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Abstract Four individual linkage maps were constructed
from two crosses for the species complex Picea mariana
(Mill.) B.S.P. x Picea rubens Sarg in order to integrate
their information into a composite map and to compare
with other Pinaceae. For all individual linkage maps, 12
major linkage groups were recovered with 306 markers
per map on average. Before building the composite
linkage map, the common male parent between the two
crosses made it possible to construct a reference linkage
map to validate the relative position of homologous
markers. The final composite map had a length of
2,319 cM (Haldane) and contained a total of 1,124
positioned markers, including 1,014 AFLPs, 3 RAPDs,
53 SSRs, and 54 ESTPs, assembled into 12 major link-
age groups. Marker density of the composite map was
statistically homogenous and was much higher (one
marker every 2.1 cM) than that of the individual linkage
maps (one marker every 5.7 to 7.1 cM). Synteny was
well conserved between individual, reference, and com-
posite linkage maps and 94% of homologous markers
were colinear between the reference and composite
maps. The combined information from the two crosses
increased by about 24% the number of anchor markers
compared to the information from any single cross.
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With a total number of 107 anchor markers (SSRs and
ESTPs), the composite linkage map is a useful starting
point for large-scale genome comparisons at the inter-
generic level in the Pinaceae. Comparisons of this map
with those in Pinus and Pseudotsuga allowed the iden-
tification of one breakdown in synteny where one link-
age group homoeologous to both Picea and Pinus
corresponded to two linkage groups in Pseudotsuga.
Implications for the evolution of the Pinaceae genome
are discussed.

Keywords Codominant markers - Colinearity -
Comparative mapping - Consensus map -
Pinaceae - Synteny

Introduction

For species with large and unsequenced genomes such as
in conifers, comparative mapping is an alternative
strategy to understand genome organization and to
highlight homoeologous chromosomal segments in-
volved in economical and adaptive traits (Kumar et al.
2000; Chagné et al. 2003; Devey et al. 2004). Within the
conifers, genetic linkage maps have been constructed for
numerous species including Cryptomeria japonica (Mu-
kai et al. 1995; Nikaido et al. 2000), Pinus elliottii and
Pinus caribaea (Brown et al. 2001; Shepherd et al. 2003),
Pinus pinaster (e.g. Plomion et al. 1995; Costa et al.
2000; Chagné et al. 2002), Pinus radiata (Cato et al.
1999), Pinus sylvestris (e.g. Yin et al. 2003), Pinus taeda
(e.g. Devey et al. 1994; Remington et al. 1999; Brown
et al. 2001), Pseudotsuga menziesii (Krutovskii et al.
1998), Picea abies (e.g. Bucci et al. 1997; Paglia et al.
1998; Acheré et al. 2004), and Picea glauca (Tulsieram
et al. 1992; Gosselin et al. 2002). Recently, composite
maps have been published for P. abies (Acheré et al.
2004), P. taeda (Sewell et al. 1999), and C. japonica
(Tani et al. 2003), as well as preliminary comparative
studies of linkage maps of the hard pines between
P. taeda and P. radiata (Devey et al. 1999), P. elliottii



(Brown et al. 2001), P. pinaster (Chagné et al. 2003), and
P. sylvestris (Komulainen et al. 2003). Such comparative
studies are also being conducted at the intergeneric level
(Krutovsky et al. 2004).

Comparative mapping and the identification of ho-
moeologous regions between crosses within species and
between species require a large number of orthologous
and anchor markers. Although amplified fragment
length polymorphisms (AFLPs, Vos et al. 1995) are
useful to help covering genomes conveniently, their va-
lue as anchor markers is limited because their orthology
remains difficult to assess, especially at the interspecific
level (Waugh et al. 1997, Marques et al. 1998). Se-
quence-based markers such as expressed sequence tag
polymorphisms (ESTPs) and single-locus simple se-
quence repeats (SSRs) are more appropriate to anchor
maps because they are usually orthologous across con-
generic species (Pelgas et al. 2004). However, the devel-
opment of these markers is labor intensive, which
seriously hampers comparative genome mapping. In-
deed, only a few hundreds of ESTP and SSR markers
are available for a limited number of conifer species, e.g.
P. taeda, P. pinaster, P. abies, P. glauca, Picea mariana,
P. menziesii, and C. japonica (Tsumura et al. 1997
Harry et al. 1998; Perry and Bousquet 1998a; Hodgetts
et al. 2001; Temesgen et al. 2001; Krutovsky et al. 2004;
Pelgas et al. 2004; http://www.pierroton.inra.fr/genetics/
pinus/primers.html).

An additional challenge with comparative genome
mapping is that only polymorphic markers showing
Mendelian segregation within a given progeny can be
mapped. One way to alleviate this problem is to use
multiallelic, codominant markers such as SSRs or
ESTPs to maximize the number of informative mapped
markers. Another way is to use more than one cross for
a given species, with at least one parent in common.
Such strategies should increase the probability that a
marker segregates (Beavis and Grant 1991; Kowalski
et al. 1994; Lan et al. 2000; Tani et al. 2003), thus
increasing marker informativeness for comparative
mapping. The use of a common parent between mapping
populations also allows verification of the consistency of
marker ordering between the various mapping popula-
tions (Gentzbittel et al. 1995). These strategies have
however rarely been applied in plant genome mapping.

In this study, we constructed the first linkage maps
for the North American species complex P. mariana X P.
rubens. P. mariana is an ecologically and economically
important component of the North American boreal
forests with a distribution area extending from the Pa-
cific to the Atlantic coast. P. rubens has a more restricted
distribution and is limited to northeastern North
America. These two species hybridize naturally (e.g.
Perron and Bousquet 1997) and represent a recent pro-
genitor-derivative species pair (Perron et al. 2000). A
total of four individual linkage maps as well as a refer-
ence and a composite linkage map were estimated, an
unprecedented effort in the conifers. In particular, our
intent was to assess the usefulness of codominant SSR
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and ESTP markers, in combination with the use of two
crosses with one parent in common, for the assembly of
a composite map reflecting the marker order of parental
maps. In addition, we determined possible homoeolo-
gous linkage groups with other Pinaceae taxa in an effort
to examine synteny between genera in this family.

Materials and methods
Plant material and DNA extraction

Plant material consisted of 118 and 85 progeny derived
from two crosses between presumed P. mariana indi-
viduals: a backcross-like cross, hereafter called BCl1
(#9920002: 211307-03 [283%x3425] x3425), and an out-
bred FI cross, hereafter called F1 (#S11991V:
Q422x3425). However, after verification with species-
specific molecular markers (Perron et al. 1995, 2000),
both crosses harbored some genetic background from P.
rubens (see “‘Results” section). Two crosses were used
instead of a single cross to increase the number of seg-
regating codominant markers. In addition, the two
crosses had one male parent (425) in common to allow a
better comparison of colinearity between crosses and to
insure a better anchoring of markers. For both crosses,
needle tissue was collected from the two parents and the
progeny. Genomic DNA was extracted from the col-
lected needles with the DNeasy Plant Mini Kit (Qiagen,
Mississauga, ON, CA).

Markers analyzed
AFLP markers

The AFLP protocol used was essentially based on Vos
et al. (1995) with some modifications. The enzyme
combinations EcoR1/Msel and Pstl/Msel were used
(Paglia and Morgante 1998; Remington et al. 1999; Wu
et al. 2000; Hayashi et al. 2001). The digestion of the
genomic DNA (2.5 h at 37°C) was conducted as de-
scribed by Vos et al. (1995), except that the reaction
volume was 25 ul. The ligation solution (10 pl) con-
taining 1.75 pmol of EcoR1 adapter (or Pstl), 17.5 pmol
of Msel adapter, 1.2 mM ATP, 1 U of T4 DNA ligase
(Invitrogen, UK) and 5x reaction buffer was added to
the digested DNA template, which was then incubated
for 2.5 h at 37°C.

A total of 99 EcoR1/Msel and 14 Pstl/Msel primer
combinations were used, with one or two selective nu-
cleotides for the pre-amplification and three or four
selective nucleotides for the selective amplification (Ta-
ble S1, electronic supplementary material). EcoR1 and
Pst1 primers were labeled with infrared dye IRDye™
700 or IRDye 800 (LI-COR Biosciences, Lincoln, NE,
USA). Pre-amplification reactions were done in 50 pl
volume containing 0.4x PCR buffer (Invitrogen), 2 U of
Tag DNA polymerase (Invitrogen), 0.2 mM of dNTPs
(Amersham Biosciences), 75 ng of each primer, 0.6 mM
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of MgCl,, and 5 pl of digested-ligated DNA fragments.
PCR was carried out using a PTC-225 thermal cycler
(MJ Research, Reno, NV, USA) with the following
conditions: 5 min at 94°C for initial denaturation,
35 cycles of 1 min at 94°C, 1 min 30 s at 56°C and 1 min
30 s at 72°C. Selective amplification reactions consisted
of 1.2x reaction buffer (Invitrogen), 1 U of Tag DNA
polymerase (Invitrogen), 0.2 mM of dNTPs, 5.2 ng of
IRDye 700 labeled EcoR1 (or Pstl) primer, or 6.6 ng of
IRDye 800 labeled EcoR1 primer, 15 ng of Msel primer,
1.75 mM of MgCl, and 2.5 pl of diluted pre-amplifica-
tion products (1:190) in a volume of 10 ul. Cycle
parameters were similar to those described by Vos et al.
(1995), except that a denaturation step of 5 min at 94°C
was added at the beginning.

AFLP reaction products were visualized on a two-dye
IR2 DNA Analyzer System (model 4200; LI-COR Bio-
sciences) according to Myburg et al. (2001), except that
7.5% of Long Ranger polyacrylamide (BioWhittaker
Molecular Applications, Rockland, Maine, USA) was
added to denaturing gels. Run parameters were as fol-
lows: 1500 V, 23 mA, 33 W, 45°C, signal channel 3, and
motor speed 3. The digital AFLP gel images were scored
using the AFLP-Quantar software version 1.09 (Key
Gene Products B.V., Wagenningen, The Netherlands).

