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The "RAPD-megagametophyte" approach: an efficient technique 
for genetic analysis In conifer species 

Plomion C, Bahrman N, Kremer A 

INRA, station de Recherches Forestieres, BP45, 3361 o Cestas, France 

Most genetic analysis in plants and animals has been carried out with codominant markers. 
These types of markers are common in isozymes, RFLPs and many PCR based markers. RAPD markers 
are dominant and therefore are usually not informative when it is necessary to distinguish heterozygotes 
from homozygotes. This property has caused many geneticists to avoid RAPD markers. However, during 
the past four years, genetic analysis with RAPDs has been tremendously enhanced in gymnosperms 
species. This development is due to a special feature of the reproductive biology of conifers: the haploid 
megagametophyte tissue in the seeds. Megagametophytes are mitotic derivatives of a single haploid 
megaspore and are derived from the same megaspore that gives rise to the maternal gamete. Therefore 
they are genetically equivalent to maternal gametes. 

We investigated the use of RAPD markers to construct a genetic map in maritime pine (Pinus 
pinaster ATt.) by analyzing their segregations in 124 megagametophytes of F2 selfed seeds from a 
single hybrid individual (Piomion eta/. 1995a; 1995b). The dominance mode of inheritance was not an 
issue for genetic mapping, because informative RAPD markers segregated 1 :1 as in a backcross 
progeny. We carefully screened for RAPD polymophisms that were repeatable across four replicate sets 
of 31 independent megagametophytes. A total of 436 RAPD markers chosen on the basis of 
repeatability, generated a saturated map of the maritime pine genome. These markers segregating in 
megagametophytes could be also detected in the diploid tissue of both the F1 individual and its two 
parents, as well as in the F2 progeny. They should be valuable genetic markers for future mapping 
studies (e.g., QTL analysis in the same pedigree) provided that care is taken to use identical conditions 
for carrying out the PCR protocols. 

RAPD markers provided a fast, efficient and reliable way to construct this map over a period of 6 
months. The advantages of the RAPD technique are the requirement for small amount of DNA (5-20ng 
per PCR), the rapidity to screen for polymorphisms, the efficiency to generate a large number of markers 
for genomic mapping and the potential automation of the technique. In addition, no prior knowledge of 
sequence is required. Since primers can be chosen arbitrarily, any individual can be mapped with the 
same set of primers. These advantages make RAPD markers far easier to work with than RFLP's and 
thus very attractive for breeding application. Therefore, one large impact of the RAPD technique has 
been to increase the species amenable to mapping activities. It is particular1y true in forest trees where 
genetic map has been constructed in slash pine, loblolly pine, white spruce, norway spruce, scots pine 
and douglas-fire. 

In the large genome of maritime pine (24 pg/C), we showed that RAPD markers essentially 
amplified from highly repetitive chromosomal regions that is mostly non coding DNA. The next step of our 
research is to localize new molecular markers corresponding to coding sequences in the existing 
"RAPD-megagametophytes-based" map. As an begining, 44 protein loci revealed by two dimensional gel 
electrophoresis have been incorporated in the map. 

References: 
*Piomion C, O'Malley OM, Durer C-E (1995a) Genomic analysis in maritime pine (Pinus pinaster). 
Comparison of two RAPD maps using selfed and open-pollinated seeds of the same individual. 
7heorApp/Genet9~ 1028-1034 
*Piomion C, Bahrman N, Durel C-E, O'Malley OM (1995b) Genomic mapping in Pinus pinaster(Maritime 
pine) using RAPD and protein markers. Heredity 74,661-668 
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Genomic mapping in Pinus pinaster (maritime 
pine) using RAPD and protein markers 

C. PLOMIONtt*, N. BAHRMANt, C.-E. DUREL t & D. M. O'MALLEYt 
tiNRA, Laboratoire de Gimetique et Amelioration des arbres forestiers, BP45, F-33610 Cestas, France andtForest 

Biotechnology Group, Department of Forestry, North Carolina State University, Box BOOB Raleigh, NC 27695, U.S.A. 

