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Linkage mapping in tetraploid willows: segregation
of molecular markers and estimation of linkage
phases support an allotetraploid structure for Salix
alba x Salix fragilis interspecific hybrids
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Salix alba—Salix fragilis complex includes closely related
dioecious polyploid species, which are obligate outcrossers.
Natural populations of these willows and their hybrids are
represented by a mixture of highly heterozygous genotypes
sharing a common gene pool. Since nothing is known about
their genomic constitution, tetraploidy (2n=4x=76) in willow
species makes basic and applied genetic studies difficult. We
have used a two-way pseudotestcross strategy and single-
dose markers (SDMs) to construct the first linkage maps for
both pistillate and staminate willows. A total of 242 amplified
fragment length polymorphisms (AFLPs) and 50 selective
amplifications of microsatellite polymorphic loci (SAMPL)
markers, which showed 1:1 segregation in the F; mapping
populations, were used in linkage analysis. In S. alba, 73
maternal and 48 paternal SDMs were mapped to 19 and 16
linkage groups covering 708 and 339cM, respectively. In
S. fragilis, 13 maternal and 33 paternal SDMs were mapped

in six and 14 linkage groups covering 98 and 321cM,
respectively. For most cosegregation groups, a comparable
number of markers linked in coupling and repulsion was
identified. This finding suggests that most of chromosomes
pair preferentially as occurs in allotetraploid species exhibit-
ing disomic inheritance. The detection of 10 pairs of marker
alleles from single parents showing codominant inheritance
strengthens this hypothesis. The fact that, of the 1122
marker loci identified in the two male and female parents, the
vast majority (77.5%) were polymorphic and as few as 22.5%
were shared between parental species highlight that S. alba
and S. fragilis genotypes are differentiated. The highly
difference between S. alba- and S. fragilis-specific markers
found in both parental combinations (on average, 65.3 vs
34.7%, respectively) supports the (phylogenetic) hypothesis
that S. fragilis is derived from S. alba-like progenitors.
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Introduction

Salix is a large heterogeneous genus, comprising over 300
species that show considerable variation in plant size,
growth habit and crown architecture, ranging from small
dwarf shrubs to large trees. The true willows, Salix alba L.
(white willow) and Salix fragilis L. (crack willow), are
typical arborescent pioneer species in alluvial plains and
riparian zones; these species belong to the subgenus
Amerina Dum., section Fragiles Fr. Salix fragilis is mainly
tetraploid (2n=4x=76), but diploid (2n=2x=38) and
hexaploid (2n=6x=114) types are also possible, whilst
S. alba is only tetraploid and includes four distinct
subspecies; ssp. alba, ssp. coerulea Sm., ssp. vitellina (L.)
(Arcang.) and ssp. micans Anderss. (Paiero and Martini,
1988). Salix x rubens Schrank is a species that arose
through natural hybridisation between S. alba and S.
fragilis, and includes a wide range of variants from
typical S. alba to S. fragilis-like individuals (Newsholme,
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1992). Salix babylonica L., S. pentandra L. and S. triandra L.
are the only species that successfully intercross with both
S. alba and S. fragilis (Neumann, 1981). Although they
have similar ecological characteristics, S. fragilis and
S. alba are distinguishable in terms of their temperature
requirements and areas of spontaneous occurrence; the
former is native to Western Asia and naturalised in
central and Northern Europe, and the latter more wide
spread in temperate regions and the Mediterranean basin
(Skvortsov, 1973).

Morphology indicates that S. alba, S. fragilis, S. x rubens
and their natural hybrids form a polyploid complex of
closely related willows. This complex includes mostly
tetraploid dioecious trees, which are obligate outcrossers.
As a consequence, natural populations of these willows can
be represented by a mixture of highly heterozygous
genotypes sharing a common gene pool as a result of
recurring hybridisation. Given the breeding system of
willow species, genetic variation within populations is
usually as high as the genetic differentiation between
populations, whereas gene flow between species is fairly
moderate (Barcaccia ef al, 2000a). Natural stands and
unimproved populations of willows belonging to this
complex are widespread throughout Europe, where habitat
boundaries frequently overlap and mixed communities can
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also exist. Based on morphology, both balanced S. alba-S.
fragilis hybrids and introgressive hybrids, deriving from
repeated backcrossing of hybrids to parental types, seem to
dominate in the field (De Bondt, 1996; Triest et al, 2000). The
analysis of leaves, buds and twigs have indicated that
many potential hybrids are present within natural popula-
tions (Triest, 2001). This finding agrees with the observa-
tions of several botanists (Rechinger, 1964; Skvortsov, 1973;
De Langhe ef al, 1983; Meikle, 1992) that the vast majority of
willows in the S. alba-S. fragilis complex could be hybrids
or introgressants. However, owing to their continuous
variation, most phenotypic features have low diagnostic
value for identifying interspecific hybrid constitutions,
assessing introgression patterns, and defining genetic
variation structure and relatedness at the population level.
Recent molecular studies carried out in controlled crosses
and field clones contradict traditional hypothesis on the
extensive occurrence of hybrids in the S. alba-S. fragilis
complex. In particular, molecular markers revealed that
both species have kept their gene pools well separated and
that interspecific hybridisation actually does not seem to be
a dominating process (Triest et al, 2000). Consequently, the
taxonomic classification of pure species as well as the
identification of hybrid individuals remains a matter of
debate.