SSR markers

A total of 43 SSR markers previously developed by
several authors (Pfeiffer et al. 1997; Hodgetts et al. 2001;
Rajora et al. 2001; Scotti et al. 2000, 2002a, 2002b;
Besnard et al. 2003) were screened. PCR reactions were
based on the protocol of Acheré et al. (2004) with some
minor modifications. DNA amplifications were per-
formed in volumes of 10 pl containing 20 ng of DNA,
Ix reaction buffer, between 2.5 and 5 mM of MgCl,
depending on the marker tested (Table S2, electronic
supplementary material), 2 uM of dNTPs, 2 pM of each
primer and 0.3 U of Platinum® Tag DNA polymerase
(Invitrogen). To reduce the occurrence of multiple-
banding patterns, four different PCR programs were
used according to the primer pairs tested (Table S2,
electronic supplementary material). DNA samples were
amplified on a PTC-225 thermal cycler (MJ Research).

Fragment analyses were carried out on a two-dye IR2
DNA Analyzer System (Model 4200; LI-COR Bio-
sciences). For each sample, 7 pl of formamide tracking-
dye (EMD Chemicals Inc., Gibbstown, NJ, USA) were
added to 3 pul of PCR reaction and then run on a 6.5%
Long Ranger polyacrylamide gel (BioWhittaker
Molecular Applications). Digital SSR gel images were
scored using the SAGAST software Version 3.0 (LI-
COR Biosciences).

ESTP markers

A total of 107 ESTP markers developed from various
conifer species were screened, as detailed in Pelgas et al.

(2004). PCR conditions and the methods used to detect
polymorphisms were as described elsewhere (Pelgas
et al. 2004), except that the primer concentration was
0.12 uM in PCR. Additionally, six transcription factor
genes (KNI, KN2, KN3, KN4, HAP3a, and HAP3b)
were mapped. PCR conditions and the method used to
detect polymorphism for the Knox-I genes are described
elsewhere (Guillet-Claude et al. 2004), except that the
primer concentration was 0.2 uM in PCR. For the last
two genes (HAP3a and HAP3b), the detailed PCR
conditions and the method used to detect polymorphism
are available from the journal web site as electronic
supplementary material (Table S3, electronic supple-
mentary material).

Species-specific markers

Because both crosses used in this study were derived
from trees located in the sympatric zone between P.
mariana and P. rubens, species-specific markers were
used to infer the genetic background of the parents.
These markers were also used for mapping when at least
one parent was heterozygote (Aa) and the other one
heterozygote (Aa) or recessive homozygote (aa). The
species-specific markers consisted of six RAPDs
(OPA06yyy, OPAI191350, OPDI4sq9, OPE090s3,
OPFl17300, OPGI2;09; Perron et al. 1995) and two
ESTPs (Sh62 and Sh70; Perron et al. 2000). RAPD
primers were obtained from Operon Technologies
(Alameda, CA, USA), and ESTP primer pairs were
previously developed by Perry and Bousquet (1998a).
For RAPDs and ESTPs, PCR reactions and amplifica-
tion conditions were as described by Gosselin et al.
(2002) and Pelgas et al. (2004; see above for primer
concentration), respectively.

Screening procedure for data quality

All types of markers were first screened on the parents
and a subset of the progeny of each cross, in order to
identify the most informative AFLP primer combina-
tions and the polymorphic SSR and ESTP markers. All
selected loci (AFLPs, SSRs, and ESTPs) were scored
independently from the gels by two observers. In case of
conflicting observations, the locus was scored as ‘“‘miss-
ing data” for the particular genotype. Segregation
analyses were conducted for all AFLP, SSR, and ESTP
markers for each cross in order to test departures from
expected Mendelian ratios. To reduce the number of
false-positives, a  Bonferroni-corrected chi-square
(P<dBonf, %Bonf=0.01/n) was used, where n is the
number of tests performed (Sokal and Rohlf 1998).
Distorted loci were excluded from further analyses in the
particular cross where distortion was detected. The
software Mapmaker v.3.0 (Lander et al. 1987) was used
to check for double recombinants, but none were found.
Moreover, no contaminant progeny was observed. For
each cross, individuals with more than 10% of missing



data were discarded from the input data before map
construction in order to obtain a homogeneous data set
(Myburg et al. 2003).

Estimation of linkage maps

The experimental design allowed the construction of
four individual linkage maps from both crosses, the
estimation of a reference map for the common male
parent between the two crosses, and the assembly of a
composite map of the species complex P. mariana x P.
rubens. The reference linkage map was useful to obtain
the best representation of the genome before assembling
the composite linkage map. Each cross was analyzed
using the ‘“‘two-way pseudo-testcross” mapping ap-
proach (Grattapaglia and Sederoff 1994). All linkage
analyses and map estimations were performed with
JoinMap 3.0 (Stam 1993; Van Ooijen and Voorrips
2001) using the parameter CP (cross-pollination), be-
cause the parental genotype 83 (backcross-like) was
unavailable, with a maximal threshold value of 5 for the
jump, a ripple value of 1, and Haldane’s mapping
function (Haldane 1919). Kosambi’s mapping function
was also used to enable comparisons with other studies
(Kosambi 1944). The grouping of markers was also
conducted with CarthaGene (Schiex and Gaspin 1997)
in order to compare results with those obtained with
JoinMap 3.0.

Individual linkage maps

Only markers segregating 1:1 or 1:1:1:1 were used in the
construction of individual linkage maps. Exceptionally,
markers in configuration 3:1 or 1:2:1 for one cross and
1:1 for the other cross were also kept because they were
informative in the other cross. When a pair of markers
was considered identical, such as having a similarity rate
of one (JoinMap command ‘“‘similarity of loci”’), only
one of the markers was kept for the remaining analyses.
For each of the four parental maps, marker grouping
and ordering of linked loci were carried out using a
LOD of 4.0 and a minimum recombination fraction (0)
of 0.35. For each marker, a minimum number of valid
genotypes (at least 90% of the progeny sample) were
required to include it into the data set for initial analyses
(Hackett and Broadfoot 2003). In order to get the best
possible order, the average contribution to the goodness-
of-fit for each locus (JoinMap tabsheet “‘mean chi-
square contribution”) and the genotype probabilities
with “the locus average —log;o (P)” were checked. When
the —10 base logarithm of the probability was higher
than one, markers were excluded from the analyses to
avoid erroneous locations. The order obtained for “map
2 of the second round” was retained as well as markers
having a “jump” value <5 for “map 3 of the third
round” (with the JoinMap command ““Calculate Map”).
This order was fixed to allow the positioning of addi-
tional markers that were excluded from the data sets for
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initial analyses because they did not fulfill one of the
criteria for a priori inclusion (i.e. minimum number of
genotypes and/or maximal jump value). Markers having
a “jump” value >5 were considered as accessory
markers because they could not be ordered with confi-
dence.

Reference linkage map

The reference linkage map was constructed from the
integration of both individual linkage maps of the male
parent 425 common to the two crosses. At this step,
AFLP markers segregating 3:1 were included in the data
sets. All linkage analyses were conducted following the
same procedure as described above. The “mean chi-
square contribution” and the “—logo(P)” of each
additional marker value were checked again. Then, to
obtain the reference linkage map, the two data sets of
homologous linkage groups, one from each cross, were
merged using the JoinMap function ‘“combine groups
for map integration.” Before marker ordering within
each integrated linkage group, a ‘“heterogeneity test”
(JoinMap command) was conducted with the help of
homologous markers to compare recombination fre-
quency estimates between both data sets for each
homologous pair of loci. These pairs of loci (file
“Linkages” in JoinMap) showing significant differences
(P<0.01) were eliminated to avoid erroneous marker
ordering. Markers having a “jump” value >5 were
considered as accessory markers.

Composite linkage map

The composite map was obtained from the combined
analyses of the two crosses BC1 and F1. The assembly
was conducted in three steps under the same conditions
as for the determination of previous linkage maps (see
above) with the inclusion of AFLP markers segregating
3:1 in each data set for each cross. The first step was to
assemble female and male data sets of each cross in
order to obtain one “‘sub-composite’” linkage map for
each of both crosses (Maliepaard et al. 1997), with the
help of markers segregating 1:1:1:1, 1:2:1, and 3:1 be-
tween both individuals of each cross. This strategy al-
lowed to integrate as much information as possible onto
the composite map by the incorporation of the minor
linkage groups, obtained previously during the con-
struction of individual linkage maps, into the major
linkage groups. The second step was to verify, for the
two ‘‘sub-composite’” maps, the average contribution to
the goodness-of-fit for each locus (JoinMap tabsheet
“mean chi-square contribution”). In addition, to get the
best possible marker order, markers having a “locus
average —log;o(P)” with a value higher than 1, were
excluded from analyses in order to avoid erroneous
locations. The last step to obtain the composite map
consisted in merging the data sets of homologous link-
age groups from the two “‘sub-composite’” maps using
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the JoinMap function “combine groups for map inte-
gration”. For the homologous pairs of loci, a “‘hetero-
geneity test” (JoinMap command) was conducted, as
previously described for the reference linkage map.
Markers having a “jump” value >5 were considered as
accessory markers.

Linkage group nomenclature

For all maps, the linkage groups were numbered fol-
lowing the decreasing order of their length obtained on
the composite map.

Genome lengths and map coverages
Observed and estimated genome lengths

The observed genome length (Gp) was estimated
according to the method of Nelson et al. (1994), which
takes into account all markers, linked and unlinked,
such as

Go = Gr +X0(L—R) (1)

where G is the total length of the map in cM, X, is the
observed maximum distance in cM between two linked
markers at or above a minimum LOD threshold value of
4.0 (Z=4), L is the total number of linkage groups, pairs
of loci and unlinked loci, and R is the haploid number of
chromosomes. Observed genome lengths were adjusted
in two ways: (1) by taking into account all linked and
unlinked markers or (2) by taking into account only
linked markers. The expected genome length, G,, of each
parental map was estimated under the assumption of
random marker distribution according to Hulbert et al.
(1988) and Chakravarti et al. (1991) such as

G, = 2MX /K (2)

with a confidence interval of G, /(1 £ 1.96/\/1?)7 where
M = N(N—1)/2 is the number of informative meioses (N
is the number of linked loci), X is the maximum ob-
served map distance among the locus pairs at/or above a
minimum threshold LOD, and K is the number of locus
pairs having LOD values at/or above Z. These estima-
tions were obtained by taking into consideration only
placed markers and by eliminating multiple markers at
same loci to avoid an overestimation of the genome size.