A detailed genomic map was constructed for one F 1 individual of maritime pine, using randomly 
amplified polymorphic DNA (RAPD) and protein markers scored on megagametophytes of 
germinated seeds. Proteins allowed the localization of exclusively coding DNA in the large genome 
of this Pinus species, mapped with RAPD markers that essentially fall within repetitive (i.e. mostly 
noncoding) DNA. Dot blots experiments of 53 RAPD fragments showed that 89 per cent 
amplified from highly repetitive chromosomal regions. The map comprised 463 loci, including 436 
RAPDs amplified from 142 10-mer oligonucleotide primers and 27 protein loci. Twelve major and 
one minor linkage groups were identified using a LOD score ~ 5 and a recombination fraction 
8:::;;0.30. A framework map was ordered with an interval support ~4, covering 1860 eM which 
provided almost complete coverage of the maritime pine genome. The average distance between 
two framework markers was 8.3 eM; only one interval was larger than 30 eM. Protein loci were well 
distributed throughout the map. Their potential use as anchor points to join RAPD-based maps is 
discussed. Finally, the genomic maps of Arabidopsis and maritime pine were compared. Linkage 
groups were shown to have similar total map lengths on a chromosomal basis, despite a 57-fold 
difference in DNA content. 

Keywords: 2-D electrophoresis, linkage map, Pinus pinaster, protein, RAPDs. 

Introduction 

The first linkage studies of Pinus were based on 
segregation of isozymes extracted from megagameto­
phytes. More than 10 species were studied for about 
15 loci (reviewed by Tulsieram et a/., 1992). Conkle 
( 1981) located more loci but the number of markers 
that were resolved and analysed was still too low for 
applications that required a broader genome coverage 
(e.g. quantitative trait dissection studies). Two­
dimensional electrophoresis (2D-PAGE) of mega­
gametophyte proteins identified a larger number of 
loci. Bahrman & Damerval (1989) reported linkage 
analysis for 119 loci and Gerber et a/. ( 199 3) reported 
a 65 loci linkage map covering 530 eM of the maritime 
pine genome. Both isozymes and proteins correspond 
to coding DNA. Devey eta/. (1994} presented linkage 
groups in loblolly pine for 80 RFLPs detected using 
eDNA probes. RFLPs typically sample genetic 
variation in coding regions or directly adjacent to 
coding regions of the genome, and use low copy 

*Correspondence: INRA, Laboratoire de Genetique et Ameliora­
tion des arbres forestiers, BP45, F-3360 Cestas, France. 
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probes. The RAPD method (Williams et a/., 1990) 
permits identification of a large number of poly­
morphic DNA markers distributed throughout the 
genome, including both coding and noncoding regions 
(Williams et a/., 1990). RAPDs have been used for 
genomic mapping in several conifer species (Neale & 
Sederoff, 1991; Tulsieram eta/., 1992; Nelson eta/., 
1993; Binelli & Bucci, 1994}. Pinus species have a 
large genome (Ohri & Khoshoo, 1986; Wakamiya et 
a/., 1993) characterized by a high proportion of repeti­
tive DNA (Miksche & Hotta, 1973; Rake eta/., 1980; 
Kriebel, 1985). Therefore, RAPDs and markers that 
are based on coding sequences could provide different 
coverage of the genome in pine. 

Each type of marker has advantages and limitations 
and many factors can influence choice of marker 
systems for a given purpose. Marker based techno­
logies are being used for linkage map construction, 
quantitative traits dissection experiments, germplasm 
evaluation, genetic fingerprinting and manipulation of 
genes. Genomic maps can also be used to locate and 
clone genes of interest. In addition, they may provide 
information for understanding genome structure and 
evolution (Neale & Williams, 1991}. RFLP methods 
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are well suited for species maps because the same 
hybridization probes can be used in comparisons 
among species. Ahuja et a/. ( 1994) showed that 
mapped DNA probes from loblolly pine can be used to 
construct RFLP maps for other members of Pinaceae, 
thus presenting an opportunity to compare the genome 
in related pine species. Forest trees exhibit generally 
high levels of genetic diversity and are highly out­
crossed. As a result, linkage disequilibrium should be 
low. Thus, alleles at quantitative trait loci ( QTLs) and 
alleles at marker loci should be randomly associated in 
different genotypes (Strauss eta/., 1992). Therefore the 
ability to create maps for individual trees, and to assess 
marker genotypes on hundreds of progenies, is essen­
tial for breeding experiments that aim to use marker­
assisted selection. The RAPD technology appears to 
be well suited for developing single-tree maps. The 
major advantage of this technique is the rapidity of 
screening for polymorphisms, the identification of a 
large number of markers and its potential automation 
(Sobral & Honeycutt, 1993). However, synteny of 
linkage groups with other species could be difficult to 
established with RAPD markers, as noticed by Torres 
eta/. ( 1993). 