New biotechnological developments have expanded
the range of plant DNA polymorphism assays for
characterising and investigating germplasm resources
and genetic relatedness, as well as for linkage mapping,
gene targeting and assisted breeding (Powell ef al, 1996).
These techniques include not only RFLP markers, but
also PCR-based molecular markers. The latter type of
markers offers an almost unlimited supply of molecular
traits for distinctive fingerprinting of plant materials
without prior knowledge of target DNA sequences. The
area of willow research showing the greatest develop-
ment with respect to the use of molecular marker
technology is that of population genetics (Beismann
et al, 1997; Triest et al, 1999, 2000; Triest, 2001), whereas
information on basic genomics is scanty (Thibault, 1997;
Triest et al, 1997; Alstrom-Rapaport et al, 1998).

PCR-based markers have proved very useful for
developing and integrating genetic maps of many plant
species. In particular, the AFLP (amplified fragment
length polymorphism) technology (Zabeau and Vos,
1992) has been combined with the advantageous features
of single sequence repeats (SSRs) into a single assay,
which allows the selective amplification of microsatellite
polymorphic loci (SAMPL) (Morgante and Vogel, 1994).
The key to success is because of their multilocus nature,
which allows many chromosome traits to be checked
simultaneously. However, the extreme complexity of the
banding profiles visualised present difficulties in identi-
fying marker alleles, and, in consequence, performing
genetic analyses. Moreover, in some polyploid species,
determining the inheritance patterns is a problematic
task owing to the uncertainty of the genome constitution.

Tetraploidy in S. alba and S. fragilis (2n=4x="76)
makes genetic analysis far from easy. Nothing is known
about willow genomic constitution and whether species
are autopolyploid or allopolyploid. Moreover, cytological
observations of the pairing behaviour of tetraploid
willow, to reveal bivalent or multivalent formation, are
difficult owing to their high chromosome number and
small chromosome size. Since willows have a high basic
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chromosome number (x =19), species with 2n =38 may
be ancient polyploid derivatives (Stebbins, 1950; Lewis,
1980) that behave as functionally diploids (Aravanopou-
los et al, 1993; Triest et al, 1998). A practical way to handle
molecular marker data in polyploids is to treat each band
as a marker allele of a single locus of a given genotype
and to infer its allelic dose by studying the segregation
ratio among progeny (Wu et al, 1992; Hackett et al, 1998;
Ripol et al, 1999; Porceddu et al, 2002). A band present in
a single dose (single-dose marker, SDM) in a tetraploid
plant, for example, will be inherited by half of the
gametes. If such a plant is crossed with a plant lacking
that marker, the segregation ratio expected in the
progeny would be 1:1 (presence vs absence). Whereas
when selfed or crossed with a plant sharing that marker,
the progeny would be expected to have a segregation
ratio of 3:1 (presence vs absence), irrespective of disomic
or tetrasomic inheritance. The situation becomes more
complicated when the segregation ratio of two SDMs has
to be deciphered. Two SDMs may be either linked in
coupling on the same chromosome, linked in repulsion
on two homologous chromosome or completely un-
linked. Both the expected segregation ratios and linkage
equations for SDMs linked in coupling are equivalent to
those for diploids. The same holds for repulsion phase
linkages in species with a preferential pairing, such as
allopolyploids (Wu et al, 1992). The definition of the
expected segregation ratios is more complicated in
autopolyploids and relies on many factors, including
the ploidy level, the chromosome pairing behaviour and
the extent of double reduction (Wu et al, 1992).

The genetic analysis in willow has been restricted not
only because of genome complexity, but also because of
the lack of suitable marker systems and the need of
experimental populations amenable to genetic analysis.
As a result, neither genetic maps have been defined nor
segregation patterns or recombination estimates have
been reported for tetraploid willow. Molecular investiga-
tions of diploid species belonging to the S. alba-S. fragilis
complex could provide valuable data about the genetic
structure of the willow genome and it is likely that some
of the information would also be applicable to tetraploid
willow. However, it cannot be assumed that the map
distances calculated for diploid willow will be the same
in the tetraploid genome and it may not be possible to
map all of the characteristics observed in tetraploid
willow (particularly quantitative traits) in a diploid
background. The development of a map for the
tetraploid genome using interspecific S. alba-S. fragilis
hybrids and reciprocals would also be very useful for
estimating the genomic affinity and understanding the
recombination potential between the two species.

This paper deals with the construction of the first
linkage maps for male and female willows based on a
two-way pseudotestcross strategy. Only single-dose
AFLP and SAMPL markers polymorphic between
parents that showed 1:1 segregation in the F; mapping
populations were used in linkage analysis.

