved problematic for one linkage group ob-
tained at LOD threshold 4.0 (corresponding to Group V
of the consensus map). However, at a LOD threshold of
4.5, a subset of five markers split from this group allow-
ing remaining marker orders to be readily determined.
For all other groups, map construction proved straight-
forward, with no markers presenting problems with re-
spect to goodness-of-fit. The resulting 21 linkage groups
spanned 733.3 c¢cM and the average interval between
markers was 7.8 cM.

For the maternal map, 139 AFLP markers and 33 mi-
crosatellite markers were included in linkage analysis.
Groupings performed with a LOD threshold of 4.0 re-
sulted in the assignment of 83% of markers to 25 linkage
groups, with six duplets and 17 markers remaining un-
linked. Marker orders for all groups were determined
without difficulty. The resulting linkage groups spanned
911.2 ¢cM with an average interval between markers of
8.0 cM.

Construction of the K3 consensus map

The consensus map was constructed based on 132 abxaa
AFLP markers, 139 aaxab AFLP markers, 189 a0Oxa0
AFLP markers and 55 microsatellites of all segregation
types. Marker groupings at a LOD threshold of 4.0 re-
sulted in the formation of 38 linkage groups containing
three or more markers, with 11 duplets and 41 markers
remaining unlinked. Two groups (I and II) in the consen-
sus map incorporated previously unlinked groups from
the parental maps. Calculation of recombination frequen-
cies between all marker pairs of the resulting linkage
groups led to the identification of a number of ‘suspect’
linkages in three groups I, V and IX, i.e. recombination
frequency estimates were greater than 0.6. In all such
cases, one marker of each pair was shown to be of the
aOxa0 type. Where highly suspect linkages were ob-
served, as defined by a recombination frequency > 0.7
and a LOD > 1, the aOxa0 marker involved was discard-
ed from further analyses. For group V, also problematic
in linkage group resolution with the paternal map, a sus-
piciously large number of dubious linkages were high-
lighted at LOD 4.0. On closer inspection this group was
found to contain subgroups of markers that showed no
linkage in the parental maps. An increase in LOD thresh-
old to 7.0 was required to split this group into statistical-
ly more robust groups with no suspect linkages.

Marker orders were determined only for those linkage
groups that could be identified in one or both parental
maps. For most groups, orders were determined for all
assigned markers without difficulty under the relatively
stringent mapping parameters selected. In cases where
markers could not be easily placed, the capability of
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Fig. 1 Alignment of paternal (&), maternal (?) and consensus (C)
maps for linkage groups II and VII of the K3 willow map. Marker
names are shown on the right of each group with map distances
(in cM) indicated on the left. For details of AFLP marker nomen-
clature see Table 1. AFLP markers heterozygous in both parents
(a0xa0) are indicated in italics. Microsatellite markers are indicat-
ed in bold type with prefixes SB- for those developed from willow,
and PMGC- for those developed from poplar. Corresponding
marker loci are indicated by dotted bars between maps

JoinMap software to force problematic markers on to a
map in a ‘third round’ of ordering was not employed. In-
stead, these markers were discarded.

When corresponding linkage groups of the parental
and consensus maps were aligned, the map order of
markers present in both a parental map and the consen-
sus map were identical for most linkage groups. The
alignments for two groups are shown in Fig. 1. However,
marker orders for six groups were not in complete agree-
ment across maps. In cases where slight differences in
order were observed (groups I, III, VI, VIII, IX and
XIX), the ‘fixed order’ feature of JoinMap was used to
force the more robust parental map orders on to the cor-
responding groups of the consensus map. Following im-
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plementation of this approach for mapping, mean chi-
square goodness-of-fit contributions for each marker
were examined and found to be statistically acceptable
for most groups. Where this was not the case, discrepan-
cies in marker order were attributed to inclusion of a
number of aOxa0 AFLP markers. However, when these
markers were removed, map orders were re-calculated
and shown to be in agreement with those expected from
the parental maps. The resulting 27 linkage groups of the
K3 consensus map are shown in Fig. 2 and comprise
217 AFLP markers of types aaxab and abxaa, 74 AFLP
markers of type aOxa0 and 41 microsatellites of all
types. Markers showing segregation distortion were de-
tected on 11 of the linkage groups with obvious clusters
evident on groups I, IV, VIII, X and XIX. The map dis-
tance for those groups analysed was 1,256.5 cM with an
average interval between markers of 4.4 cM.