Observed and expected genome map coverages

The observed map coverage C, was evaluated in two
ways: (i) the ratio of the observed genome length G, on
the estimated genome length G, (Tani et al. 2003); or (ii)
the ratio of the total length of the map Gy on the esti-
mated genome length G, (Cervera et al. 2001). The ex-
pected genome map coverage C, was calculated
according to Lange and Boehnke (1982) from the
equation:

Co=1-— e—XeN/IQSGe (3)
with an adjustment for chromosome ends, and where N
is the number of linked loci, X, is the maximum distance
between two adjacent linked markers in cM at a mini-
mum threshold LOD value (4.0 in this case), and G, is
the estimated genome length.

Distribution of markers

Two analyses were conducted to evaluate the distribu-
tion of markers with different types of inheritance (1:1,
1:1:1:1, 1:2:1, and 3:1) on linkage groups. These analyses
were conducted for the composite linkage map and also
for the four individual linkage maps, because the com-
posite map is a representation of the assembly of both
parents for each cross.

Heterogeneity of marker distribution among linkage
groups

For the four individual maps and the composite linkage
map, G-tests for goodness-of-fit (Sokal and Rohlf 1998)
were used to test for heterogeneity of marker distribu-
tion among linkage groups (heterogeneity if P<0.01).
Marker distribution was analyzed by taking into ac-
count the number of markers per linkage group and the
size of the linkage groups. An arbitrary index of genome
size, one genome unit=10 cM, was defined to estimate
the expected number of markers for each linkage group:
the total number of markers positioned onto all linkage
groups was divided by the total genome units for all
linkage groups, and then multiplied by the total genome
units of the estimated linkage group. All types of
markers (AFLPs, SSRs, and ESTPs) were considered
together for each linkage map. In a second analysis, only
AFLP markers were considered. SSR and ESTP mark-
ers could not be considered independently of AFLPs
because they were not frequent enough on each linkage

group.

Coefficients of marker dispersion

When the distribution of markers was homogeneous, a
coefficient of marker dispersion could be estimated for
each map to evaluate the presence of marker clusters on
the linkage groups and thus, to verify the presence of
possible chromosome structures (Ma et al. 2004). The
assessment of marker clusters on linkage groups was
conducted by counting markers in all linkage groups of
each parental map, using a sliding window of 10 cM
(Haldane) and considering all types of markers (AFLPs,
SSRs, and ESTPs). The size of the window was chosen
to be higher than the average marker density, which was
6.6 cM (Haldane; see “‘Results’ section). At the end of
each linkage group, the last window was taken into ac-
count only when it was more than 7.5 ¢cM (Cervera et al.



2001). For the composite map, the size of the window
was reduced to 3 cM, due to higher marker density (see
“Results™ section). Observed and expected frequencies
were compared with a chi-square test. The ratio between
the variance and the mean of the number of markers per
window provides a rapid method to test if observed
frequencies are distributed following a Poisson distri-
bution (Sokal and Rohlf 1998). This relationship can be
expressed as the coefficient of dispersion (CD):

CD=s")Y (4)

where s~ stands for the variance of the number of
markers per window and Y is the mean number of
markers per window. A CD value lower than 1 (CD <1)
indicates that there are less markers than expected in
given intervals, whereas a CD value higher than 1
(CD>1) indicates that more markers than expected are
observed in given intervals, so that the markers are
clustered.

2

Results
Genetic background of the parents

Out of the eight species-specific markers used to screen
the genetic background of the three parents 11307-03
[83x425], 425, and 422 used in the crosses, three out of
the six species-specific RAPD markers (OPA06y,
OPAI191559, and OPDI14599) and both ESTP markers
(Sh62 and Sh70; Perron et al. 2000) revealed the pres-
ence of P. rubens genetic background, in addition to that
of P. mariana (Table 1). The three additional RAPD
markers (OPE09603, 0PF]7800, and OPGIZIOO()) did not
indicate the presence of P. rubens elements into the
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genome of the three parents. These results show that the
parents are of introgressed nature.

Marker screening
AFLP markers

Out of 113 AFLP primer combinations screened, 87 and
86 primer combinations were retained for crosses BC1
and F1, respectively (Table S1, electronic supplementary
material). The total number of markers segregating 1:1
was 549 (64%) out of a total of 862 and 615 (71%) out
of a total of 863 AFLP markers for crosses BC1 and F1,
respectively (Table 2). Both crosses shared a total of 112
AFLP markers (56 in configuration 1:1 for both crosses,
9 in configuration 1:1 for BC1 and 3:1 for F1, 28 in
configuration 3:1 for BCI and 1:1 for F1, and 19 in
configuration 3:1 for both crosses), which were consid-
ered as homologous because the same primer combina-
tions amplified fragments of identical size and the two
crosses had one parent in common.

SSR markers

Out of a total of 43 primer pairs tested, 31 and 26 SSR
primer pairs resulted in polymorphic banding patterns in
each of crosses BC1 and F1, respectively. Out of these
primer pairs, 71% (22) and 54% (14) corresponded to
single loci, respectively. The remaining primer pairs re-
sulted in multilocus amplification patterns, such that
16% (five primer pairs) and 31% (eight primer pairs)
produced double loci, 3% (one primer pair) and 4%
(one primer pair) produced triple loci, and 10% (three
primer pairs) and 11% (three primer pairs) produced

Table 1 Genetic background of three parents 11307-03, 425, and 422 involved in two crosses analyzed in the species complex P. mariana x

P. rubens

Fragment or allele frequencies
in allopatric populations

Species-specific markers

Parental genotypes

P. mariana P. rubens ?11307-03 [$83x3425] 3425 @422
Dominant RAPD markers?®
0PA069()() 0 1.0 Aa Aa aa
0PA191250 0.89 0 Aa aa AA
OPD1459 1.0 0 A- A- A-
OPE09603 0 1.0 aa aa aa
OPF17g9 0 1.0 aa aa aa
OPGI121p00 0 1.0 aa aa aa
Codominant ESTP markers®
Sbh62¢g1 0 0.973 681/681 681/681 681
Sb62¢g9 0.143 0 - - 689
Sb62¢91 0.976 0.027 - — -
Sb62706 0.131 0 - - -
Sb70404 0.024 0 - - -
Sb70410 0.690 0.014 - — 410
Sb70417 0.036 0.986 417417 417/417 417

% From Perron et al. (1995)
® From Perron et al. (2000)
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Table 2 Number of markers genotyped for each of two crosses in the species complex P. mariana X P. rubens

Type of marker Cross BC1 Cross F1 Shared markers
Segregating Segregating Total Segregating Segregating Total
I:1 or 1:1:1:1 3:1 or 1:2:1 1:1 or I:1:1:1 3:1 or 1:2:1

AFLPs (% mds®) 549 (2.7) 313 (5.8) 862 (3.8) 615 (1.5) 248 (8.5) 863 (3.5) 112 (6.3)

SSRs (% mds®) 38° (0) 9° (0) 47 (0) 394 (0) 6° (0) 45 (0) 33 (0)

ESTPs (% mds®) 30 (0) 11 (0) 41 (0) 46 (0) 10 (0) 56 (0) 40 (0)

Total (% mds®) 617 (2.4) 333 (54) 950 (3.5) 700 (1.3) 264 (8.0) 964 (3.1) 185 (3.8)

% % markers with distorted segregation, significant at P < 0.01/
number of tests (Bonferroni correction)
® Including 13 dominant SSR markers

quadruple loci, respectively for BC1 and F1. In total, 47
and 45 mappable polymorphic SSR markers were ob-
tained for crosses BC1 and F1, respectively (Table 2).
Out of these, 20 and 19 markers were dominant,
including seven and five markers segregating 3:1,
respectively. The remaining codominant markers corre-
sponded to 27 and 26 loci, respectively for BC1 and F1,
segregating 1:2:1, 1:1, or 1:1:1:1. A total of 33 SSR
markers were shared between the two crosses.

ESTP markers

Out of 113 ESTP markers previously developed and
screened for spruces (Guillet-Claude et al. 2004; Pelgas
et al. 2004; Table S3, electronic supplementary mate-
rial), 41 and 56 were polymorphic for the crosses BCI
and F1 (Table 2), respectively. Each of the polymorphic
markers was codominant and segregated 1:2:1, 1:1, or
1:1:1:1. Of these, 40 were polymorphic in both crosses
(shared markers).

Individual linkage maps

Out of 118 and 85 genotyped individuals for the crosses
BCI1 and F1, 109 and 80 individuals with less than 10%
missing data were retained. Out of a grand total of 950
and 964 markers available for each of crosses BC1 and
F1, respectively, 96.5% and 96.9% of the analyzed
markers fitted the expected Mendelian ratios (P < 0.01/
n; Table 2). Only three markers, all from cross FI,
exhibited a similarity of one with another marker, thus
showing the same genotypes for the whole progeny.
These markers were removed from the data set to pre-
vent bias in estimating genome lengths. Depending on
the parent and cross analyzed, between 349 and 412
Mendelian markers were available for map construction
(Table 3). Despite the elimination of markers with sim-
ilarity of one before analyses, four and two markers
were placed exactly at the same position on one linkage
group for the parents 425 and 422 of the cross FI,
respectively. These additional markers were also re-
moved to facilitate the estimation of expected map
lengths for the same reason as explained above.

¢ Including 7 dominant SSR markers
4 Including 14 dominant SSR markers
¢ Including 5 dominant SSR markers

By counting only once the markers that were assigned
in common among two, three, or four individual maps, a
total number of 1,137 distinct marker loci were assigned
to the four individual linkage maps, including 1,023
AFLP segregating 1:1, 3 RAPD, 55 SSR, and 56 ESTP
markers. Linkage groups were generally stable for a
LOD of 4.0 and a minimum recombination fraction ()
of 0.35. A LOD value up to 7.0 was sometimes applied,
to obtain comparable groups from one parent to the
other. The results obtained using JoinMap 3.0 or Car-
thaGene were similar (data not shown). For the
remaining analyses, only results from JoinMap 3.0 are
reported. A major linkage group resulting from the
junction between two minor groups was constructed and
ordered with a LOD of 2.5 for the female parent 422 in
order to be consistent with the results obtained for other
parental maps. Depending on the cross, between §
(2.3%) and 43 (10.7%) markers were found to be un-
linked (Table 3).

In the next paragraphs, genome lengths (G) will be
reported in Haldane distances for each map, followed by
the density of markers in brackets.