Materials and methods

Plant material and controlled matings
Two segregating F; populations of 69 plants each were
produced by performing reciprocal crosses between



S.alba and S. fragilis. Both the male and female S. fragilis
clonal genotypes originated from Brno (Czech Republic),
whereas the female and male parents of S. alba belong to
natural populations from Scarperia (Florence, Italy) and
Panfilia (Ferrara, Italy), respectively. Seeds were germi-
nated in jiffy pots and plantlets were grown in the
greenhouse.

DNA isolation and AFLP and SAMPL marker analysis
Genomic DNA of single F; plants and parents was
extracted using the CTAB procedure (Doyle and Doyle,
1990) and then restricted and ligated to adapters
according to Barcaccia et al (1999). Briefly, genomic
DNA (500 ng) was digested and ligated for 4h at 37°C
using EcoRI (or Pst]) and Msel enzymes (5U each), 1U of
T4 ligase, 50 pmol of Msel-adaptor, 5pmol of EcoRI-
adaptor in 1 xRL buffer 20mM Tris-acetate, 20 mM
magnesium acetate, 100mM potassium acetate, 5mM
DTT, 2.5mg BSA) added with ATP to a final concentra-
tion of 10mM. Then, 5ul of eight-fold diluted digested
and ligated DNA was preamplified to select, and bulk
restriction fragments to the correct size and configuration
in 20 pl reaction mixture containing 75 ng of EcoRI+N (or
PstI+N) and Msel+N primers, 1 x PCR buffer (50 mM
MgCl, 1.5mM MgCl,, 10mM Tris-HCI), 10mM dNTPs
and 1U of Tag DNA polymerase. The cycling conditions
were 1 cycle of 45s at 94°C, 30s at 65°C, 1min at 72°C
and a touch-down profile (13 cycles with —0.7°C/cycle)
for the annealing step followed by 18 cycles at 55.9°C
annealing temperature and finally by an extension cycle
of 5min at 72°C.

AFLP marker analysis was performed with a [*P]-
labelled EcoRI+3 (or Pstl+2) primer and an unlabelled
Msel+3 primer. Sequences of restriction site-related
primers were as follows: EcoRI-primer: AGACTGCG-
TACCAATTC; Pstl-primer: GACTGCGTACATGCAG;
and Msel-primer: GACGATGAGTCCTGAGTAA. Each
20pl PCR reaction contained 0.5pl of the pream-
plified DNA, 50ng of labelled EcoRI- or Pstl-primer,
30ng of unlabelled Msel-primer, 2pul of PCR buffer,
4mM dNTPs and 04U of Tag DNA polymerase
(Barcaccia ef al, 1998).

SAMPL marker analysis was performed using a
procedure identical to that adopted for AFLP reported
above, except for one of the primers used in the second
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amplification. Instead, the hot-PCR was performed with
the [**P]-labelled Asl- or As2-primer and a standard
Msel-primer with three selective nucleotides (De Simone
et al, 1997). Sequences of adjacent-microsatellite
primers are as follows: Asl-primer: CACACACACACA-
CACTATAT; and As2-primer: GAGAGAGAGAGAGA-
GATA.

AFLP and SAMPL primer combinations (ie selective
bases) are in Table 1.

Both AFLP and SAMPL amplifications were carried
out using the same amplification conditions described
above. After PCR, 8 ul of loading buffer (98% formamide,
10mM EDTA, 0.005% each of xylene-cyanol and
bromophenol-blue) was added to each tube. Samples
were denatured at 90°C for 5min and then immediately
placed on ice. For each sample, 5ul were loaded onto a
6% polyacrylamide gel (60 cm x 30 cm x 0.4 mm), which
was run for 2hr and 45min at 80 W. Markers were
visualised on autoradiograms after 18hr exposure at
—80°C with intensifying screens.

Segregation analysis

A molecular marker segregating from one parent may be
present as a single dose (SDM), double dose (DDM),
triple dose (TDM) alleles, etc. Whereas SDMs are
expected to segregate in the same way regardless of the
ploidy level and genome constitution, the expected
segregation ratio of higher dose markers, such as DDMs
and TDMs, varies according to the genome constitution
(autopolyploidy vs allopolyploidy), the ploidy level, and
the pairing behaviour (bivalents, trivalents, quadriva-
lents). A DDM of an allotetraploid, for example, may be
inherited in all or three out of four of the gametes
depending on whether the two copies of the marker
allele belong to homologous or homeologous chromo-
somes. The expected segregation ratio presence vs
absence in gametes of autopolyploids with bivalent
pairing at meiosis is, instead, (3h—2):(h—2) where h
represents the ploidy level (Sorrells, 1992). Therefore, a
DDM of an autotetraploid can be inherited in five out of
the six possible gametes.