Discussion
Marker identification

The AFLP technique was used here as the procedure gen-
erates a large number of polymorphic markers per assay
(Vos and Kuiper 1997) and is highly reproducible (Jones
et al. 1997). Microsatellites are co-dominant and highly
informative in the linkage analysis of outbreeding popu-
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lations and can be used for anchoring maps derived from
different populations. Both microsatellites and AFLPs
can also be automated and multiplexed. Restriction frag-
ment length polymorphism (RFLP) markers, although co-
dominant, were not used in this study as our efforts are
aimed at high-throughput marker analysis in willow.

Both AFLPs and microsatellites detected a large num-
ber of polymorphic loci, which is commensurate with the
outbreeding/heterozygous nature of this species. Less
polymorphic AFLP markers were produced using a two-
step PCR (Vos et al. 1995) compared with magnetic bead
selection (Zabeau and Vos 1993). This may be due to the
different restriction enzymes used or the inclusion of an
additional selective nucleotide on the EcoRI primer in
the selective amplification of the two-step protocol.
However, the lower polymorphism obtained was out-
weighed by an increase in throughput and a reduction in
genomic DNA consumption. Two restriction enzyme
combinations, Msel/Pstl and Msel/EcoRlI, differing in
sensitivity to cytosine methylation, were used in an at-
tempt to achieve a wider distribution of markers across
the genome (Young et al. 1999).

Poplar microsatellites were found that successfully
amplified willow DNA. Sequence data obtained for
PMGC223 indicated that the corresponding locus was
amplified. Failure of 14 of the 19 poplar primers tested
could be attributed to sub-optimal PCR conditions, al-
though the difference in the sequence of the flanking re-
gions suggests that prevention of specific primer anneal-
ing may also be a cause. The two mapped poplar micro-
satellites (PMGC93 and PMGC2020) showed linkage on
Group II of the willow map although they were not re-
ported to be linked in poplar. However, PMGC2020
mapped to a different group in the Populus trichocarpa
map compared to the P. deltoides and P. nigra maps
(Cervera et al. 2001).

Segregation analysis

The identification of markers displaying distorted segre-
gation ratios is to be expected in a full-sib cross for an
outcrossing species and has previously been described
for a number of tree species (Bradshaw and Stettler
1994; Cai et al. 1994; Grattapaglia and Sederoff 1994;
Lanaud et al. 1995; Krutovskii et al. 1998; Marques et al.
1998; Arcade et al. 2000). The percentage of distorted
markers detected here (18%) is similar to that observed
in linkage analyses of pine (14-15%; Kubisiak et al.
1995) and oak (18%; Barreneche et al. 1998). Markers
can show distorted segregation due to linkage to a gene
affecting viability (e.g. Lorieux et al. 2000; Cervera et al.
2001). Gametic and zygotic selection can affect linkage
analysis in different ways for dominant and co-dominant
markers (Lorieux et al. 1995). In willow, the genetic load
has been estimated as about 1.8 lethal equivalents (Kang
et al. 1994). If a marker is distorted because it is linked
to a gene affecting viability then, due to linkage alone,
all markers in that region should display distorted segre-

gation ratios. Clusters of distorted markers have been
observed in a number of tree species including
poplar (Cervera et al. 2001), eucalyptus (Verhaegen and
Plomion 1996), pine (Kubisiak et al. 1995), oak
(Barreneche et al. 1998), and now willow. Highly dis-
torted markers that do not map to such clusters should be
treated with caution. AFLP markers with highly skewed
segregation ratios may represent superimposed loci of
equivalent electrophoretic mobility that segregate inde-
pendently in the mapping population and may result in
erroneous maps if included in analyses. For these rea-
sons, the most-highly distorted AFLP markers identified
in this study were discarded. However, not all distorted
markers were excluded from the mapping analysis as
further studies of such markers could lead to the identifi-
cation of regions of interest (e.g. Lorieux et al. 2000;
Cervera et al. 2001). Markers linked to sex were not
found among those tested here.

