Theor Appl Genet (2002) 104:987—997
DOI 10.1007/s00122-001-0823-y

I. Gosselin - Y. Zhou - J. Bousquet - N. | sabel

Megagametophyte-derived linkage maps of white spruce
(Picea glauca) based on RAPD, SCAR and ESTP markers

Received: 26 March 2001 / Accepted: 25 September 2001 / Published online: 13 February 2002

© Springer-Verlag 2002

Abstract We have constructed linkage maps for two
parents of white spruce [Picea glauca (Moench) Voss|.
Hapl oid megagametophytes from 92 and 96 seeds of par-
ents M2 and 80132, respectively, were analysed with
RAPD, SCAR and ESTP markers. Fragments segregat-
ing in a 1:1 Mendelian ratio were classified and mapped
using MAPMAKER, GMENDEL and JOINMAP. For
M2, the analysis with JOINMAP resulted in 165 loci
(152 RAPDs, 3 SCARs and 10 ESTPs) mapping to 23
linkage groups and covering 2,059.4 cM(Kosambi func-
tion, K). For 80132, the analysis resulted in 144 loci
(137 RAPDs, 1 SCAR and 7 ESTPs) mapping to 19 link-
age groups and covering 2,007.7 cM(K). The maps cov-
ered 87 and 73% of the entire genome of parents M2 and
80132, respectively. Similar results were obtained with
MAPMAKER and GMENDEL. A comparison was made
between the two individual maps and 16 loci were
shared between the two maps.

Keywords Codominant markers - Conifers - Genetic
linkage map - GMENDEL - JOINMAP - MAPMAKER

Introduction

White spruce [Picea glauca (Moench) Voss| is widely
distributed in Canada, from the Atlantic to the Pacific
ocean. It is used for lumber, as well as pulp and paper
production, and is the second conifer species of impor-
tance for reforestation in Canada. White spruce is highly
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diverse genetically for quantitative characters and
marker loci (Furnier et al. 1991; Li et al. 1993, 1997;
Jaramillo-Correa et al. 2001). Besides breeding for im-
proved growth, the high heritability of various traits
such as outer wood density (Corriveau et a. 1991) and
embryogenic capacity (Y.S. Park, personal communica-
tion) indicates that significant gains could be realized
from selection and breeding in this species.

In white spruce, individual linkage maps are needed
in order to estimate a consensus conspecific map and
identify genomic regions that contain genes affecting
wood density and embryogenic capacity, for possible de-
ployment of marker-aided selection programs. At a more
fundamental level, these maps will contribute to our un-
derstanding of genome organization and the building of a
congeneric consensus map. Linkage maps have been
constructed in numerous conifer species using restriction
fragment length polymorphisms (RFLPs) (e.g., Devey
et al. 1996; Jermstad et al. 1998; Sewell et al. 1999),
random amplified polymorphic DNA markers (RAPDS)
(e.g., Tulsieram et a. 1992; Binelli et Bucci 1994;
Arcade et al. 2000), and amplified fragment length poly-
morphisms (AFLPs) (e.g., Pagliaet a. 1998; Traviset a.
1998). In conifers, map construction is complicated due
to their large genome size, late sexual maturity, long
generation time, inbreeding depression and by the lack
of suitable pedigrees. To aleviate these shortcomings, an
alternative approach to mapping in conifers consists of
using haploid megagametophytes of a single tree as a
mapping population, with the limitation that only PCR-
based markers can be used because of the small amounts
of DNA in megagametophytes (Tulsieram et al. 1992).
For such a demonstration, a preliminary map was con-
structed in white spruce, with 47 RAPD loci distributed
among 12 linkage groups and covering a distance of
873.8 cM (Tulsieram et al. 1992).

Each type of molecular marker has advantages and
limitations, and many factors can influence the choice of
markers for a given purpose. RAPD markers appear to be
well suited for developing single-tree linkage maps due to
their rapidity and simplicity of detection. No prior knowl-
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edge of DNA sequencesisrequired and it is easy to gener-
ate alarge number of markers due to the wide availability
of synthetic oligonuclectides. The dominance property
of RAPDs may be overcome by the use of haploid
megagametophytes (Isabel et a. 1995) or appropriate
pedigrees and configurations such as the pseudotestcross
(Grattapaglia and Sederoff 1994). However, RAPDs are
often criticized for their lack of reproductibility over time
as well as between laboratories (Jones et al. 1997). The
transferability/reproducibility of RAPD markers in differ-
ent backgrounds (individuals or species) may be limited to
only very intensely amplified polymorphisms (Kubisiak
et a. 1996). Moreover, the amplification products from
different backgrounds may not represent the same locus,
so it becomes difficult to compare or combine linkage
groups (Torres et al. 1993). On the other hand, RAPD
markers appear to be repeatable in terms of their amplifi-
cation and inheritance pattern using various haploid mega-
gametophyte DNA arrays obtained from the same individ-
ual (Plomion et al. 1995; Kubisiak et a. 1996). RAPDs
are increasingly replaced by AFLPs since the number of
putative gene loci revealed per PCR reaction is greater
(Vos et a. 1995). Otherwise, the same limitations reported
above for RAPDs generaly apply to AFLPs.