In species with a tetraploid genome, such as willow, it
is therefore very important to distinguish SDMs from
non-SDMs. The segregation patterns (presence vs ab-
sence) of marker alleles observed in the F; mapping

Table 1 AFLP (Eco/Mse and Pst/Mse) and SAMPL (As/Mse) primer combinations assayed in Salix alba-S. fragilis

Eco+CAC Eco+CA Eco+CC

Pst+AA Pst+AG Pst+AT Asl As2

Mse+CCA
Mse+CAA
Mse+CAC
Mse+CAG
Mse+CAT
Mse+AGG 1,2

Mse+AAG 1,2
Mse+AGT 1,2
Mse+ATC 3 1,2
Mse+AA

Mse+AC

Mse+AT 3

W W

1,2 1 1,2 3
1,2 1
12 1

1 1,2 3 3
1 1

1,2
1,2

W W W

1=tested in parental plants and used to analyse the S. alba x S. fragilis F, progenies; 2=tested in parental plants and used to analyse the
S. fragilis x S. alba F, progenies; 3=tested in parental plants only (not used for the analysis of F; progenies because of the low multiplex ratio

and the poor fingerprint quality).
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populations were assayed by x> analysis to test the
goodness of fit with the 1:1 and 3:1 ratios expected,
respectively, for marker loci that were either poly-
morphic or shared between parents. In the case of
autotetraploidy, parental marker loci genotypes would
be simplex (a- - -) by nulliplex (- - - -) and simplex (a- - -)
by simplex (a- - -), whereas in case of allotetraploidy they
would be heterozygous (a-) by homozygous (- -) and
heterozygous (a-) by heterozygous (a-).

The observed numbers of AFLP and SAMPL
species-specific polymorphisms, segregating parental
(both male and female) SDMs and mapped marker
loci were analysed by 2 x 2 contingency tests in order
to compare the genomic affinity between the two
species and the efficiency of the two molecular marker
systems.

Linkage mapping

The F; progenies were scored for marker loci poly-
morphisms. All AFLP and SAMPL marker alleles
polymorphic between parents that fitted a 1:1 segrega-
tion ratio were assayed by the Mather’s ) test to assess
association (Mather, 1957). Salix alba- and S. fragilis-
specific SDMs were ordered in maternal and paternal
cosegregation groups. SDMs of each cosegregation group
were then tested for the linkage phase on the basis of
parental vs recombinant patterns. The number of SDMs
linked in coupling and the number of those linked in
repulsion calculated over all pairwise comparisons were
assayed to fit the 1:1 proportional ratio. When the
difference between coupling and repulsion phase marker
combinations was not statistically significant, chromo-
some pairing was considered preferential. However, if
the difference was significant, chromosome pairing was
considered to be random (Wu et al, 1992).

Marker segregation data were then analysed with
JoinMap 3.0 (van Oijen and Voorrips, 2001) by treating
segregation data of markers as a ‘backcross’ (BC;)
population, that is, by following a two-way pseudotest-
cross mapping strategy (Grattapaglia and Sederoff,
1994). Data were also analysed by using the ‘cross-
pollination” (CP) population type option, that is, an F;
population resulting from a cross between two hetero-
geneous parents, which were, respectively, simplex and
nulliplex at the loci being tested (Barcaccia et al, 1999). To
detect groups of linked markers, a minimum LOD score
of 3.0 and a maximum recombination frequency of
r=0.35 was applied to both methods. Map distances,
expressed in centiMorgans (cM), were calculated by the
Kosambi’s mapping function (Kosambi, 1944).

Results

Polymorphism type and degree

A total of 970 AFLP marker loci were detected in the F;
progenies using the 15 primer combinations. As many as
745 AFLP marker alleles (76.8%) were polymorphic
between parental species (20.3 polymorphisms per
primer combination), whereas 225 marker alleles
(23.2%) were shared. Of the AFLP polymorphisms, 489
were S. alba—specific (50.4% of total marker alleles) and
256 S. fragilis-specific (26.4% of total marker alleles). A
maximum of 33 polymorphic fragments were obtained
with the primer combination Pst+AT/Mse+CAG, and a
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minimum of 14 with the primer combination Eco+CC/
Mse+AGT.

A total of 152 SAMPL marker loci were detected using
two primer combinations. Of these, 27 (17.7%) were
shared between parents, while 125 (82.2%) were poly-
morphic between parental species. As many as 79
SAMPL marker alleles (52.0% of total) were S. alba-
specific and 46 marker alleles (30.3%) were S. fragilis-
specificc. The primer combination As2/Mse+AA
generated 30 polymorphic fragments. Primer Asl was
unable to find homologous binding sites so that
fingerprints with a reliable number of strong amplifica-
tion products could be produced.

Overall, of the 870 markers polymorphic between
parents in both crosses, as many as 568 (65.3%) were
from S. alba and 302 (34.7%) were from S. fragilis. The
difference between the numbers of S. alba-specific and S.
fragilis-specific markers, as assessed by a contingency
test, was highly significant (y*>=30.4***, 1 df). Within
each species, the contribution of maternal and paternal
polymorphisms was comparable with both the AFLP
(266 vs 223 in S. alba and 109 vs 147 in S. fragilis) and
SAMPL (40 vs 39 in S. alba and 23 vs 23 in S. fragilis)
marker systems.

Segregation pattern analysis and single-dose marker
detection

x? analyses for various segregation ratios (from 1:4 up to
4:1, presence vs absence) were performed. The most
represented segregation ratios ranged from 0.75 to 1.25 as
expected for SDMs, with the mean ratios of 0.99 for S.
alba and 1.08 for S. fragilis markers (Figure 1). A very low
proportion of markers with skewed segregation patterns
was observed in both species (Table 2).