Cross BCI

The analyses of the female map 11307-03 were con-
ducted with a total of 350 assigned Mendelian markers
(Table 3). Out of these, 313 markers were mapped (251
AFLPs, 2 RAPDs, 30 SSRs, and 30 ESTPs), including
16 accessory markers. They resulted in 12 major and 2
minor linkage groups covering 2,223.1 cM, with an
average marker spacing of 7.1 cM (Table 3; Fig. 1). The
map for the male parent 425 was obtained from a
total of 337 assigned Mendelian markers, from which
281 markers (227 AFLPs, 1 RAPD, 28 SSRs, and 25
ESTPs), including four accessory markers, were mapped
on 12 major and 5 minor linkage groups representing
1,937.2 ¢cM (6.9 cM average marker spacing; Table 3).
Observed genome lengths were 3,314.3 and 2,394.8 cM
for the parents 11307-03 and 425, respectively, when
unlinked markers were considered. However, observed
genome lengths estimated without unlinked markers
covered 2,328.7 and 2,113.2 cM, respectively, for each
parent. These values correspond to observed map



1473

Table 3 Parameters of individual, reference, and composite linkage maps from two crosses in the species complex P. mariana X P. rubens

Mapping parameter Crosses/Parents Reference map Composite
for male parent  map
Cross BC1 Cross F1 425 from
BCl1 and F1
211307-03 3425 Q422 3425
[$83%x3425]
Total number of available markers® 393 349 412 377 1,097 1,729b
Number of distorted markers 15 4 9 4 44 56°
(Bonferroni correction;
P < 0.01/number of loci)
Total number of markers without 378 345 403 373 1,053 1,673
segregation distortion
Number of assigned marker loci 350 337 360 343 674 1,188
Number of AFLP loci 284 279 290 276 567 1,074
Number of RAPD loci 2 1 0 1 1 3
Number of SSR loci 33 31 31 33 53 55
Number of ESTP loci 31 26 39 33 53 56
Number of positioned marker loci® (%) 313 (89.4) 281 (83.4) 326 (90.6) 303 (88.3) 626 (92.9) 1,124 (94.6)
Number of AFLP loci 251 227 260 238 548 1,014
Number of RAPD loci 2 1 0 1 1 3
Number of SSR loci 30 28 29 33 37 53
Number of ESTP loci 30 25 37 31 40 54
Number of positioned accessory marker loci 16 4 16 0 51 97
Number of major linkage groups 12 12 12 12 12 12
(n>10 markers)
Number of minor linkage groups 2 5 3 8 14 0
(3 £ n £ 10 markers)
Number of doublets 1 0 2 1 0 0
Number of unlinked markers (%) 28 (7.4) 8(2.3) 43 (10.7) 30 (8.0) 143 (13.6) 276 (16.5)
Map length G, cM (Haldane) 2,223.1 1,937.2 1,849.8 2,123.4 2,106.0 2,319.1
Map length G, cM (Kosambi) 1,819.5 1,573.6 1,489.3 1,724.6 1,704.8 1,845.5
Average map density, cM (Haldane) 7.1 6.9 5.7 6.9 34 2.1
Average map density, cM (Kosambi) 5.8 5.6 4.6 5.6 2.7 1.6
Average size for major linkage groups, 182.4 150.3 143.4 150.4 162.0 193.3
cM (Haldane)
Average size for major linkage groups, 149.0 121.6 115.0 122.1 131.1 153.8
cM (Kosambi)
Observed map length G,, cM (Haldane) 3,314.3 2,394.8 3,549.0 3,468.6 - -
Observed map length G,, cM (Haldane) 2,328.7 2,113.2 2,026.8 2,406.6 - -
without unlinked markers
Observed map length G,, cM (Kosambi) 2,681.3 1,935.0 2,833.3 2,784.8 - -
Observed map length G,, cM (Kosambi) 1,902.9 1,712.6 1,666.3 1,947.8 - -
without unlinked markers
Expected map length G,, cM (Haldane) 3,227.7 2,772.3 2,968.2 3,330.7 - -
Confidence interval 3,176.4— 2,726.8— 2,925.4- 3,275.5— - -
3,277.4 2,816.3 3,009.8 3,384.1
Expected map length G,, cM (Kosambi) 2,549.1 2,189.5 2,347.7 2,695.1 - -
Confidence interval 2,508.6— 2,153.6— 2,313.8— 2,650.4— - -
2,588.3 2,224.3 2,380.6 2,738.3
Observed map coverage C, (G,/G,)° >99.9% 86.4% >99.9% >99.9% - -
Observed map coverage C, (G,/G,)° 72.2% 76.2% 68.3% 72.3% - -
without unlinked markers
Observed map coverage C, (Gp/G.)" 68.9% 69.9% 62.3% 63.8% - -
Expected map coverage C, 93.5% 94.2% 95.7% 91.9% - -

% For individual linkage maps, only markers segregating 1:1 or
1:1:1:1 were used. Exceptionally, markers in configuration 3:1 or
1:2:1 for one cross and 1:1 for the other cross were also used (see
“Materials and methods” section)

® Between the two crosses BCl and F1, 185 markers were in
common, from which seven were distorted (see Table 4)

¢ Unpositioned markers correspond to markers with a recombi-
nation frequency higher than 0.35 or having a —log;o (P) value
higher than 1 that could affect marker order (see ‘“Materials and
methods” section)

4 For the male reference map, one linkage group with n=13
markers was considered minor because it did not correspond to any
major linkage group on the female individual linkage maps (see
Fig. 1)

¢ According to the method of Tani et al. (2003)

 According to the method of Cervera et al. (2001)

“~": Could not be calculated, due to the merging of data
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Fig. 1 Parental genetic maps obtained from the two crosses BC1 and F1 for the species complex P. mariana X P. rubens. On the left,
linkage groups from the female individual map 11307-03 [83x425] from the cross BC1; in the middle, linkage groups from the reference
map of male parent 425 involved in both crosses BC1 and F1; on the right, linkage groups from the female individual map 422 from the
cross F1. Markers in bold and underlined are ESTPs, markers in bold and italics are SSRs, markers in bold only are homologous AFLPs,
which were defined as those AFLPs revealing migration products of same size and similar positioning onto homologous linkage groups
from one parent to the other, and markers in bold, underlined, and italics are homologous RAPDs, defined as above for homologous
AFLPs. All remaining markers are other AFLPs. Accessory markers (jump value >5) are indicated with an asterisk. Two markers
positioned side-by-side correspond to the same linkage map bar. Homologous loci used as bridges between female individuals are
connected with a dotted line, whereas other homologous loci are connected with a solid line. Centimorgan distances (Haldane) are
indicated on the left of each linkage group



Ref. 425

YACT/CAG205.9¢,

ORELEECSS
ACTICCASS
PAXY219 _

QREGET AL
AC/ AG17¢

CCAICGA342 6
ACG/CCGC200.7

YCCA/CTT203 3
YACG/CCAT148.5

Earcroins

£

011307-03

17
20
o) 25 i~

0 GICTT436.5 a1
11| ACG/CCAG180.1 &

43
33 ACGICAA337.9 :‘;
39\[ 7] ACACAC129.7 48\
53 AGCICGT653.6 9
e2\\ /;PAXY219 4

TAAYZ1ICcacTaas of 58
59
i SpAC1BS, ., 81

70\ [T , CCAICGA340.7

[y EATC1D02A ]
83,1, ACAICCTG309.4 74
85 =L ACTICCTG267.9 a
86/J[ \ CCAICGAS5.7 88
87/[ 14\ ACAICCTT285.1 93
o/l \ EACTF10. 133

)|

1

1004/ \PtIFG1643 1% PlL 238
102//| |\ ACAICCAG260.9 a1 ‘B%'\
100/ f-\\ AGcicATe32.9 /) :;i p GB5__
124//| \coactTst 1 ’ s A
128 ACAICCCG398.5 7 s VARRICEAS 24

1407 )< VACGICAT95.7 YACA/CGTS32.8

’

’ 1201 CUCT1 787
11/| \opD14,,, ¢ i3 PtiFG8580
162 g 1400 , 139 A 0

Sh21._ . 142 ng@?i%%%é
1607 [Maceigcaczos 7 ACKICCaRz12
179—=-pa 225 149 VACGIGCGasa s
181/ -\ AcTicTC426 S
187/ \ AcercTT157.7
190/ [\ acarccrc7405
102/ | | \ceacacaseo
211 PtIFG8580

229 ——— CCA/CAT140.0

241 ———ACG/CGAS4.7
&)

LGV

Ref. 425

24
011307-03 26
0~ ACGICAG192.1b 2|
8 CGA/CCG255.0 29
0 ACAICCTC1415
1237 EAC6E09 /

1 ACA/CTT205.5b

29 CCA/CTG208.8

YACA/ICCAG215.7
YCCA/CGA198.5
ACT/CAT164.2b
CGA/CCG220.1

T7205.5b
ACC/CCTGS76.8
ACCICCTG5453
ACCICCTA1035

30 ACA/CCTG235.7
317/ N\ ACA/CCT234.9
34 AGC/CGC426.6
397 f ' ACA/ICGA296.2
477 4~ ACG/CAGS566.8

CCGC106.9

38

S AGTIEGAG 11298 2
|| CCA/CTT237.5

T 51

ACGICCTG107:8_ _ _ _

91 F N\ AcGicATZTS ¥
i ACG/CTG185.0

ASTIICCATB"ISg 4
é JCTAT30.50
1s3<| L ACTICCAG297.5d,

134 AGC/CGT835.7

168 CCAICTG142.4
ASLICTG185.00
ACA/CCT481.6b

ACG/CCTG1086.Q,

VoS
| UAPgAG150

ACCICCTAB045 (A) aers0
AGGICTG181 6

1
]
1
1
1
]
i
1
1
1
1
]
1
]
-

LG Vil
Fig. 1 (Contd.)