Sequence-characterized amplified regions (SCARS),
which are usually derived from sequenced RAPD loci,
are most often dominant but are derived from specific
primers, which should make them transferable and repro-
ducible between conifer species (Scotti et a. 1998). The
development of sequence-tagged-site (STS) markers and
microsatellites is long and expensive, but their use is
easy and informative because they are codominant and
derived from specific primers (Perry and Bousguet
1998a; Lefort et a. 1999). Also, they can be indicative
of coding regions (Perry and Bousquet 1998a), and thus
represent expressed sequence tag polymorphisms
(ESTPs). These genetic markers are easily transferable
from one species to another in the genus Picea (Perry
and Bousquet 1998b; Perry et a. 1999) and, accordingly,
they can be used for the construction of intraspecific and
interspecific consensus maps.

Various softwares are available to construct linkage
maps and each has its own criteria and merit. A survey
of the literature reveals that MAPMAKER appears to be
the most frequently used software. A multi-point linkage
analysis, which considers all of the raw (genotypic) data
available simultaneously in each computation, is used by
MAPMAKER to find map orders and map distances
(Lincoln et al. 1993). GMENDEL uses simulated anneal -
ing and multiple pairwise methods for locus ordering
(Holloway and Knapp 1993), which is different from the
locus ordering method used by MAPMAKER. But most
often, GMENDEL results in maps equivalent to those
found by MAPMAKER (Holloway and Knapp 1993).
JOINMAP is useful for combining linkage data that have
been collected in differents experiments. Unlike the pre-
ceeding softwares, JOINMAP uses the raw segregation
data of various types, especially haploid, as well as “in-
dependent” estimates of recombination to construct inte-

grated linkage maps (Stam 1993). The map orders are
found by calculating pairwise recombination frequen-
cies, and map distances are estimated by a least-squares
procedure.

The goals of this study were to: (1) construct two indi-
vidual linkage maps of white spruce with RAPD, SCAR
and ESTP loci, and estimate the genome length of white
spruce and the number of loci necessary to achieve map
saturation; (2) find common loci between the two maps;
and (3) compare the results obtained with MAPMAKER
V3.0, JOINMAP V2.0 and GMENDEL V2.0.

Materials and methods

Plant materials and DNA extraction

The two mapping populations consisted of 92 megagametophytes
and 96 megagametophytes derived from the two white spruce
parents M2 and 80132, respectively. These trees are native to the
Ottawa Valley in eastern Canada, and they are part of partial dial-
lels on wood density and embryogenic capacity, respectively.

Seeds were surface-sterilized with sodium hypochlorite. The
seed coat and embryo were removed and each megagametophyte
was ground in a 1.5-ml Eppendorf tube, using a grinding
(Caframo), with 50 ul of extraction buffer (2% CTAB, 100 mM
Tris, 1.4 M NaCl, and 20 mM EDTA, pH 9.5). Then, DNA was
extracted using the procedure of Isabel et al. (1995).

RAPD assay

All RAPD primers used in this study were random sequence,
10-base, oligonucleotide primers with C+G contents ranging from
50 to 80%. One set of primers was obtained from Operon Technol-
ogies Inc. (Alameda, Calif.) and an additional set from the Univer-
sity of British Columbia (John Carlson, Biotechnology Laborato-
ry; now at the School of Forest Resources, Pennsylvania State
University). The RAPD locus names denote the supplier (letters =
Operon, only number = UBC), the primer number and the approxi-
mate marker size in base pairs.

RAPD reactions were based on the protocol of Isabel et al.
(1993) with some modifications. Amplification reactions were
performed in volumes of 13 ul containing 1 x Boehringer Mann-
heim reaction buffer, 200 uM of each dNTP (Pharmacia), 25 (or
50) uM of primer, 1 ng of DNA, and 0.5 units of Taq DNA poly-
merase (Boehringer Mannheim). For DNA amplification, a Perkin
Elmer Gene Amp PCR System 9600 was programmed for 45 cy-
cles, each consisting of a denaturating step of 15 s at 94 °C, fol-
lowed by an annealing step of 15 sat 35 °C, and an extension step
of 1 min 30 sat 72 °C. The last 25 extension steps were progres-
sively extended by 5 s per cycle, and the last cycle was followed
by 10 min at 72 °C. After amplification was completed, 10 pl of
each sample were loaded and electrophoresed on 0.5% Synergel ™
and a 1% agarose gel during 4 h at 190 V, and visualized by ethid-
ium bromide staining. Gels were photographed under UV light
with an Imager System (Canberra Packard, Ont.). The molecular-
weight marker used was a 100-bp ladder (Pharmacia).