A total of 364 (41.8%) marker alleles of the 870 that
were polymorphic between parents were shown to
segregate in the F; progenies. As many as 292 of these
(80.2%) were SDMs. In particular, of the 305 segregating
AFLPs, 242 (79.3%) were inherited as parent-specific
SDMs (163 from S. alba and 79 from S. fragilis). This
corresponds, on average, to 16.2 (8.1 paternal and 8.1
maternal) SDMs per primer combination. Moreover, 50
of the 59 (84.7%) segregating SAMPLs were inherited as
parent-specific SDMs (31 from S. alba and 19 from S.
fragilis) with an average of 25 (15.5 paternal and 9.5
maternal) SDMs per primer combination. There were
no significant differences in the relative contribution
of the two types of molecular markers to the various
SDM segregation classes (data not shown). On the
whole, the mean number of parent-specific SDM poly-
morphisms supplied per assay by the two marker
systems did not differ significantly (¥>=0.073, 1 df,
P <0.05).

Overall, 194 S. alba (81 paternal and 113 maternal) and
98 S. fragilis (62 paternal and 36 maternal) SDMs
polymorphic between parents segregated in a 1:1
Mendelian fashion (P>0.05), while 22 SDMs shared
between parents segregated in a 3:1 Mendelian fashion
(P>0.05). Of the remaining marker loci analysed, only 29
paternal (24 AFLPs and 5 SAMPLs) and 19 maternal (18
AFLPs and 1 SAMPLs) were markedly distorted
(P <0.01). Segregation distortion of S. alba marker loci
(34 out of 239, 14.2%) did not differ significantly
(*=0.419, df =1) from that of the S. fragilis (14 out of
125, 11.2%).



Linkage mapping in tetraploid willows
G Barcaccia et al

35

% of markers

11.25

w
-
0
N

-

0-0.25
0.25-0.5
0.5-0.75

0.751

M S.alba [ S. fragilis

o 0
g ™
~ o
-— (3]

1.25-1.75 [
2.25-2.5

Segregation ratio intervals

Figure 1 Distribution of segregation ratios (presence vs absence) of Salix alba (239) and S. fragilis (125) markers in the F; progenies. The 364
markers polymorphic between parental plants were detected with 15 AFLP and two SAMPL primer combinations. Markers with a ratio
greater than 2.5:1 were not considered SDMs and thus not used for linkage mapping.

Table 2 Information on the inheritance patterns observed for single- and multiple-dose marker alleles in Salix alba and S. frangilis

Segregating markers (P>0.05) Distorted Monomorphic
markers markers
1:1 ratio 3:1 ratio 5:1 ratio 11:1 ratio
Marker polymorphic
between parents
Species
S. alba 194 (34.15) — 11 (1.94) — 34 (5.99) 329 (57.92)
S. fragilis 98 (32.45) — 13 (4.30) — 14 (4.64) 177 (58.61)
Gender
Female 149 (34.02) — 11 (2.51) — 19 (4.34) 259 (59.13)
Male 143 (33.10) — 13 (3.01) — 29 (6.71) 247 (57.18)
System
AFLP® 242 (32.48) — 21 (2.82) — 42 (5.64) 440 (59.06)
SAMPLe® 50 (40.00) — 3 (2.40) — 6 (4.80) 66 (52.80)
Total 292 (33.56) — 24 (2.76) — 48 (5.52) 506 (58.16)
Marker shared AFLP® — 17 (7.56) — 6 (2.67) 9 (4.00) 193 (85.77)
between parents
SAMPL= — 5(18.52) — — 2 (7.41) 20 (74.07)
Total — 22 (8.73) — 6 (2.67) 11 (4.37) 213 (84.52)

*The total number of loci and the relative percentage (within parentheses) are presented for segregating markers. PAFLP marker loci assayed
using 15 primer combinations. “SAMPL marker loci for two primer combinations.

While 1:1 and 3:1 are the only segregation ratios
expected for an allotetraploid condition and detectable
uniquely with SDMs, additional segregation patterns in
autotetraploid genomes may also be identified using
DDMs. Of the 870 and 252 marker loci, respectively,
polymorphic and shared between parents, only 24 (2.8%)
plus six (2.4%) showed a segregation attributable to
DDMs on the basis of > values. Segregation patterns
observed for these marker loci correspond to segregation
ratios, respectively, of 5:1 and 11:1 (presence vs absence)
expected in duplex by nulliplex and duplex by simplex
crosses (Table 2).