AGCICTC147.4d, |18 .
PAXVASS AGHECAG112.90

’

0—f)~ACT/CGA176.1

16 ACG/CCGT94.9
ACT/CGA426.0

32 ACCICCAT185.0
ACT/CCTA113.7

8
1

ACT/CCTC402.3
ACG/CGT133.8
\Cf %I' §1f9.0

&
TT DI I
€O

67//| |\ Aceicccaizi.0
72/ A1 VACGICGA2622,
867| [NACAICAGSS3.7

AC7F1

ECG/ CTA72.6
10T 1~ Sb16m

122—ACC/CCGC235.4

~AGC/CTT123.0

A0055

@@2.5

ACG/CCAG135.2
ACG/CCTC206.3
ACCK 95.2

T 1L

3
3
q

ACGICCAT172.7

422

AGCICAT159.7

|/ AcciccTG204.7
EAC6F05

ACGICGA234.2d
AGC/CTC147.4d
ACGICGT189.8
ACCICCTT296.3
J/ACGICCCA1675

EAC1D10(a)
ACC/CCCA182.2
ACG/CCAA275.6
ACG/CCAA100.3
ACAICCCG138.8

ACGI/CCCT171.4
'ACG/CCAGS1.3
ACG/CCGG91.3
ACGI/CCCG90.8

'ACG/CAG230.6d
'ACG/CCAA239.3
ACG/CCAG290.8

ACTICCAG297.5d

1475

Ref. 425
011307-03 422
ACA/CCTT66.0
017 ey
ACT/CCAT114.0
2| [[AcsiceT2s7.6a SAAI
YAGCICGA245.4% 191" PGL13

23— ACA/CCAA177.8 40 %
ACT/CAT123.6

S\HyASTCETCAos.
4—+-KN4 PGL13—___¢;
67\ // YCGAICCT138.8
70 YACCICCTA269.7

31|~ ACAICCCGB3.4
KN4

48[~ AGC/CTG496.1

s~ PHFG8732

PtIFG8732 ENEZ2 Vi - ACA/CCTA138 6
-
- PUFG8732 ~< -3 KN4 - i ACGIECTC196.7
~ < SN\l gAcacTete -
85 ———ACG/CCCG363.1 BT~ ACTICGA186.5™
93~ |- YACG/CCAG186.3
100 5/CGG267.0 97 —T~AGCICAT210.0a
: 11 YACA/CCCG135.6 1
112} ACGICCTA214.4 112 =~ ACGICCTT159.7 1% AGCICAGIETS
115~ > ACAICCGT136.1 113 ASgIecTCIa0 ]
123 L AcG/cCT2138 121 7N ACGICGC197.8 B gbé%
133\ - ACT/ICAG175.4b—r 124 ACT/CAG175.4b 120-9-Sb24
141 AGC/CTG180.0 136 [T~ YACT/CCATS1.4 Sbz4
144~ ACT/ICCTG222.3 14317~ AGC/CTC120.3b
1494 coarcTC165.7 147 ACGICAT4329 |
157 ~——— ACG/CCT540.5

HJACTICGT224 5%
YACT/CCAC187.7
ACCICCAC157.2

YACT/CCTA128.8

164
171—1AGCICTC120.3b 170

185 6C762 175 ACGICCCG135.1a
| | acacTeiss4 180 AC6B01,,,,,6
CCAICGT72.3 186 ACCICCCAB4.0
194 AGC/CCTC212.2
| CCAICTAIR00.7 201//}{\\acerccaei2a 7
H-AcaicTe3ss.0 2057/
Sb72_— 2% AGCICAG220.0
248—J— AGCICTAS05.6
Ref. 425
011307-03 422
0 ACGICTT152.2
°3-Sb17. g A é(i(’}q:%Tmsrs 0——ACG/CTT157.0
8~ YACGICAAG13.4
= ACGICCT351.6
10‘E\ACTI&C§(§?¢55 19 Sb17
17\ pa —_— 25
/13 M\ VaccicT3e2 8 2\ ﬁ:iggg oo
16 ]
37 aGB3 18 CAC%LI;%%I“ 9.3b 32~ ACT/CCAA162.5
o\ SPAC1BS,,, 19 YCCA/CTC140.8 337 [ZACGICCTT350.4
51 ACTICCT614.2 2 39 ACGICTT139.8
3l /AN YACTICAG277.5¢ CG/CTT
54 ACTICAT170.5 38/ \ AcoiccTcsss 0 ;g | ﬁggggﬁfgg
L A
*\H 22222;?:2‘ 115 bt Eff 3118‘(0)2 63 ACG/CCGG205.1
70 70 ACT/CCAGE5.0
PAAC19. 43/ ;I ACGICCGC128.0 H
P ACAICGT2953 74 ACG/CCCT215.9
72\ ACAIM-CCTA183.0 & ACAICGT2053 78\H/, ACC/CCAC178.6
74—~ ACTICTCA66.4 79}/ ACTICCAA113.3
783~ ACAICCCG403.0 ACTICAC374.8
80 ACAICCTC403.9 ACTICAT389.8
90T~ CGAICAT171.5* prbeaitrend
98—~ ACGICGC4228 98— ACT/CCT513.9 ACAICCTA91.7
ACAICCGC133.5 ACAICCCG222.7
101/ N\ ACTICCTG505.8 AGAICCTC118.1
A ACGICAC401.8
106 ACGICAG407.3 ACAICGTATS 1 _ PAAC13(b)
112/ A\ ACAICCTG405.9 1191 YACGICCAG110.6_ ACTICAG184.6
119 acaccToers 0”7 1120 S~ ACGICCGCTE S
131+~ . 134\ ACT/CGT589.8
13411 Qﬂég;’g(‘e) ! s\ EAC6B ACA/CTT333.6d
ACGICTT1746 " 147 ACAICCCGB85.7AP62 ACG/CGC124.4’
138/ H\ACAICTT333.6d/ 9\ J/ YCGACAT1725 150~ |- ACGICCAA228.8
. 15207/ COAICAT292 8 e =
YACA/CGC240.2¢ Pitvd P a bttt ACG/CCAA331.9d
148/ [\ ccarcTAIN74.7 158\] N ACAICCAAT12.4c
1587\ ACGICCAA331.9d/  161~15~ YACAGCTT4323 166—— ACT/CCCT131.2
163" ACTICCCG478.9 164 YACA/CCCG309.0
178—|-— ACGICAA449.8
8o~ PIFG1584

coverage values of 72.2 and 76.2% (Table 3) following (Table 3). Map construction resulted in 12 major and 3

the method of Tani et al. (2003).

Cross F1

The female linkage map (parent 422) was determined
from a total number of 360 assigned Mendelian markers

minor linkage groups based on a total of 326 mapped
markers (260 AFLPs, 29 SSRs, and 37 ESTPs), includ-
ing 16 accessory markers and covering 1,849.8 cM
(5.7 cM average marker spacing; Table 3; Fig. 1). For
the male linkage map (parent 425), 343 Mendelian
markers were assigned (Table 3). Out of these, 303
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markers (238 AFLPs, 1 RAPD, 33 SSRs, and 31 ESTPs)
were mapped and distributed over 12 major and 8 minor
linkage groups covering 2,123.4 cM (6.9 cM average
marker spacing; Table 3). When all markers were con-

sidered, lengths of observed maps for parents 422 and
425 were 3,549.0 and 3,468.6 cM, respectively. However,
lengths of observed maps calculated without unlinked
markers were 2,026.8 and 2,406.6 cM, respectively, for



each parent, which correspond to observed map cover-
age values of 68.3 and 72.3% (Table 3) following the
method of Tani et al. (2003).

Genome lengths and map coverages

Observed genome lengths for each individual linkage
maps were in the same range, except for the parent 425 of
BC1 for which the length was smaller (Table 3). This
tendency was also observed with the map coverage values
estimated by taking into account unlinked markers, and
thus varying from 86.4% t0 99.9% (method of Tani et al.
2003). However, when considering the observed genome
lengths estimated without unlinked markers, no signifi-
cant difference was observed between the parents of each
cross. The mean values of observed map coverage were
72.3% when estimated with the method of Tani et al.
(2003) without considering unlinked markers, and 66.2%
when estimated following the method of Cervera et al.
(2001) based on G estimate. On average, for the four
individual maps, expected map coverage values were
22% and 28% higher than observed map coverage values
estimated following the methods of Tani et al. (2003) and
Cervera et al. (2001), respectively (Table 3).

Reference linkage map of male parent 425

The marker grouping of the reference linkage map for the
male parent 425 was conducted with 674 assigned Men-
delian markers (including markers 3:1) obtained from
both paternal data sets (Table 3). Before merging
homologous linkage groups, the two data sets for the
parent 425 were composed of 613 and 593 markers from
the crosses BC1 and F1, respectively. Out of these two
data sets, 34 and 131 unlinked markers were removed
from the analysis, including 28 and 101 markers segre-
gating 3:1. Before marker ordering, 22 heterogeneous
linkage pairs of loci were excluded from analyses, out of a
total of 324 common linkage pairs between both 425
individual linkage maps, because they showed significant
differences (P <0.01) in their recombination frequencies.
After integration of each homologous linkage group, a
total of 626 markers (548 AFLPs, 1 RAPD, 37 SSRs, and
40 ESTPs) were positioned onto the reference map (Ta-
ble 3). This reference linkage map consisted of 12 major
linkage groups comparable with linkage groups of indi-
vidual maps of both female parents, and one additional
minor linkage group not comparable with female indi-
vidual maps (Fig. 1). The reference map covered
2,106.0 cM with an average marker density of 3.4 cM
(Table 3). The length of linkage groups varied from 55.8
to 216.4 cM (Fig. 1).

Composite linkage map of the species complex
P. mariana x P. rubens

Out of a total of 1,673 Mendelian markers combined
from the two data sets used to construct the two ““sub-
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composite’” maps, 276 markers were considered as un-
linked, of which 51% were AFLPs segregating 3:1. They
were simply removed from the analysis. After merging
homologous linkage groups of each ‘“‘sub-composite”
map obtained for the two crosses, 1,188 assigned
markers were distributed among the composite linkage
groups, and 1,124 were positioned (Table 3). However,
before marker ordering on each composite linkage
group, a test of heterogeneity of recombination fre-
quencies was conducted between 533 homologous pairs
of loci merged from both ““sub-composite’” maps. Out of
these homologous pairs of loci, 451 showed no signifi-
cant difference between their recombination frequency
estimates (P >0.01). For the remaining 82 homologous
pairs of loci, recombination frequency estimates were
significantly heterogeneous, so they were excluded from
analyses to avoid erroneous marker positioning. Out of
the 1,124 markers (1,014 AFLPs, 3 RAPDs, 53 SSRs,
and 54 ESTPs) ordered onto the composite map, 128
markers (52 AFLPs, 1 RAPD, 33 SSRs, and 42 ESTPs)
were homologous between at least two parents. These
markers were assembled in 12 linkage groups covering
2,319.1 cM (Haldane; Table 3), with a length for linkage
groups varying from 157.8 to 228.4 cM (Fig. 2). A total
of 107 anchor markers (53 SSRs and 54 ESTPs), useful
in comparative mapping studies between species, were
placed onto the composite map, for an average of nine
markers per linkage group. In comparison to the num-
ber of anchor markers derived from only one cross, the
use of two crosses resulted in an increase of 19 (22%) or
22 (26%) additional anchor markers positioned on the
composite map, if the additional cross was BC1 or FI,
respectively, for an average increase of 24%. The aver-
age marker density was of 2.1 ¢cM, more than twofold
the marker density obtained for individual linkage maps,
which varied from 5.7 to 7.1 cM (Table 3).