SCAR assay

SCAR markers, derived from RAPD markers, were previously de-
veloped for genetic mapping in Picea abies (Scotti et al. 1998). In
this study, nine primers pairs were used, which resulted in positive
amplification in white spruce (Scotti et al. 1998). SCAR reactions
were based on the protocol of Paran and Michelmore (1993) with
some modifications. Amplifications were performed in a volume
of 15 pl containing 1 x reaction buffer (Boehringer Mannheim),
150 uM of each dNTP (Pharmacia), 0.2 UM of primer, 2 ng of



DNA, and 1 unit of Tag DNA polymerase (Boehringer Mann-
heim). The same PCR cycler as above was programmed for 30 cy-
cles, each consisting of a denaturating step of 1 min at 94 °C, fol-
lowed by an annealing step of 1 min at 55, 58, 62 or 67 °C [de-
pending on the marker tested, Scotti et a. (1998)], and an exten-
sion step of 2 min at 72 °C. Electrophoresis and detection condi-
tions were the same as in the RAPD assay. In al cases, PCR reac-
tions were performed at least twice in order to ensure that absence
was areal absence and not a failed reaction.

EST and EST-SSCP assays

Thirty six EST primers developed for Picea mariana (Perry and
Bousquet 1998a) and further assessed in white spruce (Perry and
Bousquet 1998b) were tested. These cDNA-based markers may be
useful for establishing anchor loci in genomic mapping. The am-
plification procedure was followed as described by Perry and
Bousquet (1998a). Electrophoresis conditions were as described
by Fournier et a. (2001). When PCR products remained mono-
morphic on an agarose gel, a more-sensitive method of detection,
SSCP (single-strand conformation polymorphism), was used ac-
cording to Fournier et a. (2001). Electrophoresis was run in
0.6 x TBE buffer at 4, 10 or 14 °C, depending on the locus tested
during 18 h at 5 mA. The gel was then silver-stained according to
the Bio-Rad manufacturer’s protocol (derived from the protocol of
Merril et a. 1981). The gels were fixed in 40% methanol for
30 min, and two times with 10% ethanol for 15 min, then with ox-
idizing for 5 min. The gels were washed three times with deion-
ized water for 5 min. Color impregnation lasted for 20 min with
silver stain (Bio-Rad). The gels were then rinsed for 1 min with
deionized water and devel oped three times with the silver stain de-
veloper (Bio-Rad) for 30 s, 5 min and 5 min. The staining reaction
was stopped with 5% acetic acid. The gels were dried during 2 h
at 60 °C.

Primer screening, segregation analysis and marker scoring

All primers were initially screened against a panel of eight mega-
gametophytes for each parent. For parent 80132, 809 RAPD prim-
ers were tested as well as 9 SCAR and 36 EST primer pairs. Of
these, 456 RAPD primers resulted in poor or null amplification
and were simply discarded, resulting in 353 operational RAPD
primers. For parent M2, the 353 operational RAPD primers as
well as the 9 SCAR and 36 EST primer pairs were also tested. All
polymorphisms with an x2 -value smaller than 3.84 (P > 0.05)
were classified as Mendelian genetic markers and used for further
linkage analysis, which involved 92 and 96 megagametophytes for
parents M2 and 80132, respectively. The RAPD and SCAR mark-
ers were scored as A for absent, B for present, and — for missing
(i.e., failed or unscorable). Only clear and reproducible fragments
were kept and markers with more than 5% missing data were |eft
out of further analyses. The ESTPs and ESTPs-SSCPs were
scored, respectively, according to Perry and Bousguet (1998a,b)
and to Fournier et al. (2001), from the bottom to the top of the
gels.

Linkage analysis

Linkage analysis was performed using: (1) MAPMAKER/EXP
V3.0 (Lander et a. 1987), (2) JOINMAP V2.0 (Stam and van
Ooijen 1995), and (3) GMENDEL V3.0 (Holloway and Knapp
1993). The Kosambi (1944) function was used to calculate genetic
distances between linked markers.

MAPMAKER V3.0
MAPMAKER does not recognize linkages for markers in repul-

sion, so the repulsion-phase linkages can be detected by analysing
re-coded data (i.e., presence re-coded to absence, and vice versa)
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together with the original data set using the F, backcross data
type. Preliminary grouping of marker loci was conducted using
the “GROUP” command (two-point analysis), with a LOD score =
4.0 and a recombination fraction 8 < 0.30 (equivalent to 37 cM)
(Kosambi function, K). Because of the double-up data set, al
identified linkage groups were also doubled up in identical pairsin
complementary linkage phases. Arbitrarily, the first of these
groups is reported. The same criteria (LOD and 6), a minimal
number of missing data (5%), and error detection off, were used to
find the orders of each group. The “COMPARE” command was
used for groups with less than eight loci. For larger linkage
groups, the three-point command was used to pre-compute the
likelihood of all three-point crosses of each groups. Then, the
“ORDER” command was used to determine a linear order using
multi-point analysis. The remaining loci in each group were then
placed with the “TRY” command and were then considered as ac-
cessory loci.

JOINMAP V2.0

The original data set (haploid population type) was analysed by
the JOINMAP software. Preliminary grouping of loci was per-
formed using the “JIMGRP” command, with a LOD score = 4.0.
Then, loci within the groups were analysed for pairwise linkages
using the “JMREC” command, employing REC and LOD thresh-
olds of 0.499 and 0.01, respectively (Jermstad et al. 1998). The
linkage groups were then ordered with the “JMMAP” command
using the following parameters: 0.1 LOD threshold, 0.49 REC
threshold, 3 jump threshold, 7 triplet threshold, and 3 ripple value.