Chromosome pairing behaviour

According to the Mather test, maternal and paternal
SDMs were ordered in 55 cosegregation groups. SDMs of
each pair of cosegregation group were then tested for the
linkage phase on the basis of parental vs recombinant
patterns. The number of SDMs linked in coupling
and the number of those linked in repulsion calculated
for each pairwise comparison were then assayed to fit the
1:1 expected ratio (Wu et al, 1992). Of the S. alba
cosegregation groups, 14 out of the 19 maternal linkage
groups and 13 out of the 16 paternal linkage groups
showed a nonsignificant deviation (P <0.05), suggesting
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Table 3 Linkage phase of marker loci belonging to S. alba and
S. fragilis cosegregating female and male marker loci groups

Species Linkage Linkage phase® Chromosome
gender group pairing®
Coupling  Repulsion 2 P
S. alba 1 149 105 762 % r
(female) 2 129 104 2.68 NS p
3 115 88 3.59 NS p
4 50 71 3.64 NS p
5 38 25 2.68 NS p
6 43 23 6.06 * r
7 74 36 13.13 r
8 25 15 2.50 NS p
9 22 18 0.40 NS p
10 20 19 0.03 NS P
11 15 16 0.03 NS p
12 17 9 246 NS p
13 36 46 122 NS p
14 74 47 6.02 * r
15 24 14 2.63 NS p
16 29 27 0.07 NS p
17 37 14 10.37 r
18 15 26 295 NS p
19 37 25 232 NS p
S. alba 1 56 36 4.35 * r
(male) 2 43 17 11.27  *** r
3 22 12 294 NS p
4 21 16 0.68 NS p
5 17 22 0.64 NS P
6 43 44 0.01 NS p
7 44 49 0.27 NS p
8 16 13 031 NS P
9 22 22 0.00 NS p
10 19 24 0.58 NS p
11 20 20 0.00 NS p
12 15 16 0.03 NS p
13 17 9 2.46 NS p
14 37 14 10.37 r
15 22 18 0.40 NS p
16 10 6 1.00 NS p
S. fragilis 1 6 10 1.00 NS p
(female) 2 6 2 2.00 NS P
3 12 14 0.15 NS p
4 4 6 040 NS p
5 6 11 147 NS p
6 2 0 2.00 NS p
S. fragilis 1 2 10 5.33 * r
(male) 2 10 6 1.00 NS p
3 14 22 1.78 NS P
4 6 12 2.00 NS p
5 26 16 2.38 NS p
6 16 16 0.00 NS p
7 12 8 0.80 NS p
8 16 16 0.00 NS p
9 14 20 1.06 NS p
10 14 20 1.06 NS p
11 18 8 3.85 NS P
12 12 8 0.80 NS p
13 8 24 8.00 *** r
14 10 0 10.00 *** r

*Number of markers linked in coupling and repulsion over all
pairwise comparisons. *p, preferential; r, random.

preferential chromosome pairing behaviour. In S. fragilis,
of the cosegregation groups detected, only three of 20
maternal and paternal linkage groups constructed
showed significant deviations (P<0.01), again support-
ing preferential chromosome pairing behaviour (Table 3).

Heredity

The hypothesis of preferential chromosome pairing
was tested by performing a linkage analysis using the CP
mapping population option, which allows markers in
both the coupling and repulsion phases to be linked in
allopolyploid species as in diploids. Additional markers
were mapped only in those groups indicated by the
Matbher test as being affected by preferential chromosome
pairing. These additional alleles were mapped in repul-
sion alongside a framework of marker alleles in
coupling, without changing either distances or order of
markers previously identified with the BC; mapping
population option (Figure 2). No additional repulsion
marker alleles were added to the original framework of
coupling markers for the groups that the Mather test had
indicated as affected by random chromosome pairing
(Wu et al, 1992). Several pairs of marker alleles from
single-parents that exhibited codominant inheritance
patterns were detected (Figure 3).

Linkage map construction

Four linkage maps were obtained using JoinMap 3.0 by
employing the CP option. In S. alba, 67 out of 113
maternal SDMs (53 AFLPs and 14 SAMPLs) were
mapped to 19 linkage groups (Figure 4a) covering
708 cM (mean, 37.3cM and 3.6 markers per group); 42
of the 81 paternal SDMs (mean, 36 AFLPs and six
SAMPLs) were mapped to 16 linkage groups (Figure 4b)
covering 339cM (mean, 21.2cM and 3.0 markers per
group).

In S. fragilis, 33 out of 62 paternal SDMs (26 AFLPs and
seven SAMPLs) were mapped in 14 linkage groups
(Figure 5a) covering 321cM (mean, 22.9cM and 2.4
markers per group); 13 of the 36 maternal SDMs (seven
AFLPs and six SAMPLs) were mapped to six linkage
groups (Figure 5b) covering 98 cM (mean, 16.3cM and 2.2
markers per group).

By applying an LOD score of 2.0, 12 additional SDMs
of both male (six AFLPs) and female (five AFLPs and one
SAMPL) S. alba were found to belong to the linkage
groups detected. These SDMs have been added in the
two maps by positioning them next to the nearest
framework markers because the ‘ripple’ function was
unable to confirm the final order of loci. The paternal
maps included 59.3% (S. alba) and 40.7% (S. fragilis) of the
paternal SDMs, while the maternal maps included 84.9%
(S. alba) and 15.1% (S. fragilis) of the maternal SDMs.
Overall, 62.4% of the S. alba SDMs and 46.9% of the S.
fragilis SDMs segregating 1:1 were mapped. No signifi-
cant difference (y2=2.37; P<0.05) was found between
the proportion of AFLP and SAMPL marker alleles
mapped among those scored as segregating 1:1 in the F;
populations (ie 133 out of 242, 54.9%, and 34 out of 50,
68.0%).