Mapping strategy

Several methods have been suggested for linkage analy-
sis of outbreeding populations (Ritter et al. 1990; Arus et
al. 1994; Ritter and Salamini 1996; Maliepaard et al.
1997), of which the double pseudo-testcross strategy
(Grattapaglia and Sederoff 1994; Hemmat et al. 1994;
Grattapaglia et al. 1995) was employed here. For con-
struction of each parental map, AFLP and microsatellite
markers that segregated only in the respective parent
and, in addition, parental alleles from microsatellites of
types abxac and abxcd, were used. Inclusion of markers
segregating in both parents results in recombination fre-
quency estimates for heterozygous marker pairs aver-
aged for both male and female meioses and may differ
from parental estimates, giving rise to conflicting marker
orders between parental and consensus maps.

Parental maps

For both the paternal and maternal maps, the number of
resolved linkage groups exceeded the haploid chromo-
some number of willow (n = 19) suggesting that addi-
tional markers will be required to bridge gaps between
linkage groups and improve resolution. The smaller total
map length of the paternal map (733.3 cM) in compari-
son to the maternal map (911.2 cM) suggests that a num-
ber of regions are still under-represented by those
markers available in the paternal data set.

The K3 consensus map

As with the parental maps, the number of resolved link-
age groups exceeded the willow haploid chromosome
number. The incorporation of multiple groups of the pa-
rental maps into single consensus groups I and II sug-
gests that linkage-group resolution may be improved



with additional markers in the future. The inclusion of
AFLP marker data of type aOxa0 in construction of the
consensus map resulted in the identification of additional
linkage groups that were not represented in the parental
maps. Given that the mapping population was a full-sib
cross, large regions of the resulting K3 map would be
expected to comprise only AFLP markers of this class.
In linkage analysis of outbred populations, a0xa0 mark-
ers can be extremely uninformative in certain configura-
tions and very often lead to recombination frequency es-
timates of 0.0 (Maliepaard et al. 1997). A number of
these markers were, thus, excluded in construction of the
consensus map in order to achieve co-alignment with ho-
mologous linkage groups of the parental maps. However,
inclusion of the aOxa0 marker class is beneficial for de-
termination of linkage between maternal and paternal
markers (types aaxab and abxaa), which cannot be es-
tablished directly. This was exemplified by groups Am
and Af, which showed linkage in the presence of two
aOxa0 AFLP markers in the consensus-map data set, al-
though these did not provide sufficient linkage informa-
tion to allow map construction for this group as a whole.
Suspect recombination estimates for a number of marker
pairs may be a consequence of multiple homoeologous
loci existing in the genome. If two homoeologous seg-
ments of the same AFLP fragment were amplified, being
heterozygous in one parent at both loci and homozygous
absent at both loci in the other, a band would only be ob-
served in one parent but would be over-represented in
the full-sib offspring. Such scenarios would influence re-
combination estimates and result in suspect linkages.

The AFLP markers gave good map coverage across
all linkage groups. The identification of obvious AFLP
clusters on groups I, III, VIII, XIV, XVI and XIX has
also been observed in poplar (Wu et al. 2000), rose
(Debener and Mattiesch 1999) and soybean (Young et al.
1999), and may be explained by reduced recombination
in chromosomal regions such as centromeres (Tanksley
et al. 1992; AlonsoBlanco et al. 1998). Microsatellite
markers were located on 19 of the 27 linkage groups and
also showed good distribution across the map.