GMENDEL V3.0

The analysis with GMENDEL used the same double-up data set as
MAPMAKER. Preliminary grouping was performed using the
“COMPUTE GROUPS" command with a minlod of 4.0 and a
maximum recombination value (rmax) of 0.30. Simulating anneal -
ing and multiple pairwise methods were used for locus ordering.
Monte Carlo simulations and bootstrap re-samplings with 500 and
250 iterations were applied to test the ordering and obtain confi-
dence intervals for the mapped positions of marker loci.

Genome length and map coverage estimations

Genome lengths, G, were estimated using the method E(G) =
2MX/K (Hulbert et a. 1988), where M is the number of informa-
tive meioses, X is the maximum observed map distance among the
locus pairs above a threshold lod, value K is the number of locus
pairs having LOD scores at or above Z. The values used for Z
were 4.0. Since all meioses were informative in the haploid map-
ping population, M = n(n-1)/2, where n is the number of loci anal-
ysed. The values of X and K were obtained from an inspection of
the list of values generated by the “LOD TABLE" function of
MAPMAKER and by the “JMREC” function of JOINMAP. The
confidence interval for G, |, (G), was calculated from the equa-
tion, 1, (G) = E(G) (1 = n, K-2)-L, where n, = 1.96 for an a of 5%
(Gerber and Rodolphe 1994). Observed genome map coverage,
Co, Was calculated from the equation Cy = Gg + X(L-R) (Bishop
et a. 1983), where G is the total cM length of the framework
map, L is the total number of linkage groups, pairs and unliked lo-
ci, and R is the number of chromosomes. This method for calcu-
lating map coverage takes into account the maximum distance, X,
of detectable linkages to unliked loci and the ends of linkage
groups, as well as the reduction in coverage, ; X, expected at the
ends of chromosomes (Nelson et al. 1994). The minimal number,
n, of randomly distributed marker loci required to cover a propor-
tion P = 95% of a genome size of K = E(G), at a maximum dis-
tance between marker loci of ¢ = 20 cM, was calculated from the
equation n = [log (1-P)/log (1-2¢/K)] 1.25 (Lange and Boehnke
1982).
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Fig. 1 Segregation of RAPD markers revealed by primer UBC-408 among an array of 23 megagametophytes of parent M2. M is the

100-pb size ladder standard (Pharmacia)

T30 ph -

Fig. 2 Segregation of ESTP markers revealed by primer SB24 among an array of 10 megagametophytes of parent 80132. M is the

100-pb size ladder standard (Gibco BRL)

Table1 All€elic variation

observed at ESTP logi in two Loci Segregation classes Observed ratio Expected ratio X? test2
P. glauca individuals (A/B) (A/B) (A/B)
Parent M 20
SB0L 1,880/1,920 42/36 39/39 0.462 ns®
B16 1,050/1,100 45/45 45/45 0.000 ns
B24 730/730-805 38/46 42142 0.76 ns
829 575/590 48140 44/44 0.727ns
B35 450/450-475 46/43 44.5/44.5 0.100 ns
SB08 (14 °C) 13/23 4546 45.5/45.5 0.01ns
SB14 (4 °C)d 12/23 38/54 46/46 2.783ns
SB21 (14 °C) 13/24 49/42 45.5/45.5 0538 ns
SB49 (4 °C)d 1213 48/44 46146 0.17ns
°C)d
a Critical value of x2 &t SB60 (14 °C) 1213 46/45 45.5/45.5 0.011 ns
P =0.05is3.84 (L df) Parent 80132¢
® Mendelian segregation B16 1,050/1,100 47/49 48/48 0.04ns
was tested with an array of SB17 640/650 36/58 47147 5155
92 megagametophytes 824 730/805 44/48 46/46 017ns
¢ Non-significant _ SB29 575/590 41/52 46.5/46.5 13ns
| ESTP-SSCP locusand migra-  580g (14 °C)d 13/23 55/41 4848 2.04ns
tion temperature SB11 (10 °C)d 13/24 42/52 47147 1.06 ns
® Mendelian segregation SB21 (14 °C)¢ 13/24 45/50 47.5/47.5 0.26 ns
was tested with an array of SB32 (10 °C)d 13/23 53/42 475/475 1.27ns
96 megagametophytes SB49 (4 °C)d 12/13 44/51 4751475 0.52ns

f Significant at P < 0.05

Results

Marker screening

For the parent M2, among 353 RAPD primers resulting in
positive amplification as well as 9 SCAR and 36 EST
primer pairs, 93 RAPD primers (211 markers) as well as
3 SCAR and 10 EST (including 5 EST-SSCP) primer
pairs resulted in polymorphic markers. The rate of poly-
morphic markers per primer or primer pair was 26%, 33%
and 28% for RAPDs, SCARs, and ESTs, respectively.
From these, 182 showed a 1:1 segregation (P < 0.05). For-
ty one (19%) of the RAPD markers did not show a Men-
delian segregation (P < 0.05). Figures 1 and 2 show exam-
ples of segregation of a RAPD and an ESTP. For the
parent 80132 and for the same primers or primer pairs,