We located 2-D protein polymorphisms that repre­
sent coding DNA on a RAPD-based framework map 
of maritime pine (Pinus pinaster Ait., 2x = 2 n = 24 ). 
Protein markers were used because (i) they only reveal 
gene products, (ii) they have been well studied in that 
species, and (iii) they provide interesting tools, as 
candidate genes, for genetic dissection of vigour and 
adaptative traits in the frame of the maritime pine 
breeding programme. The objectives of this contribu­
tion are threefold: (i) genetic map construction based 
on markers of coding and noncoding chromosomal 
regions, (ii) estimation of genome size of maritime pine, 
and (iii) characterization of RAPD fragments' internal 
sequences for copy number in the genome. The map 
and markers will be used for QTL mapping of height 
growth and adaptative traits in an F2 progeny of the 
mapped tree. 

Materials and methods 

Plant material 

The material used was 124 megagametophytes from 
seeds of one inter-racial hybrid (parent F1: 

Corsican x Landes) of maritime pine. Individual mega­
gametophytes were harvested after 2 weeks of germi­
nation. Each megagametophyte was cut in two parts, 
with one-quarter freeze-dried for RAPD assay, and 
three-quarters stored at - sooc and devoted to protein 
analysis. 

DNA extraction and RAPD procedure 

DNA samples were prepared from needles of the 
Corsican and Landes grandparents (accessions C10 
and L146, respectively), and the F1 hybrid parent 
(accession H12), as well as from the megagame­
tophytes from H12. DNA was extracted using the 
CTAB procedure described by Bousquet eta/. ( 1990 ). 
The DNA extracted from needle samples was purified 
by centrifugation in a CsCl-ethidium bromide density 
gradient. The pine DNA was diluted to a working 
concentration of approximately 1 ng/ ,uL, by 
comparison with the fluorescence of lambda DNA 
concentration standards on ethidium bromide-stained 
agarose gel. RAPD reactions were performed using 
the method of Williams et a!. ( 1990) with 5-l 0 ng 
template; 20 ng of ten-base primers from Operon 
Technologies (Alameda. CA), kits A-Z; 8 ,ug/ ,uL 
non-acetylated bovine serum albumin and 1 unit of 
Taq DNA polymerase. The mixture was covered with 
50 ,uL of mineral oil and amplifications were carried 
out in 96-well microtitre plates using an MJ Research 
PT-1 00 thermal cycler (MJ Research, Watertown, 
MA ). Amplification products were separated by 
electrophoresis on 2 per cent agarose gels, detected by 
staining with ethidium bromide, and the gels were 
photographed. RAPD fragments were sampled from 
the agarose gel by stabbing the fluorescing band with a 
pipette tip and rinsing the tip into 100 ,uL of 20 per 
cent TE buffer ( 10 mM Tris-HCI, 0.2 mM EDTA), and 
were stored at - 20oC until required for reamplifica­
tion. 

Characterization of genomic sequence complexity of 
RAPD markers 

To characterize the copy number of RAPDs internal 
sequences, 53 RAPD fragments were labelled and 
used as non-radioactive probes on dot blots {strip blots 
with four dots containing 20 ,ug, 2 ,ug and 0.2 ,ug of 
pine DNA and 20 ,ug of herring sperm DNA as a nega­
tive control), as described by Grattapaglia & Sederoff 
( 1994). 

Protein extraction and electrophoresis 

A sample of 34 megagametophytes was individually 
crushed in 6,uL/mg UKS buffer (9.5 M urea, 5 mM 

K2C03, 1.25 per cent SDS, 0.5 per cent dithiothreitol, 
2 per cent pharmalyte pH 3-10 and 6 per cent Triton 
X -100 ). Thirty-five microlitres of the supernatant was 
submitted to electrofocusing in the first dimension, 
followed by a second dimension electrophoresis 
(Bahrman & Thiellement, 1987). The gels were silver­
stained according to Damerval et a!. (1987) in the 

© The Genetical Society of Great Britain, Heredity, 7 4. 661-668. 