Synteny and macro-colinearity
Comparing reference and individual linkage maps

The alignment between each linkage group of the two
female maps (11307-03 and 422) with their homologous
linkage groups from the reference map of male parent
425 could be conducted with 92 homologous marker
loci: 26 AFLPs of same size, 28 SSRs, and 38 ESTPs
(Fig. 1). The homologous markers of the female indi-
vidual linkage maps represented 23.3% and 19.9% of all
type of markers mapped onto parents 11307-03 and 422,
respectively. For the reference linkage map constructed
for male parent 425, these homologous markers repre-
sented 12.3% of all placed markers.

Between the reference linkage map of the male parent
425 and both individual linkage maps of female parents
11307-03 and 422, 59 (16 AFLPs, 19 SSRs, and 24
ESTPs) and 48 (2 AFLPs, 22 SSRs, and 24 ESTPs)
homologous markers were shared, respectively. When
considering only the two female individual linkage
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Fig. 2 Composite linkage map for the species complex P. mariana x P. rubens. The composite map was obtained by assembly of data sets
of both crosses BC1 and F1, and using JoinMap 3.0 (Stam 1993; Van Ooijen and Voorrips 2001). Genetic distances are on the left of each
linkage group (Haldane). Markers in bold and underlined are ESTPs, markers in bold and italics are SSRs, markers in bold only are
homologous AFLPs, and markers in bold, underlined, and italics are homologous RAPDs. All remaining markers are other AFLPs.
Accessory markers (jump value > 5) are indicated with an asterisk. Two markers positioned side-by-side correspond to the same linkage
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maps, 45 homologous markers (8§ AFLPs, 17 SSRs, and maps, and the male reference linkage map (Fig. 1), since
20 ESTPs) were in common. Synteny was well conserved all homologous markers were placed onto the same
among the three linkage maps, both female individual homologous linkage groups. Macro-colinearity was also
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well conserved among homologous linkage groups. In-
deed, marker order was the same for 56 out of 59 (95%)
homologous markers between the reference linkage map
of male parent 425 and the linkage map of female parent
11307-03, and for 42 out of 48 (88%) homologous
markers between the male reference linkage map and the
linkage map of female parent 422. Between the two fe-
male linkage maps, marker order was the same for 41
out of 45 (91%) homologous markers.

Minor changes in marker order involved three AFLP
(3:1), nine SSR, and five ESTP markers, which were
implicated in various small inversions within linkage
groups III, V, IX, X, and XII (Fig. 1). Overall, seven
homologous linkage groups had the same marker order
(LG 1, I1, 1V, VI, VII, VIII, and XI) between male ref-
erence and the two female individual linkage maps.
When small inversions involved only codominant
markers, the localization of the marker segregating
1:1:1:1, which were more informative compared to the
other implied markers segregating 1:1 or 1:2:1, was
considered as the most certain. In one case, the inversion
was presumably the result of the doubtful positioning of
one marker, considered as an accessory marker on the
reference map. On average, 90% of the 92 homologous
markers (AFLPs, SSRs, and ESTPs) shared between the
male reference and the two female individual linkage
maps were mapped at similar positions, such that 92%,
86%, and 92% of markers were in the same order,
respectively. To obtain the best representation of the
genome before assembling the composite map, the
marker order on the male reference map was considered
as the most certain.

Comparing composite versus male reference and female
individual linkage maps

Comparisons between the reference and the composite
maps were conducted with the help of the markers seg-
regating simultaneously for the male parent 425 of both
crosses. No difference was observed in marker synteny
for the 87 comparable homologous markers (32 AFLPs
of same size, 1 RAPD of same size, 26 SSRs, and 28
ESTPs). Of these, 82 (94%) were in the same order be-
tween the reference and the composite maps. Between
the composite and both individual linkage maps of fe-
male parents 11307-03 and 422, no difference in marker
synteny was observed for the 74 and 63 comparable
homologous markers, respectively. Of these, 95% and
92% were in the same order, respectively. Differences in
marker order involved inversions between markers 1 or
2 cM apart and were similar to those observed between
the male reference and female individual linkage maps
(see above). When considering only SSRs and ESTPs,
107 of these anchor markers were placed onto the
composite map and their positioning was nearly in the
same order as that observed on the male reference or on
the two female individual maps. Respectively, 98%,
97%, and 91% of anchor markers were colinear between

the composite map and the male reference map and the
two female individual maps 11307-03 and 422.

Marker distribution
Heterogeneity of marker distribution

G-tests for goodness-of-fit applied to assess the distri-
bution of markers revealed a relatively homogeneous
distribution among linkage groups of each individual
(Fig. S1, electronic supplementary material) and com-
posite maps (the detailed results are available from the
journal web site as electronic supplementary material).

Coefficients of dispersion

When considering all markers together and a sliding
window of 10 ¢cM, values of the coefficient of dispersion
(CD) varied between 0.76 and 0.96 for each of the four
individual linkage maps. As such, these values below 1.0
do not indicate the presence of clusters of markers but
rather that the markers are well dispersed over the whole
genome. For the composite map, marker density was
2.1 cM, thus windows of 3 ¢cM were considered, and the
distribution of markers was found to be statistically
homogeneous with a CD value of 1.1. Similar results
were also obtained for a composite linkage map derived
from one cross in P. abies (Acheré et al. 2004).

Discussion
Genetic background of parental trees

In this study, a large number of AFLPs segregating 3:1
was observed, indicating a high level of heterozygosity in
the genome of the parents. This high level of heterozy-
gosity could be explained at least partly by the mixed
genetic background of the parents, as detected by
markers specific to P. mariana or P. rubens. Such an
observation is in agreement with recent studies where the
use of interspecific backcross pedigrees resulted in a
large number of polymorphic AFLP markers (Myburg
et al. 2003; Yin et al. 2004). In our study, the number of
AFLP markers segregating 3:1 was on average 32.5%
for the two crosses investigated (respectively, 36.3 and
28.7% for BC1 and F1). Such a proportion of 3:1 AFLP
markers is about three times as high as the levels ob-
served in P. abies (9.9%, Acheré et al. 2004) and P.
glauca (14.6%, Pelgas et al., in preparation). The pro-
portion of 3:1 AFLP markers obtained in the present
study was also much higher than the proportion ex-
pected by chance alone when using dominant anony-
mous markers. Indeed, the probability to get two
heterozygous individuals for a same locus would be
12.3%, on average, in allopatric populations of P. ma-
riana (Isabel et al. 1995), which is in the range of values



reported for P. abies and P. glauca. Therefore, it is likely
that the introgressive nature of the parents involved has
increased their genome-wide heterozygosity. Conse-
quently, about twice as many primer combinations had
to be used to obtain approximately the same number of
AFLP markers segregating 1:1 than in P. abies or P.
glauca mapping studies (Acheré et al. 2004; Pelgas et al.
in preparation).

Marker transferability

The transferability of AFLP fragments between crosses
has already been documented, indicating that a certain
number of AFLPs could be used as homologous bridg-
ing markers across populations (Qi et al. 1998; Waugh
et al. 1997; Rouppe van der Voort et al. 1997; Vuylsteke
et al. 1999). However, the comparison of conspecific
maps using AFLPs appears to be difficult: though a
large number of AFLP markers were obtained in our
study, only 112 markers (13.0%) were polymorphic in
both crosses. Of these, 83 (9.6% of the total number of
AFLPs) could be mapped in both crosses, since they
were neither distorted nor unlinked. A similar propor-
tion of polymorphic AFLP markers shared between two
crosses (10.2%) have been reported in barley (Waugh
et al. 1997). In our study, out of the 83 AFLP markers
that could be mapped in both crosses, 52 markers were
assigned at the same position on 11 homologous linkage
groups and could therefore be considered as homolo-
gous marker loci. These AFLP markers are useful to
help bridging individual linkage maps within one species
and estimate composite linkage maps. However, due to
possible homoplasy, they are not appropriate to con-
struct highly reliable composite linkage maps and should
not be considered as a primary source of transferable
anchor markers between species or genera, as was rec-
ommended by Remington et al. (1999) and Lerceteau
et al. (2001).

In comparative mapping studies, numerous sequence-
based markers such as SSR and ESTP markers are
necessary to anchor maps adequately. However, in spite
of large EST sequencing efforts in conifers, these
markers are still not available in large numbers (e.g.
Acheré et al. 2004; Krutovsky et al. 2004). Because these
markers are usually locus-specific, multi-allelic and
highly informative, they can be mapped in several
crosses and across species, and act as useful bridges.
They are not always transferable from one species to the
next, although the rate of transfer is very high for
ESTPs, at least between congeneric species. The rate of
transfer includes gene amplification and the ability to
detect Mendelian polymorphism in the recipient species.
With respect to these two factors, the rate of transfer of
ESTPs between spruce species has been reported to be
about 90% when several methods for detecting poly-
morphism are used (Perry and Bousquet 1998b; Pelgas
et al. 2004). As for SSRs, their rate of transfer between
congeneric species appears to be lower. For instance, out
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of the 43 SSR primer pairs tested in this study that were
previously developed for various Picea taxa, about 24%
resulted in the amplification of more loci than expected,
even when the annealing temperature was adjusted. This
result is quite similar to that obtained in mapping of P.
abies where 36% of SSR primer pairs resulted in the
amplification of more than one locus (Pfeiffer et al.
1997). The amplification of more SSR loci than expected
is likely a consequence of the presence of duplicated loci
in the large conifer genome (Karhu et al. 2000). Also,
the presence of null alleles as observed for some SSR loci
in our study could indicate primer mismatch problems,
which should lower the transferability of SSR primer
pairs between spruce species, as also observed in Pinus
(Devey et al. 1999). New SSR markers developed from
EST libraries are likely to show increased transferability
across taxa (Jany et al. 2003; Chagné et al. 2004; Lie-
wlaksaneeyanawin et al. 2004; Rungis et al. 2004).