80 RAPD primers (180 markers) as well as 1 SCAR and
9 EST (including 5 EST-SSCP) primer pairs resulted in
polymorphic markers. The rate of polymorphic markers
per primer or primer pair was 23%, 11% and 25% for
RAPDs, SCARs, and ESTs, respectively. From these, 166
showed a 1:1 segregation (P < 0.05). Twenty three (13%)
of the RAPDs and one ESTP (SB17) did not show a Men-
delian segregation (P < 0.05) (Table 1). However, the
ESTP SB17 did segregate in a 1:1 ratio at P < 0.01. Dis-
torted markers (P < 0.05) were not mapped in this study,
except ESTP marker SB17 for parent 80132 (see above).
In total, 182 and 167 polymorphic markers were used for
linkage analysis with the parents M2 and 80132, respec-
tively. Among these, there was 13 RAPD, 1 SCAR and
6 ESTP (including 3 ESTP-SSCP) markers being simulte-
neously polymorphic for both parents, but only 16 were
shared between the two maps (see below).
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Fig. 3 Linkage map of parent M2 obtained with JOINMAP. Table2 Description of the map data
Names of framework markers are indicated on the right of the
linkage groups (RAPD named according to the text, SB=ESTP MAP feature Parent M2 Parent 80132
markers, and SC=SCAR markers). Those annotated with the letter
r indicate markers in repulsion phase. Genetic distancesin cM us- MMa JMb GMe MM M GM
ing the Kosambi’s mapping function are indicated on the left of
the linkage groups. The length of each linkage group (in cM) is  Number of mapped loci 162 165 163 142 145 145
shown below the groups Number of unlinked loci 12 11 1 16 14 14
Number of linkagegroups? 23 23 23 20 19 19
Number of pairs 3 3 3 4 4 4
Number of accessory loci 32 - - 14 - -

Construction of the M2 and 80132 maps
M2 maps

The map generated by MAPMAKER, using a LOD
value = 4 and 6 < 0.30, had a total of 162 loci (with 32
accessory loci) distributed in 23 linkage groups including
six groups of three loci, while 12 loci remained unlinked
(including one ESTP and one SCAR) (Table 2). The size
of the linkage groups ranged from 9.1 cM to 176.8 cM.
The average distance between two framework loci was
15.5 cM, with 17 gaps exceeding 25 cM. Nine intervals
between two loci were larger than 30 cM. Using the same
criteria, the maps constructed by JOINMAP (Fig. 3) and
GMENDEL had atotal of 165 loci distributed in 23 link-
age groups, including six groups of three loci, while 11
loci remained unlinked. With JOINMAR, the size of link-
age groups ranged from 9.4 cM to 181.6 cM. The average
framework locus spacing was 9.5 cM, with ten gaps ex-

aMAPMAKER; P JOINMAP; ¢ GMENDEL

d Number of linkage groups of three and more loci, assuming
a minimum LOD score = 4.0 and a frequency of recombination
0<0.30

ceeding 20 cM. Only four intervals between two loci
were larger than 25 cM. The unlinked loci were the same
between the three softwares, except for one RAPD locus
(AB04-1200). The ESTP loci were randomly distributed
over the genome, with the nine ESTP loci being distribut-
ed on six different linkage groups. The two SCAR loci
were on two different linkage groups.

80312 maps

The map generated by MAPMAKER (LOD = 4, 6< 0.30)
had atotal of 142 loci (with 14 accessory loci) distributed
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Fig. 4 Linkage map of parent 80132 obtained with JOINMAP.  Table3 Shared loci between RAPD SCAR  ESTP
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AB04-1350
. . . . . AB20-550
in 20 linkage groups including four groups of three loci, AF09-1450
while 16 loci remained unlinked (including two ESTP J12-840
loci) (Table 2). The size of the linkage groups ranged Z11-720

from 13.8 cM to 247.5 cM. The average distance between
two framework loci was 13.9 cM, with ten gaps exceed-
ing 25 cM. Three intervals between two loci were larger
than 30 cM. Using the same criteria, the maps con-
structed by JOINMAP (Fig. 4) and GMENDEL had a to-
tal of 145 loci distributed in 19 linkage groups, including
one group of three loci, and 14 loci remained unlinked
(including one ESTP). The unlinked loci were the same
between the three softwares, but there were two more
unlinked loci with MAPMAKER. The eight ESTP loci
were distributed on seven different linkage groups. With
JOINMAP, the size of the linkage groups ranged from
17.7 cM to 214.9 cM. The average framework locus spac-
ing was 10.0 cM, with 12 gaps exceeding 20 cM. Only
six intervals between two loci were larger than 25 cM.
Out of 20 markers being polymorphic simultaneously
for both parents, there were 16 loci (11 RAPD,, 1 SCAR

aESTP-SSCP locus (14 °C)

and 4 ESTP,, including 1 ESTP-SSCP) shared between
the two maps (Table 3). The difference between the
number of shared polymorphic markers and the number
of shared loci is explained by the number of unlinked lo-
ci (four). These results implicate that 44% of the mapped
ESTP loci and 9% of the mapped RAPD loci were
shared between the two individual maps. Figure 5 shows
six of these shared loci.