Discussion

Allotetraploids are those polyploids that have arisen
through the processes of interspecific hybridisation and
chromosome doubling, whereas autotetraploids are
those polyploids that have arisen from conspecific
parents (Soltis and Soltis, 2000). The former are char-
acterised by fixed (ie nonsegregating) heterozygosity,
resulting from the combination of divergent parental
genomes, such that bivalent formation occurs at meiosis
and disomic inheritance operates at each locus. The latter
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Figure 2 Comparison of linkage group 3 of female Salix alba as obtained with the BC; and CP mapping population options. Marker loci
mapped in repulsion are prefixed by an ‘r’ and are linked between them in coupling (x> =14.34).
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Figure 3 Examples of segregation patterns of codominant marker loci detected by AFLP primer combinations Pst+AT/Mse+CCA (a),
Eco+CC/Mse+ATC (b), and Pst+AG/Mse+CAC (c). Black and white bullets indicate single marker alleles segregating from the female (a, c)

and male (b) S. alba parents.

usually exhibits multivalent formation at meiosis and are
characterised by polysomic inheritance, when more than
two different alleles occur at each locus. Although the
analysis of pairing behaviour of tetraploid willow trees
could help explain the genomic constitution of willows,
cytological observations in this species are difficult to
perform owing to the high chromosome number and
small chromosome size.

Verification of segregation patterns and construction of
linkage maps for polyploids can have great implications
not only for marker-assisted selection, but also for
polyploid genome classification, evolution and popula-
tion genetic studies. Although the frequency of poly-
ploidy has been estimated to be as much as 70% of all
Angiosperms (Masterson, 1994), linkage mapping efforts
in polyploid crops and forest trees are scanty. During the
last few years, a few theoretical, simulation and
explorative studies have been performed to estimate
linkage in polyploids (Sorrells, 1992; Wu et al, 1992, 2001;

Yu and Pauls, 1993; Xu et al, 1995; Hackett et al, 1998; Qu
and Hancock, 2001). In addition, both RFLP- and PCR-
based markers have been exploited to develop linkage
maps of tetraploid species such as potato (Jacobs et al,
1995), sugarcane (Grivet et al, 1996), alfalfa (Brouwer and
Osborn, 1999), cotton (Brubaker et al, 1999) and rose
(Rajapakse et al, 2001). In general, however, the construc-
tion of genetic maps of polyploid species has lagged
behind that for diploid species because the statistical
methods are far more complicated than for diploids, and
little is known about the genomic constitution and
pairing behaviour of most polyploids. Moreover, large
segregating populations are needed to obtain reliable
genetic distance estimates.

A crucial step in constructing genetic maps in
polyploid species is the determination of marker dosage
(Porceddu et al, 2002). In tetraploid willow, this was done
by counting the proportion of plants in the progeny of a
pseudotestcross that exhibited a given marker allele and
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testing this proportion against those expected for various
marker dosages. Of the total molecular markers found to
be polymorphic between parents, more than 58% did not
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segregate in the F; progenies as a consequence of
multiple-dose alleles at the loci being tested, while about
one-third (33.6%) were inherited as SDMs. The fact that,
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Figure 4 Genetic linkage maps of female (a) and male (b) Salix alba based upon AFLP and SAMPL markers. The framework map showing the
linear order and relative distances in cM between markers was constructed according to a multipoint analysis with an LOD score of at least 3
and a recombination frequency of 0.35. Marker loci are identified by the primer combination (P, E and M stand for Pst, Eco and Mse primers)
and by a number indicating the relative position detected in the gel lane. Codominant loci are flanked by a ‘c’ and loci mapped in repulsion
phase by an ‘r’. Marker loci shared by the male and female maps are underlined. Marker loci marked with an asterisk were mapped with an
LOD of 2 and are positioned next to the nearest framework marker.
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Figure 4 Continued.

of the 1122 marker loci completely identified in the two
male and female parents, the vast majority (77.5%) were
proven to be polymorphic and as few as 22.5% were
shared between parental species, highlights that S. alba
and S. fragilis individuals are genotypically highly
differentiated. If it is true that derived species are highly
rarer and contain fewer alleles, the highly significant
difference between S. alba-specific and S. fragilis-specific
markers found in both parental combinations (mean, 65.3
vs 34.7%, respectively) supports the phylogenetic hy-
pothesis formulated by Triest et al (1999), that S. fragilis is
a derived from S. alba-like progenitors. Compared to
allozyme data from Northern American diploid species
(Aravanopoulos et al, 1993), polyploid species of willows
showed a similar degree of heterozygosity. On the other
hand, in the light of the new findings of this paper,
nonvariable duplicated genes (eg for PGM loci) reported
for tetraploid willows by Triest et al (1998) could be
interpreted as a result of the allopolyploid origin of these
species.