Segregation distortion and unlinked markers

In our study, all linkage maps were estimated using only
Mendelian markers, as we removed markers that were
significantly distorted in a Bonferroni-corrected chi-
square test. After correction, less than 4% of markers
were significantly distorted at P <0.01 for individual and
composite linkage maps (Table 3). Without correction
for multiple testing, 12% of the markers would have
been scored as distorted, which is a value slightly higher
than that previously reported in P. sylvestris (about 9%;
Yin et al. 2003), but similar to the results obtained with
Pinus palustris and P. elliottii (12%; Kubisiak et al.
1995) and C. japonica (about 12%; Tani et al. 2003).
Often, distorted markers are integrated in linkage maps
although they can weaken map structure, especially
when they are aggregated (e.g. Kubisiak et al. 1995). In
our study, the 8% of markers declared significantly
distorted with the uncorrected chi-square test (the dif-
ference between 12 and 4%) were randomly distributed
over the three parental maps and the composite map,
and often they were reported as accessory markers.
Among these markers, the percentage of unlinked loci
was not higher than that for markers with no significant
segregation distortion. Thus, unlinked markers were
apparently not the result of segregation distortion.

A large number of unlinked markers was observed
for the cross F1. Because of the mixed genetic back-
ground detected in the parents, one explanation could be
that some chromosomal regions showing less homology
have interfered with meiotic recombination events
(Paterson et al. 1990; Orr 1996; Roeder 1997), thus
preventing the production of recombinant gametic
classes (Hanson 1959; Rieseberg et al. 1995; Livingstone
and Rieseberg 2003). On the other hand, the majority of
unlinked markers, 80 and 51%, were represented by
AFLPs segregating 3:1 during the construction of the
reference and the composite maps, respectively. Indeed,
some AFLP markers segregating 3:1 were not informa-
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tive because they did not allow distinguishing between
recombinant and non-recombinant gametic classes
within each cross. The presence of these numerous un-
linked markers segregating 3:1 may be directly related to
the high heterozygosity of the parents of both crosses.

Genome lengths and marker density

The high levels of heterozygosity observed for the par-
ents of both crosses might have resulted in an overesti-
mation of observed map lengths, as previously observed
in pea by Knox and Ellis (2002). However, the average
estimate of observed map length without unlinked
markers [G,, 1,807 cM (K), Kosambi] and the average
map length [Gf, 1,652 cM (K)] of P. mariana X P. rubens
individual linkage maps were slightly smaller than those
estimated in other mapping studies in the genus Picea,
such as for P. glauca [2,033 cM (K), Gosselin et al. 2002]
and P. abies [1,856 cM (K), Acher¢ et al. 2004]. Between
the composite linkage map estimated in this study for P.
mariana X P. rubens from two crosses and that estimated
for P. abies from a single cross (Acheré et al. 2004), a
comparable difference was notable in map length (Gp)
with estimated values of 1,846 cM (K; Table 3) and
2,035 cM (K), respectively. Several factors might ac-
count for these differences in genome length, such as
variations in recombination rate among the parents (Liu
1998) or different conditions used to build linkage maps,
such as the number and types of markers, the number of
progeny, or the algorithms used to estimate map dis-
tances (Plomion and O’Malley 1996; Liu 1998; Gosselin
et al. 2002). In the present study, the use of two crosses
and the large number of markers used have likely in-
creased the accuracy of the estimates of linkage between
markers, especially for the composite map, resulting in
smaller map lengths. Regarding the expected map length
(G,) estimated for each individual linkage map, the re-
sults obtained for P. mariana x P. rubens varied from
2,190 to 2,695 cM (K), in agreement with results from
previous mapping studies in Picea, where a similar range
was observed for P. glauca [2,363-2,706 cM (K), Goss-
elin et al. 2002] and where slightly larger values were
noted for P. abies [2,793-2,886 cM (K), Paglia et al.
1998].

High values of observed map length (G,) were ob-
tained for three of the four individual linkage maps. This
pattern may result from the numerous unlinked markers
observed for these three maps, as was reported for P.
palustris (Nelson et al. 1994). In our study, when the
unlinked markers were not considered for the calcula-
tion of the map coverage values with the method of Tani
et al. (2003), the observed values of map coverage (C,)
were similar among the four individual linkage maps
and comparable to the values obtained with the method
of Cervera et al. (2001) (Table 3), thus indicating the
estimation bias incurred by unlinked markers. The dif-
ference obtained between the expected and the observed
map coverage values may result from a lack of markers

in some regions of the genome. Thus, additional markers
may increase map coverage and allow the integration of
the minor and major linkage groups obtained for each of
the four individual linkage maps. Indeed, for each of
these, more linkage groups were obtained than the
haploid number of chromosomes (n=12) for Picea
(Table 3), which indicates a non-saturation of the gen-
ome. The assembly of the composite map allowed the
integration of the minor linkage groups of individual
maps to major groups, resulting in 12 major composite
linkage groups and no minor groups (Table 3). The
length of the composite map, which presented a higher
value than that of individual linkage maps, indicates
that some regions of the genome were probably covered
by markers positioned onto only one individual map.
Such a trend was also observed in Helianthus (Gentz-
bittel et al. 1995).

Marker density was three times as high for the
composite map as for the individual linkage maps (Ta-
ble 3). This value of marker density, one marker every
1.6 cM (K), is among the highest ever achieved in
conifers. In other conifer composite maps constructed
with at least one pedigree, the average distance between
two markers was 2.6 cM in P. abies (Acher¢ et al. 2004)
and 3.1 ¢cM and more in other conifers (e.g. Sewell et al.
1999; Tani et al. 2003). The marker density of the P.
mariana X P. rubens composite map obtained here is
comparable to that obtained in a few studies on barley,
for which average marker densities between 1.2 and
1.4 cM were achieved (Qi et al. 1996; Hori et al. 2003).
Dense linkage maps are useful for more precise gene
localization and colocalization with QTLs, which are
themselves useful for the identification and/or validation
of candidate genes, or for the integration of genetic and
physical maps (Causse et al. 2004; Ma et al. 2004).
Moreover, with dense linkage maps, the analysis of
genome structure between distant taxa is likely to be
more accurate (Salse et al. 2002).

Marker ordering

The reference linkage map for the common male parent
of the two crosses was built to verify the consistency of
marker ordering between both mapping populations and
to obtain the best representation of the genome before
assembling the composite map. The merging of both
individual linkage maps of the common male parent 425
allowed the integration of data derived from two inde-
pendent sets of meiosis events into a single reference
linkage map. This integration could be conducted be-
cause of the colinearity of markers and the homoge-
neous recombination rates between homologous pairs of
loci of both individual male linkage maps (few cases of
heterogeneous recombination rates were noted). The
integration of locus pairs of homologous linkage groups
increases the confidence level in marker positioning,
because twice as many recombination informations are
provided for the same individual from two crosses than



from only one cross (Kowalski et al. 1994). For exam-
ple, 98% of anchor markers (SSRs and ESTPs) shared
between both individual maps of male parent 425 were
positioned in similar order onto the reference map of the
same parent. In several other cases, such a mapping
approach with a common parent between two crosses
has been an essential first step to the generation of
reliable composite maps at the intraspecific level,
allowing further genomic comparisons within and be-
tween species (e.g. Beavis and Grant 1991; Kowalski
et al. 1994; Lan et al. 2000; Pelgas et al. in preparation).
Thus, in our study, the reference map provided a foun-
dation for the marker order, on which the macro-
colinearity of the composite map could be efficiently
validated.

Because synteny was well conserved between homol-
ogous linkage groups of the male reference and the two
female individual linkage maps, macro-colinearity could
be analyzed between homologous linkage groups.
Inversions in marker order occurred for proximal
markers and were most often caused by changes in the
distribution of less informative dominant AFLP mark-
ers segregating 3:1 or codominant ESTP or SSR markers
segregating 1:2:1. The lack of information of AFLP
markers segregating 3:1 has also been observed by oth-
ers (Maliepaard et al. 1997). Comparison of macro-
colinearity between parental and composite linkage
maps revealed that homologous markers were approxi-
mately positioned in the same order (on average 94%).
Our results are similar to those obtained for two other
conifer species, P. taeda and C. japonica, where 93% and
90% of homologous markers were found colinear be-
tween individual and composite linkage maps respec-
tively (Sewell et al. 1999; Tani et al. 2003). In all cases,
the discrepancies observed in marker order were small
and most likely the result of analytical artifacts, as re-
ported in Pinus and Eucalyptus (Sewell et al. 1999;
Brondani et al. 2002), rather than the consequence of
true chromosomal inversions.

Informativeness of the composite linkage map

Combining data from several crosses to estimate com-
posite maps is considered as the most effective way to
obtain an accurate and representative view of the gen-
ome (e.g. Gentzbittel et al. 1995; Sewell et al. 1999).
Compared to model agronomic crop species, the esti-
mation of composite maps relies frequently on a single
cross for most tree species (e.g. Jermstad et al. 1998;
Acheré et al. 2004). In our study, the primary goal for
assembling a composite map was to estimate the relative
positioning of as many anchor markers as possible onto
a single map. To this end, the use of multiple crosses
provides several advantages, such as a larger number of
anchor loci that can be positioned on an assembled
composite map (Hauge et al. 1993; Causse et al. 1996;
Tani et al. 2003). In our study, about 60% of anchor
markers (SSRs and ESTPs) deriving from only one cross
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will be useful for comparative mapping at the interspe-
cific level with P. glauca (Pelgas et al. in preparation).
However, information deriving from the combination of
two crosses contributed to an increase of about 24% in
the number of anchor markers (SSRs and ESTPs)
positioned on the composite map, corresponding to an
average of 21 additional markers in comparison with the
use of a single cross. Out of these additional anchor
markers, it was observed that about 50% will be useful
for interspecific comparative studies with P. glauca
(Pelgas et al. in preparation). Other studies involving
two crosses with one parent in common and implicating
anchor markers (mostly RFLPs) revealed that between
48% (in maize, Beavis and Grant 1991) and 77% (in
Arabidopsis, Kowalski et al. 1994) additional anchor
markers could be positioned by the use of a second
cross. Differences between studies in the efficiency of
using a second cross to position anchor markers are
likely to be caused by the inherent genome-wide het-
erozygosity of the taxon under study, the type of anchor
markers and the sensitivity of the method for detecting
DNA polymorphisms. The efficiency of using a second
cross will in general diminish, as a larger proportion of
loci are found polymorphic within a single cross. For
instance, in our study, we used DGGE to reveal ESTPs
(Pelgas et al. 2004), which is more sensitive than agarose
gel electrophoresis or CAPS (cleaved amplified poly-
morphic sites), thus reducing the probability that a
marker will be monomorphic in a single cross. A similar
argument could be made for hypervariable SSR loci
compared to other types of markers.