Genome length and map coverage

Using MAPMAKER, the estimated genome length for
the M2 map was E(G) = 2,744 cM and for the 80132
map, E(G) = 3,072 cM (Table 4). Using JOINMAP, the



993

Fig. 5 Threelinkage groups 80132 M2 80132
of the M2 and 80132 maps 470790 3_ 6 5 ABn-1550 684760 ——
obtained with JOINMAP 217750 1 3¢ M2 139 RI7-1100 L (7
which have common markers. ACDI-910 —— L, L Hor1000r U08-350r
Markers in common between 134 106 180
maps are indicated with bold M2 M09-2100r —— 17.3 o3 T SBOIr S i
lines 63 29— N20-1250r T 217-800 sB2o——
—T 327-1600 241380 —_ 7T Q19-680 132 | s
[ E. 40816001 162 262 T 5329/‘}%228;—— 2(3)
SO = 80 1 s — s rrom— ©
22.6 14.1 115
31330 —— T ADo6-10s0r 153 405-1000 —— 3
s o 439-24000 81350 102 —— J04-1000r Wos-6601 5
== 217700 KO1-650r —— 186 143 3241400 ==
ii | ABIS-1000 43924000 —|— &4 o5 T sB2Ir R 4835007 —
L ];;J()ﬁ;(}((])() snsior L 02 AB13-600r 816 M 80.7 M
. 681-850 19.9
15.7 20.7
X —1— AB20-600r
" 6__ CO%-1900r 560-760r —— 88 L 297400 801932
—— 408-1600 167 ;2 —~ ABOI-1150r 309-600 =
855 M 6925508 —— T 4521350 4071050
306-550 —— 33 13 439-580 ——
U09-740 | 49 _L_ AC14-900 144
211-890 103 ;g T $B 1 " SBI6 —1—
890 —— 7 AF09-143 560-905
1415 M S~ AR 1450
17.3 6.0
530-650 ——
5 T AF06-500r 123
I 550-1350r ——
237 533cM
- AD02-500
181.6 cM
Table 4 Estimations of genome length and map coverage2
Parent Software E(G), (K; X) Co % lq (G) Expected number of
(cM) (cM) Coverage loci required for near
saturation
M2 MAPMAKER 2,743.7 (377; 31.4) 2,476.5 90.3 (2,492-3,052) 254
JOINMAP 2,363.3 (396; 28.4) 2,059.4 87.1 (2,151-2,622) 220
80132 MAPMAKER 3,071.6 (287; 31.8) 2,330.2 75.9 (2,753-3,473) 286
JOINMAP 2,705.6(304; 29.7) 2,006.6 74.2 (2,432-3,048) 251

aAbbreviations used: E(G), genome length; K, the number of
locus pairs having LOD values at or above 4; X, the maximum ob-
served map distance among the locus pairs above a threshold lod;

estimated genome length was smaller: 2,363 cM and
2,706 cM for the M2 and 80132 maps, respectively. For
the maps constructed with MAPMAKER, the observed
genome map coverage, Co, was 2,477 cM for the M2
map and 2,330 cM for the 80132 map. For the two maps
constructed with JOINMAP, C, was 2,059 cM and
2,007 cM for the M2 and 80132 maps, respectively.
The M2 map covered between 87 and 90% of the total
genetic distance, according to the different softwares
(Table 4). The map of 80132 covered between 74 and
76% of the total genetic distance, depending on the soft-
ware used (Table 4). This indicates that the mapped loci
did not provide a full coverage of the white spruce ge-
nome, and the number of linkage groups did not corre-
spond to the number of haploid chromosomes (n = 12).
The expected number of loci required to achieve near
saturation was between 220 and 254 for M2 and between

C,, the observed genome map coverage; |, (G), the confidence
interval for G; cM, centimorgan

251 and 286 for 80132, depending on the software used
(Table 4).

Discussion

From the analysis of haploid megagametophyte DNA ar-
rays, the proportion of RAPD primers revealing poly-
morphisms was 26% and 23% for the parents M2 and
80132, respectively. The average proportion of 24%
RAPD primers revealing polymorphismsis slightly high-
er than results obtained in other conifer genome-map-
ping studies using RAPDs, such as 19% in Pseudotsuga
menziesii (Krutovskii et al. 1998), 16% for Pinus elliottii
(Nelson et a. 1993) and 19.6% for Pinus pinastes
(Plomion et al. 1995). However, if primers rejected at the
preliminary stage for poor or null amplification are taken
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into account (456 primers rejected, see Materials and
Methods), the rate of primers revealing polymorphisms
drops to 12% and 10% for the parents M2 and 80132, re-
spectively. The proportion of EST primer pairs revealing
ESTPs was 28% and 25% for each of the parents M2 and
80132. In Pinus taeda, Temesgen et a. (2001) have re-
ported a rate of 50 and 70% of ESTs revealing ESTPs for
two cDNA banks. They used three methods to reveal
polymorphisms: agarose gels, SSCP and DGGE (dena-
turing gradient gel-electrophoresis). The third method re-
vealed more DNA polymorphisms than the other two
methods, which would explain their higher success rate,
on average, than that observed in the current study where
only agarose gels and SSCP were used to reveal ESTPs.
For SCAR primer pairs, such comparisons of efficiency
are difficult to conduct due to the paucity of datain other
species. If we consider the average rate of polymorphism
per map reveaed for each type of marker, RAPD 24%,
SCAR 22% and EST 26%, these values are just about
in the same range with the detection methods used in
this study. Similar rates of polymorphism per primer or
primer pair were reported in P. mariana for RAPDs
(Isabel et al. 1995) and ESTs (Perry and Bousguet
1998a).