By employing relatively stringent parameters for
analysis, and by comparison of marker orders and map
distances with parental maps, a statistically robust con-
sensus map of willow has been constructed. The parental
maps may prove useful in the detection of major QTLs
segregating from a single parent while the consensus
map will be used for the detection and allelic dissection
of QTLs from both parents using an all-marker approach
(Knott and Haley 1992; Maliepaard and Van Ooijen
1994). However, it should be noted that only QTLs with
a large effect are likely to be detected in a small popula-
tion such as K3. Consequently, larger mapping popula-
tions have been established for trait mapping and are
currently under study.

Acknowledgements We thank Dr. Wout Boerjan (University of
Gent, Belgium) for supplying aliquots of poplar microsatellite
primers and for assistance in sequencing the microsatellite-
enriched willow library. The authors gratefully acknowledge the

1095

guidance and support of Mr. Nick Beale (ETSU, UK). This work
was initiated during an EU AIR project (Contract No. AIR-2-
CT92-1617) and subsequently funded under the Department of
Trade and Industry’s Renewable Energy Programme (managed by
ETSU), UK (Agreement No. B/W6/00599/00/00). IACR receives
grant-aided support from the Biotechnology and Biological Sci-
ences Research Council of the United Kingdom.

References

Ahman T (1997) Growth, herbivory and disease in relation to gen-
der in Salix viminalis L. Oecologia 111:61-68

Ahman I, Larsson S (1994) Genetic improvement of willow
(Salix) as a source of bioenergy. Norwegian J Agric Sci
18:47-66

AlonsoBlanco C, Peters AJM, Koornneef M, Lister C, Dean C,
van den Bosch N, Pot J, Kuiper MTR (1998) Development of
an AFLP based linkage map of Ler, Col, and Cvi Arabidopsis
thaliana ecotypes and construction of a Ler/Cvi recombinant
inbred line population. Plant J 14:259-271

Anon (1997) Communication from the Commision. Energy for the
future: renewable sources of energy. White paper for a Com-
munity Strategy, COM (97) 299 final (Brussels 26.11.1997)

Arcade A, Anselin F, Faivre Rampant P, Lesage MC, Paques LE,
Prat D (2000) Application of AFLP, RAPD and ISSR markers
to genetic mapping of European and Japanese larch. Theor
Appl Genet 100:299-307

Arus P, Plarte C, Romero M, Vargas F (1994) Linkage analysis of
ten isozyme genes in F, segregating almond progenies. ] Am
Soc Hort Sci 119:339-344 .

Barker JHA, Matthes M, Arnold GM, Edwards KJ, Ahman I,
Larsson S, Karp A (1999) Characterisation of genetic diversity
in potential biomass willows (Salix spp.) by RAPD and AFLP
analyses. Genome 42:173-183

Barreneche T, Bodenes C, Lexer C, Trontin JF, Fluch S, Streiff R,
Plomiorobin C, Roussel G, Steinkellner H, Burg K, Favre JM,
Glossl J, Kremer A (1998) A genetic linkage map of Quercus
robur L. (pedunculate oak) based on RAPD, SCAR, microsat-
ellite, minisatellite, isozyme and 5S rDNA markers. Theor
Appl Genet 97:1090-1103

Bjorkman C, Hogland S, Eklund K, Larsson S (2000) Effects of
leaf beetle damage on stem wood production in coppicing wil-
low. Agric For Entamol 2:131-139

Bradshaw Jr HD, Stettler RF (1994) Molecular genetics of growth
and development in Populus. II. Segregation distortion due to
genetic load. Theor Appl Genet 139:963-973

Bradshaw Jr HD, Villar M, Watson BD, Otto KG, Stewart S,
Stettler RF (1994) Molecular genetics of growth and develop-
ment in Populus. III. A genetic linkage map of a hybrid poplar
composed of RFLP, STS and RAPD markers. Theor Appl
Genet 89:167-178

Cai Q, Guy CL, Moore GA (1994) Extension of the linkage map
in Citrus using random amplified polymorphic DNA (RAPD)
markers and RFLP mapping of cold-acclimation-responsive
loci. Theor Appl Genet 8§9:606-614