BMT/3/12 
page 5 

359 

apparatus described by Granier & de Vienne (1986) 
and dried. 

Scoring and nomenclature of RAPD and protein 
markers 

Segregation of RAPD markers was recorded in four 
sets of 31 different megagametophytes from H12. 
DNA extraction, reaction mixture preparations, gel 
analysis and genotype scoring were performed inde­
pendently for each set. This replicated design provided 
a control that aimed to retain RAPD markers that 
amplified consistently in the studied population. 
RAPD fragments were named by the OPERON primer 
code, followed by their molecular size in base pairs. 
Because protein analysis requires elaborate laboratory 
techniques, protein markers were recorded for only 34 
randomly chosen megagametophytes among the map­
ping sample of 124 megagametophytes. The dried gels 
were visually scored on an illuminated box by super­
imposition. Three kinds of variations were scored in 
2-D protein patterns: position (V), presence/absence 
(P) and staining intensity (I) variations. The name of 
each marker included the grandparental origin (' +' 
denoted markers inherited from the Corsican grand­
parent, · - ' denoted markers inherited from the Landes 
grandparent). 

Linkage analysis 

A total of 463 genetic markers were tested for 
departure from the 1:1 Mendelian ratio of 
presence:absence of band. The linkage relationships of 
the markers were analysed with the Macintosh 
MAPMAKER v2.0 computer program (Lander et a/., 
1987). Markers were considered to be linked when 
their LOD score was ~ 5.0 and recombination fraction 
e ~ 0.30. A subset of markers that could be ordered 
with an interval support ~ 4 (i.e. difference in log likeli­
hood between the best and alternative orders ~ 4 ), 
provided a framework map. Accessory markers that 
could not meet this ordering criterion were located to 
the closest framework markers. Recombination 
distances of accessory markers to the nearest 
framework markers were incorporated in the marker 
names. Recombination fractions were converted to 
map distances using Kosambi's mapping function. 

Results 

Identification of polymorphic markers 

We scored 35 protein markers in 2-D protein patterns 
obtained from germinated megagametophytes. Twenty 
spots belonging to 10 polypeptides corresponded to 

INTEGRATED RAPD-PROTEIN MAP OF MARITIME PINE 663 

allelic products of structural genes varying in position, 
22 spots concerned presence/absence variations and 
three spots involved staining intensity variations (see 
Bahrman & Damerval, 1989; Gerber eta/., 1993, for 
genetic analysis of each variation). They all segregated 
in a Mendelian fashion (a=0.01). From 520 
OPERON primers screened for polymorphisms, 142 
showed amplification and segregating RAPD markers 
present in one grandparent as well as in the hybrid 
parent and absent in the other grandparent. Out of the 
142 primers, 113 and 29 were used to produce RAPD 
markers on four and two replicates of 31 megagameto­
phytes, respectively. Segregation of 4 70 RAPD 
markers was scored in the whole experiment (Fig. 1 ). A 
total of 437 RAPDs were repeatable among the map­
ping replications. On average, one primer produced 
three polymorphic RAPD fragments. Fragment sizes 
ranged from 194 to 2627 base pairs. They all con­
formed to Mendelian segregation (a = 0.01 ). The 
nonreproducible RAPD bands were discarded from 
further analysis. They were typically very faint, and 
often had a molecular weight > 2000 bp or < 200 bp. 

Construction of the genomic map 

Grouping and initial ordering of markers were carried 
out at LOD ~ 5.0 and 9S0.30. Out of 471 markers 
(436 RAPDs and 35 proteins), 4,63 loci (436 RAPDs 
and 27 proteins) were assigned to 13 linkage groups. 
Eight of the protein markers were not linked to any 
other locus when lowering the statistical stringency. 
However, lowering the LOD score to 3.0 and keeping 
9 to 0.30 would result in the merging of linkage group 
1 and 13 as indicated by a faint line between markers 
R10_767/- and 018_1207/+ (Fig. 2). Few addi­
tional mapped markers would be needed to fill the gap 
between these two groups. Local mapping based tech­
niques (Reiter eta/., 1992) should facilitate this objec­
tive. The number of major groups corresponded to the 
12 expected based on the known karyotype of mari­
time pine (Saylor, 1964). 