Of the 223 polymorphic markers analysed for the par-
ent M2, 41 (19.4%, all of which were RAPDSs) did not ex-
hibit the expected 1:1 segregation ratio. For the parent
80132, 12.8% (al of which were RAPDs but with one
ESTP) did not exhibit the expected 1:1 ratio. These rates
of rejection are higher than those reported for RAPD
markersin P. eliottii. (10%) (Nelson et a. 1993), P. abies
(2.8%) (Skov and Wellendorf 1998), Pinus pinaster
(1.3%) (Plomion et al. 1995), and Pinus strobus (3%o)
(Echt and Nelson 1997). However, our rejection rates are
similar to those for RAPD markersin P. menziesii (18%)
(Krutovskii et a. 1998) and lower than those obtained for
white spruce by Tulsieram et al. (1992). Segregation dis-
tortion of RAPD fragments could result from comigration
of fragments coded by multiple loci, competition among
annealing sites for reaction components, or other non-bio-
logical causes (Krutovskii et a. 1998). Distorted markers
were not mapped in this study, but there is no consensus
among researchers as to whether markers showing segre-
gation distortion should be used in linkage studies.

In general, the LOD values used in conifer mapping
studies vary from 3.0 to 5.0. In this study, the number of
linkage groups with three or more loci was the same with
aLOD value of 3.5 or 4.0 for the parent M2, using three
different softwares. For the parent 80132, the number of
groups was slightly different with a LOD value of 3.5 or
4.0. Since the number of groups was basically the same
with a LOD value of 3.5 or 4.0, we chose 4.0 as a more
severe threshold value for the rest of the analyses, and
kept the same criterion for the ordering step. About 7%
and 10% of the loci remained unlinked on maps M2 and
80132, respectively, after the grouping step. After the
ordering step, there was 20% and 10% of the loci not
ordered for maps M2 and 80132, respectively. Our re-
sults are similar to those found in larch by Arcade et al.

(2000). In P. elliottii, Nelson et al. (1993) found about
42% of unlinked loci and 21.6% of accessory loci. If we
were to decrease the LOD value and increase the recom-
bination fraction, we would have obtained less unlinked
and unordered loci.

In Picea, the number of chromosomes per haploid ge-
nome is 12. In this study, we found 17 major linkage
groups, plus six triplets of loci for the map M2 and 17
major linkage groups, plus three triplets of loci, for the
map 80132. The failure to obtain the basic number of
chromosomes has also been reported for other tree spe-
cies (e.g., Binelli and Bucci 1994 in P. abies; De Simone
et a. 1997 in Cichorium intybus; Travis et al. 1998 in
Pinus edulis;, Krutovskii et a. 1998 in P. menziesii;
Arcade et al. 2000 in larch; Wu et al. 2000 in Populus
deltoides). In each of these studies, and in our study, a
large number of RAPD markers were used but only a
few markers of other types, such that the lack of poly-
morphic markers in particular chromosomal regions may
be attributable either to the marker system used and/or to
the presence of large homozygous regions in the spruce
genome. Further analyses involving an increase in the
type and the number of markers used will be needed in
order to fill-in gaps.

In the only other map estimated for P. glauca,
which was estimated with MAPMAKER and entirely
composed of RAPD markers (Tulsieram et al. 1992),
12 linkage groups were found using 61 loci on a panel
of 47 megagametophytes, with an average inter-locus
distance of 23.5 cM. The total genetic distance covered
was 873.8 cM, approximately 1/3 of the genome. Our
maps showed an improved coverage of the genome,
with 90 and 76% (using MAPMAKER) of the genome
covered with an average inter-locus distance of 15.5
and 13.9 cM, respectively, for each of the M2 and
80132 maps. However, the main objective of the
Tulsieram’s (1992) study was to assess the utility of
RAPD markers for genetic mapping using haploid
DNA while our main objective was to estimate two indi-
viduals maps.

Based on the haploid DNA content, it is estimated
that the average conifer genome size is about 2,500 cM
(Neale and Williams 1991). Our maps (using JOINMAP)
had an observed genome map coverage (Cp) between
2,006.6 cM and 2,476.5 cM, and they covered between
74.2 and 90.3% of the genome, respectively, for 80132
and M2. The length of the genome of P. glauca appears
to fall in the range of the total genetic distances estimat-
ed in conifer mapping: 3,584 cM in P. abies (Binelli and
Bucci 1994), 2,198 cM in P. abies (Paglia et al. 1998),
1380 cM in P. pinaster (Plomion et a. 1995), 1,204 cM
in P. strobus (Echt and Nelson 1997), 2,012 cM in
P. edulis (Travis et a. 1998), 2,020 and 2,421 cM in
Larix decidua and Larix kaempferi, respectively (Arcade
et al. 2000).