Cervera MT, Storme V, Ivens B, Gusmao J, Liu BH, Hostyn V,
Van Slycken M, Van Montague M, Boerjan W (2001) Dense
genetic linkage maps of three Populus species (Populus del-
toides, P. nigra and P. trichocarpa) based on AFLP and micro-
satellite markers. Genetics 158:787-809

Debener T, Mattiesch L (1999) Construction of a genetic linkage
map for roses using RAPD and AFLP markers. Theor Appl
Genet 99:891-899

Edwards KJ, Barker JHA, Daly A, Jones C, Karp A (1996) Micro-
satellite libraries enriched for several microsatellite sequences
in plants. BioTechniques 20:758-760

Grattapaglia D, Sederoff R (1994) Genetic linkage maps of Euca-
lyptus grandis and E. urophylla using a pseudo-testcross map-
ping strategy and RAPD markers. Genetics 137:1121-1137

Grattapaglia D, Bertolucci FLG, Sederoff RR (1995) Genetic
mapping of QTLs controlling vegetative propagation in Euca-



1096

lyptus grandis and E. urophylla using a pseudo-testcross map-
ping strategy and RAPD markers. Theor Appl Genet 144:
1205-1214

Gullberg U (1993) Towards making willows pilot species for
coppicing production. For Chron 69:721-726

Hanley S, Edwards D, Stevenson D, Haines S, Hegarty M,
Schuch W, Edwards KJ (2000) Identification of transposon-
tagged genes by the random sequencing of mutator-tagged
DNA fragments from Zea mays. Plant J 23:557-566

Hemmat M, Weeden NF, Manganaris AG, Lawson DM (1994)
Molecular marker linkage map for apple. J Hered 85:4-11

Jones CJ, Edwards KJ, Castiglione S, Winfield MO, Sala F, van de
Wiel C, Bredemeijer G, Vosman B, Matthes M, Daly A,
Brettschneider R, Bettini P, Buiatti M, Maestri E, Malcevschi
A, Marmiroli N, Aert R, Volckaert G, Rueda J, Linacero R,
Vasquez A, Karp A (1997) Reproducibility testing of RAPD,
AFLP and SSR markers in plants by a network of European
laboratories. Mol Breed 3:381-390

Kang H, Lee J, Nordheim EV (1994) Number of lethal loci and
lethal equivalents in willow, Salix viminalis. Silvae Genet
43:138-145

Knott SA, Haley CS (1992) Maximum-likelihood mapping of
quantitative trait loci using full-sib families. Genetics 132:
1211-1222

Krutovskii KV, Vollmer SS, Sorensen FC, Adams WT, Knapp SJ,
Strauss SH (1998) RAPD genome maps of Douglas-fir.
J Hered 89:197-205

Kubisiak TL, Nelson CD, Nance WL, Stine M (1995) RAPD link-
age mapping in a longleaf pine x slash pine F, family. Theor
Appl Genet 90:1119-1127

Lanaud C, Risterucci AM, Ngoran AKJ, Clement D, Flament MH,
Laurent V, Falque M (1995) A genetic linkage map of Theo-
broma cacao. Theor Appl Genet 91:987-993

Lespinasse D, Rodier-Gous M, Grivet L, Leconte A, Legnate H,
Seguin M (2000) A saturated genetic linkage map of rubber
tree (Hevea spp.) based on RFLP, AFLP, microsatellite and
isozyme markers. Theor Appl Genet 100:127-138

Lindegaard KN, Barker JHA (1997) Breeding willows for bio-
mass. Aspects Appl Biol 49:155-162

Lorieux M, Perrier X, Goffinet B, Lanaud C, Deleon DG (1995)
Maximum-likelihood models for mapping genetic-markers
showing segregation distortion. 2. F, Populations. Theor Appl
Genet 90:81-89

Lorieux M, Ndjiondjop MN, Ghesquiere A (2000) A first interspe-
cific Oryza sativa xOryza glaberrima microsatellite-based ge-
netic linkage map. Theor Appl Genet 100:593-601