The composite map obtained for P. mariana x P.
rubens contains more than 100 anchor markers, which
should ensure more reliable studies of synteny and
macro-colinearity at the interspecific level. The first
published composite maps in other conifers such as P.
taeda and C. japonica had smaller numbers of anchor
markers (Sewell et al. 1999; Tani et al. 2003) but addi-
tional anchor markers have been mapped since then (e.g.
Brown et al. 2001; Temesgen et al. 2001). Recently, a
similar number of orthologous gene-specific markers
was used to study the conservation of genome macro-
structure among several species (e.g. Medicago trunca-
tula, Lotus japonicus and Pisum sativum) pertaining to
two major tribes of legumes, Phaseoleae, and Galegeae
(Choi et al. 2004). The trend is toward even larger
numbers of anchor markers, as more than 600 presumed
orthologous genes have recently been used to compare
the genome architecture of rice and maize (Salse et al.
2004). Such high numbers appear necessary to identify
adequately homoeologous segments in comparative
mapping studies involving distant taxa (see also below).

Inter-generic comparative mapping in the Pinaceae
The composite map of P. mariana x P. rubens presented

in this paper should serve as a useful starting point for
comparative mapping studies among widely divergent
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Picea species, including P. glauca and P. abies (Pelgas
et al. in preparation), and with other taxa from the
Pinaceae. With the anchor markers already positioned
on the composite linkage map of P. mariana X P. rubens,
a preliminary comparison could be made between the
present composite map and linkage maps obtained for
Pinus spp. and P. menziesii (Brown et al. 2001; Chagné
et al. 2003; Komulainen et al. 2003; Krutovsky et al.
2004). The current comparison involves 16 ESTP anchor
markers found in common between at least two of the
three genera (Table 4). A number of these anchor
markers correspond to genes implicated in the lignin
pathway (CAD, PAL, and PtIFG8732) or in abiotic
stress response (PtIFG8569, PAXY13, PtIFG0624, Sh64,
PtIFG1643, and PtIFG8580). With these markers, four
homoeologous linkage groups with at least two common
anchor markers could be identified, corresponding to
LG XI, IX, XII, and V in P. mariana X P. rubens (this
study), LG 3, 6, 9, and 10 in Pinus spp., and LG 9 and 10
in P. menziesii (Table 4).

Apparent differences in synteny were observed be-
tween the homoeologous linkage groups of Picea and
Pinus, with two instances of putative inter-chromosomal
gene translocation. First, the anchor markers Pt/FG8569
and PAXY13 positioned onto LG 2 in Pinus spp. were
located onto two different linkage groups (LG II and
VII) in P. mariana x P. rubens (Table 4). Second, when
considering LG 3 of Pinus spp., out of three anchor
markers (Sbh29, Sb49, and Sbh72), the two first ones
mapped onto the same linkage group (LG XI) in P.
mariana X P. rubens, whereas Sh72 was positioned onto
a distinct linkage group (LG VI) (Table 4). To validate
these putative cases of inter-chromosomal gene trans-
location and to rule out paralogy as a possible cause of
apparent differential gene positioning, PCR amplifica-
tions from haploid megagametophyte DNA of P. taeda
and P. mariana were undertaken for each of these
markers, followed by sequencing of the obtained PCR
products (see Pelgas et al. 2004 for PCR and sequencing
conditions) and comparison of these sequences with
Picea and Pinus EST libraries (http://www.ccgb.umn.
edu/cgi-bin/spruce/blastsubform and http://www.ccgb.
umn.edu/cgi-bin/biodata2/blastsubform,  respectively)
and the National Center for Biotechnology Information
database (NCBI; http://www.ncbi.nlm.nih.gov/BLAST)).
Sequence comparisons indicated that PAXY13 of Picea
and Pinus that mapped onto two different linkage
groups had 93% sequence homology on 213 bp. How-
ever, polymorphisms were observed in the chromato-
gram analyses of the haploid Pinus sequence, suggesting
that paralogous sequences had been amplified from a
same gene family. Comparison of these sequences with
EST libraries resulted in the identification of several
contigs belonging to the alpha-tubulin gene family.
Thus, most likely, PAXY13 of Picea and Pinus do not
represent orthologous gene loci. Conclusive validation
should be sought from phylogenetic analyses of the gene
family involved. Sequence analyses also suggested that
the differential positioning of Sh72 between Picea and

Pinus could result from positioning different members of
the 60S ribosomal protein L27a gene family (con-
tig#11,497 in Picea-CCGB EST library), which is rep-
resented by at least three paralogs in Arabidopsis
thaliana (Atl1g70600, Atlgl2960, and Atlg23290). Se-
quence homology between Sbh72 of Picea and Pinus was
100% but only on a length of 23 nucleotides. For the
rest of the sequence, the homology decreased to 30%
(337 nucleotides). Thus, spurious inferences of inter-
chromosomal translocations may emerge from the
mapping of different paralogous genes in different taxa.
Recently, paralogous loci in the knox gene family of
Picea and Pinus have been shown to be translocated to
different chromosomes, following gene duplication
(Guillet-Claude et al. 2004). If primers used for gene
amplification are designed without sequence evidence
from the various paralogs, it is possible that different
paralogs are amplified and positioned in different taxa.
The problem is exacerbated when different taxa are
analyzed in different laboratories with different condi-
tions for PCR. In addition, sequence analyses may not
resolve all questionable cases of orthology if the region
amplified is well conserved among paralogs.

A presumed difference in genome structure was ob-
served among the four homoeologous linkage groups
that could be identified between Picea, Pinus, and
Pseudotsuga (Table 4). The anchor markers Sh29 and
Sh49, which were positioned onto two different linkage
groups in P. menziesii (LG 2 and 13), were located on
the same linkage group in P. mariana X P. rubens (LG
XI) and in Pinus (LG 3). The sequence chromatograms
of haploid megagametophytes indicated that no posi-
tions were polymorphic in either species for each of the
two loci, suggesting that only one ortholog had been
amplified in each species. $H29 codes for an ATAF1-like
protein (Perry and Bousquet 1998a) and the sequence
identity between Picea and Pseudotsuga was 88% on a
length of 493 bp. For Sh49, pairwise sequence identities
between the three taxa were from 89% to 90% for
stretches ranging between 171 bp and 325 bp and all
BLASTN analyses pointed to a gene (contig#2225 in
Picea-CCGB EST library) similar to the rice gene coding
for a YGLO10w-like protein. Both genes (ATAFI1-like
and YGLO10w-like proteins) do not pertain to sizeable
gene families. Although paralogy cannot be entirely
ruled out, the sequence comparisons above indicate that
the genes amplified in the different taxa are likely to
represent orthologous loci. Thus, a chromosomal fission
may have occurred in Pseudotsuga, leading to the two
linkage groups 2 and 13. This chromosomal fission may
have played a role in generating the difference in basic
chromosome number between Pseudotsuga (n=13) and
other Pinaceae (n=12). For conclusive evidence on this
subject, additional genome-wide comparisons must be
undertaken in the Pinaceae family with a much larger
number of common anchor markers and robust tests for
gene orthology. Because sequence similarity corre-
sponding to gene orthology is variable from one gene
family to the next, simple sequence comparisons may
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Table 4 Map synteny information and marker sharing in the Pinaceae between Picea, Pinus, and Pseudotsuga

Markers in common? Linkage groups

P. mariana x P. rubens Pinus spp.b P. menziesii©

Sh58 I 1 -
PtIFG8569 11 2 -
PAXYI3 VII 2 -
S§h29 XI 3 13
Sh49 XI 3 2
Sb72 VI 3 -
PUFG8732 VI 5o0r 6 or 8 8
PtIFG1584 VIII 4 -
Shi2 IX 6 -
PAL IX 6

PtIFG0624 X1II 9 -
CAD X1II 9 9
Sh64 X1I - 9
PtIFG1643 v 10 -
PtIFG8580 v 10 10°
Sh21 v - 10

% Markers in common among the three genera

® Including results previously published for P. taeda, P. pinaster, P.
sylvestris, and P. elliottii (Brown et al. 2001; Chagné et al. 2003;
Komulainen et al. 2003; Krutovsky et al. 2004)

¢ Krutovsky et al. (2004)

not be enough to guarantee gene orthology when
translocations or inversions are inferred from the sole
position of single gene markers. Whenever possible,
phylogenetic information should be sought for the
underlying gene families involved (e.g. Guillet-Claude
et al. 2004). Otherwise, translocations and other genome
rearrangements should only be identified when they in-
volve several gene loci. Such a requirement imposes
large numbers of anchor markers in genome compari-
sons, much larger than the numbers of anchor markers
currently positioned on conifer maps.

Prospects

With little prospect in the near future for the complete
sequencing of one or few conifer genomes, the mapping
of genes appears essential to further increase the number
of anchor markers necessary to compare maps between
widely divergent species. The localization of such gene
loci will also lead to a better understanding of the
structure of the conifer genome and the physical distri-
bution of expressed genes. In this study, numerous an-
chor markers were positioned onto a P. mariana X P.
rubens composite linkage map, many of them repre-
senting candidate genes for various quantitative traits.
The mapping of additional genes will provide an essen-
tial tool for estimating co-localization with genomic re-
gions involved in quantitative trait variation and for
guiding association mapping efforts (Causse et al. 1996;
Neale and Savolainen 2004). Moreover, with such a
composite map having a mixed genetic background,
possibly resulting from many generations of hybridiza-
tion, it will be possible to localize genes involved in
adaptation and speciation (Rieseberg and Buerkle 2002).

4 Corresponding to loci PtIFG8732a on LG 8 for P. taeda and P.
sylvestris, and loci PtIFG8732b, and PtIFG8732¢ on LG 5 and 6 for
P. sylvestris, respectively

¢ Corresponding to locus pmIFG_128D06a in P. menziesii“—": not
positioned

Colocalization studies should also be facilitated by
combining information from multiple crosses, because
the number of mapped genes and the number of segre-
gating phenotypic traits can be maximized in such con-
ditions. Recent developments in this direction include
the development of computer programs to estimate the
colocalization of QTLs and candidate genes based on
information from composite linkage maps (BioMerca-
tor, Arcade et al. 2004).
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