Our estimates of genome length [E(G)], 2,363 to
3,071 cM, are aso in agreement with previous conifer
mapping studies: 2,839 cM in P. abies (Paglia et al.
1998), 2,071 cM in P. strobus (Echt and Nelson 1997),



2,390 cM in P. edulis (Travis et a. 1998), 2,537 and
2,997 cM in L. decidua and L. kaempferi, respectively
(Arcade et al. 2000). Some of the differences in genome
length between studies can be accounted for by the dif-
ferent methods used for map construction, types of
markers, number of individuals, number of markers, fre-
guency of recombination and LOD values, and the soft-
ware employed. Another significant issue that hampers
all aspects of map development is the experimental error
derived from misscored individuals or contamination.
Such errors tend to inflate the number of apparent re-
combinants and expand map distance, which is especial-
ly severe when markers are tightly linked (Wu et al.
2000).

Despite a low average distance between adjacent loci
(between 13.9 and 15.5 cM) and the high percentage of
genome coverage, based on a comparison of observed
and predicted total map sizes (between 74 and 90%),
there were many inter-locus intervals larger than 20 cM.
Assuming a random distribution of loci, we would ex-
pect to achieve near saturation with 220 loci for map M2
and 251 loci for map 80132, using JOINMAP. Thus,
about 55 loci should be added on map M2 and 106 loci
on map 80132 to obtain saturated maps.

The few mapped ESTP loci were widely distributed
along the estimated maps. Also, the percentage of shared
loci between the maps M2 and 80132 was higher for
ESTPs than for RAPDs (44% versus 9%). The difference
is even greater if one considers that RAPD amplification
products of the same size from different parental back-
grounds may not represent the same locus in al cases
since no sequencing was performed to ascertain marker-
locus homology. In addition, the ESTP markers resolved
were codominant, locus specific, easy to use, with a pro-
portion of polymorphism slightly higher per EST primer
pair than per RAPD primer. Hence, the development of
additional ESTP markers appear well supported, espe-
cialy if one wants to construct concensus maps. ESTPs
are also markers for coding regions, thus they can assist
in locating candidate genes on current maps. The devel-
opment of additional ESTPs and candidate ESTSs is in
progress (Temesgen et al. 2001 for pines; Neale, Devey,
Isabel, Plomion, Richardson, Sederoff and Wheeler for
the Conifer Comparative Genomics Project, CCGP).
Also, because of their informativeness across pedigrees
or populations, ESTP markers should be most useful for
marker-assisted breeding and selection programs. Unlike
many other markers commonly used in forestry, ESTPs
can be used as orthologous markers for comparative
mapping, to map genes of known function, or to identify
candidate genes affecting important traits (Temesgen et
al. 2001). Until sufficient numbers of ESTPs, or similar-
ly informative markers, are available for constructing
full-coverage genome maps, framework maps built from
anonymous markers, such as RAPDs, can be used to
construct maps rapidly. Once a full coverage P. glauca
ESTP framework map is constructed, it should be useful
for comparative mapping and breeding applications
within and among Picea species.
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The results obtained with the three different soft-
wares were almost similar: the number of linkage
groups and the ordering was almost the same. The main
difference was at the level of the estimated genome
length. The genome length and the observed genome
map coverage were larger with MAPMAKER than with
JOINMAP. Such a difference was also reported in bar-
ley and was attributed to how each program calculates
map distance when the actual interference differs from
that assumed (Qi et al. 1996). Jermstad et al. (1998) in
P. menziesii and Sewell et al. (1999) in P. taeda also
observed such a difference. JOINMAP accepts haploid
data unlike MAPMAKER and GMENDEL where data
have to be re-coded. Double cross-overs and possibly
misscored individuals or loci can be identified by the
command“ERROR DETECTION” in the MAPMAKER
software, but it appears that this command has to be
used carefully. When the error detection option is on,
the software rectifies some data to facilitate the analys-
es, but it is preferable to check the supposed errors with
the command “GENOTYPE” and to score again the data
entry. If the software corrects some false errors, this will
result in differences in group ordering and in genome
length. GMENDEL does not estimate the genome length
and the genome map coverage in cM, which is an obvi-
ous disadvantage. On the other hand, GMENDEL ap-
pears to be a reliable software to validate or compare
the results obtained with other methods because it esti-
mates error statistics that other softwares do not esti-
mate, using Monte Carlo simulations or bootstrap re-
sampling.

Our results show that white spruce has a rather large
and complex genome, and that a large number of marker
loci will be needed before comprehensive QTL and
marker-aided selection projects take place successfully
in this species. The construction of the current maps
showed that dominant RAPD markers could be used to
rapidly construct individual linkage maps, but some oth-
er types of markers, such as co-dominant ESTPs, will
become increasingly important for consensus mapping
and to further detect associations between candidate
genes and quantitative traits or known metabolic func-
tions. Collaborative efforts are currently underway to in-
tegrate genome maps and genetic markers in conifers
(Conifer Comparative Genomics Project).
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