Maliepaard C, Van Ooijen JW (1994) QTL mapping in a full-sib
family of an outcrossing species. In: Van Ooijen JW, Jansen J
(eds) Biometrics in plant breeding: applications of molecular
markers. Proc 9th Meeting EUCARPIA Section, Biometrics in
Plant Breeding, 6—8 July 1994, Wageningen, The Netherlands,
pp 140-146

Maliepaard C, Jansen J, Van Ooijen JW (1997) Linkage analysis
in a full-sib family of an outbreeding plant species: overview
and consequences for applications. Genet Res 70:237-250

Maliepaard C, Alston FH, van Arkel G, Brown LM, Chevreau E,
Dunemann F, Evans KM, Gardiner S, Guilford P, van Heusden

AW, Janse J, Laurens F, Lynn JR, Manganaris AG, den Nijs
APM, Periam N, Rikkerink E, Roche P, Ryder C, Sansavini S,
Schmidt H, Tartarini S, Verhaegh JJ, Vrielink-van Ginkel M,
King G (1998) Aligning male and female linkage maps of
apple (Malus pumila Mill.) using multi-allelic markers. Theor
Appl Genet 97:60-73

Marques CM, Aradjo JA, Ferreira JG, Whetten R, O’Malley DM,
Liu B-H, Sederoff R (1998) AFLP genetic maps of Eucalyptus
globulus and E. tereticornis. Theor Appl Genet 96:727-737

Mazur BJ, Tingey SV (1995) Genetic mapping and introgression
of genes of agronomic importance. Curr Opin Biotech 6:
175-182

Pei MH, Royle DJ, Hunter T (1996) Pathogenic specialization in
Melampsora epitea var. epitea on Salix. Plant Pathol 45:
679-690

Ritter E, Salamini F (1996) The calculation of recombination fre-
quencies in crosses of allogamous plant species with applica-
tions to linkage mapping. Genet Res 67:55-65

Ritter E, Gebhardt C, Salamini F (1990) Estimation of recombina-
tion frequencies and construction of RFLP linkage maps in
plants from crosses between heterozygous parents. Genetics
125:645-654

Tanksley SD, Ganal MW, Prince JW, de Vincente MC, Bonierbale
GB, Messeguer R, Miller JC, Miller L, Paterson AH,
Pineda O, Roder MS, Wing RA, Wu W, Young ND (1992)
High-density molecular linkage maps of the tomato and potato
genomes. Genetics 132:1141-1160

Van Ooijen JW, Voorrips RE (2001) JoinMap 3.0, Software for the
calculation of genetic linkage maps. Plant Research Interna-
tional, Wageningen, The Netherlands

Verhaegen D, Plomion C (1996) Genetic mapping of Eucalyptus
urophylla and Eucalyptus grandis using RAPD markers. Ge-
nome 39:1051-1061

Voorrips RE (2001) MapChart version 2.0: Windows software for
the graphical presentation of linkage maps and QTLs. Plant
Research International, Wageningen, The Netherlands

Vos P, Kuiper M (1997) AFLP analysis. In: Caetano-Anolles G,
Gresshoff PM (eds) DNA markers: protocols, applications
and overviews. Wiley-Liss Incorporated, New York, pp 115—
131

Vos P, Hogers R, Bleeker M, Reijans M, Van de Lee T, Hornes M,
Frijters A, Pot J, Peleman J, Kuiper M, Zabeau M (1995)
AFLP: a new technique for DNA fingerprinting. Nucleic
Acids Res 23:4407-4414

Wu RL, Han YF, Hu JJ, Fang JJ, Li L, Li ML, Zeng ZB (2000) An
integrated genetic map of Populus deltoides based on ampli-
fied fragment length polymorphisms. Theor Appl Genet
100:1249-1256

Young WP, Schupp JM, Keim P (1999) DNA methylation and
AFLP distribution in the soybean genome. Theor Appl Genet
99:785-792

Zabeau M, Vos P (1993) Selective restriction fragment amplifica-
tion: a general method for DNA fingerprinting. European
Patent Application, publication no. EP 0534858-A1, No.
92402629.7

Zsuffa L (1990) Genetic improvement of willows for energy plan-
tations. Biomass 22:35-47