The S. alba x S. fragilis F; populations obtained by
crossing two unrelated parents were studied assuming
that a noninbred population would not only provide an
effective strategy for limiting segregation distortion, but
would also give higher degrees of polymorphic loci and
better estimates of linkage distances (Barcaccia et al, 1999,
2000a). In fact, about 80% of polymorphic SDMs (292 out
of 364) were inherited according to the Mendelian
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segregation ratio of 1:1 (for P>0.05). As many as 50
(22422+6) single-parent SDMs of genomic loci that
shared marker alleles between parents showed non-
significant 3:1 (presence vs absence) segregation patterns.
Some of these latter marker alleles segregating from both
the maternal and paternal parents will be essential for
integrating the linkage groups of each species.

In polyploid species, chromosome pairing may be
preferential and/or random suggesting, an allopoly-
ploid, autopolyploid or mixed genomic origin, respec-
tively. The pairwise analysis of cosegregation groups
linked in repulsion indicated that most of the willow
chromosomes pair preferentially in S. alba-S. fragilis
interspecific hybrids. This finding supports a low
genomic affinity between these two species and suggests
that the recombination potential between the two species
is limited. Analysis of other genotypes would show
whether this supposition is valid and applies to a wide
range of germplasm sources. Although hybridisation can
take place between S. alba and S. fragilis giving rise to
fertile interspecific progenies, molecular data collected in
this study suggest that the low genomic exchange would
occur, causing both species to maintain separate gene
pools. Fixation indices for several allozyme loci indicated
values deviating highly from an equilibrium when
considering S. alba and S. fragilis as a single species
complex, supporting the lack of gene exchange between
these species (Triest et al, 1999). The fixation indices
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Figure 5 Genetic linkage map of male (a) and female (b) Salix fragilis (details in legend to Figure 4).

deviated even more from an equilibrium when consider-
ing both species as separate reproductive units. In the
view of the recent findings, this is an additional
indication of the low recombination potential between
the two species.

It has been suggested that the ratios of coupling-to-
repulsion-phase-linked markers can be used to distin-
guish between allopolyploids and autopolyploids, be-
cause repulsion-phase linkages are much more difficult
to detect in autopolyploids with polysomic inheritance
than allopolyploids with disomic inheritance (Qu and
Hancock, 2001). Wu et al (1992) have reported that when
homologous chromosomes pair randomly (autopoly-
ploids), the power of detection of repulsion-phase
linkages is very low. In particular, with a population
size of 67 and a confidence level of 5%, the maximum
detectable distance in autotetraploids is 7.4cM and no
linkages can be detected at higher ploidy levels. In
contrast, when chromosomes pair specifically at meiosis
(allopolyploids), the detection power of coupling and
repulsion linkages is the same. As a consequence, in
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allotetraploids, if the chromosomes pair systematically
and specifically, SDMs assigned to the cosegregation
group will be in repulsion with a comparable number of
cosegregating SDMs, whereas their number will be much
lower if the chromosomes pair randomly.

For most cosegregation groups, a comparable number
of markers linked in coupling and repulsion was
identified. This finding suggests that most basic chromo-
somes pair preferentially as happens for allotetraploid
species with disomic inheritance. This is further sup-
ported by the detection of several pairs of marker alleles
of single parents showing codominant inheritance
patterns. Previous work (Triest et al, 1998), involving
progeny tests for monomeric enzymes (eg LAP and
PGM) in inter- and intraspecific crosses of both willow
species, allowed rejection of the hypothesis of autote-
traploidy in most progenies.

With dominant markers, segregation patterns fitting
the 1:1 and 3:1 presence vs absence ratios are expected
whether parental genome constitution is of the auto-
tetraploid or allotetraploid type. However, in this study,



a number of genomic loci showing segregation patterns
detectable uniquely under tetrasomic inheritance (eg 5:1
and 11:1 presence vs absence) were also found. This
result indicates that tetraploidy in willows may have
arisen from partially related diploid ancestral parents
with some homologous chromosomal regions. While
allopolyploids and autopolyploids are two extremes of
polyploids, a number of polyploid taxa actually repre-
sent intermediate stages displaying a combination of
both allopolyploid and autopolyploid pairing behaviour
(Wu et al, 1992). The mosaic of disomy and tetrasomy at
various loci might be a general mechanism underlying
the inheritance of many tetraploids, including S. alba and
S. fragilis.

Unlike RFLPs and SSRs, which might identify cose-
gregation groups on the basis of allellism, AFLPs and
SAMPLs as dominant marker systems have the obvious
disadvantage of making it difficult to identify homo-
logous cosegregation groups in order to construct genetic
linkage maps in polyploids. This disadvantage of AFLPs
and SAMPLs is, however, partially offset by the very
high multiplex-ratio as well as the high-yield chromo-
some-specific markers. Interestingly, the AFLP technique
with Pstl/Msel primer combinations was the most
efficient in detecting SDMs. The higher incidence of
restriction sites and/or their different genomic distribu-
tion probably explain this finding. Currently, we are
cloning and characterising microsatellites (ie TC, CA
and GCT repeats) to be used as codominant bridge loci
for the construction of an integrated interspecific map of
willow.
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