A framework map was established using the RIPPLE 

command, to identify a subset of loci that could be 
locally ordered with an interval support ~ 4. Approxi­
mately 53 per cent of the markers were placed on the 
framework map defining a total of 244 loci and 1860 
eM of map distance. The size of linkage groups ranged 
from 177.9 eM to 16.6 eM. The average distance 
between two framework markers was 8.3 eM, with only 
a few gaps exceeding 20 eM. Only one interval between 
two markers located in linkage group 5 was larger than 
30 eM. However, the LOD score for this interval was 
above the threshold 5. The majority of the intervals ( 72 
per cent) were < 10 eM. Most of the accessory markers 
were placed within 5 eM of the nearest framework 
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Fig. 1 Segregation ofRAPD markers. The first lane is a molecular weight size standard (stars from the top correspond to 1636, 
1018,510 and 396 base pairs). Other lanes show the separation of five RAPD fragments amplified from 31 genomic DNA 
samples, using primer 116. Segregating RAPD markers are indicated by arrows (arrows from the top correspond to RAPD 
markers116_1118/ +, 116_1056/ +, 116_965/-, 116_643/ +, 116_479/- ). 

marker. The limited number of megagametophytes did 
not allow a precise estimate of the recombination 
distances and ordering of tightly linked markers. In a 
sample of 62 or 124 megagametophytes, approxi­
mately 95 per cent of the gametes will show no recom­
bination in a 5 eM interval and provide no information 
on order. Assuming the same error rate in genotyping, 
we also observed that the number of accessory RAPD 
markers placed at distances 6 eM from the nearest 
framework marker was not much higher for 62 (two 
sets of 31 megagametophytes) than for 124 mega­
gametophytes (four sets): 22 per cent and 18 per cent 
amplified from samples of 62 and 124 megagameto­
phytes, respectively. Thus, there was little increase in 
precision on the relative position of accessory markers 
when genotyping 124 individuals instead of 62. 

Assuming that the order of framework markers was 
correct, we used the SHOW RAW command to identify 
double recombinants that involved flanking loci. True 
double recombination events should be rare, and an 
excess of double recombination could indicate poten­
tial scoring errors. Double crossovers were systema­
ticaly re-examined on gel photos. When dubious data 
points were found they were treated as missing data. 
Then the ordering analysis was performed again. 
Errors in genotyping were mostly from weak amplifica­
tion of a specific band, smearing problems or artefacts 
from the loading of wells in the gel. This data quality 
control, in combination with the framework map con-

struction procedure, should provide a high confidence 
for map length and loci order. 

The 2 7 mapped protein loci were well distributed 
throughout the genomic map (Fig. 2). A total of four, 
three, two and one protein loci were mapped in two, 
two, five and three linkage groups, respectively. The 
three types of proteins (see Materials and methods) 
were represented on the map. Protein loci were gena­
typed on only 34 megagametophytes, which did not 
allow a precise estimation of two-point recombination 
fractions. This could explain the high proportion of 
unlinked protein markers (23 per cent) and the fact 
that almost all proteins could not meet the local order 
criterion used for framework map construction (inter­
val support ~ 4 ). Therefore, most protein loci were 
placed as accessory markers. 

Copy number of RAPD fragments 

Out of 53 RAPD fragments, 11 per cent did not show 
detectable hybridization or gave a faint signal in the 20 
1-lg dilution. They were classified as amplifying from 
low-copy to moderately repetitive chromosomal 
regions (Fig. 3a,b). Twenty per cent gave a signal in the 
20 ~-tg and 2 ~-tg dilutions and were classified as ampli­
fying from highly repeated regions (Fig. 3c); 69 per 
cent gave a signal in all dilutions and were classified as 
amplifying from very highly repeated regions (Fig. 
3d,e). So, 89 per cent of the RAPD fragments were 

© The Genetical Society of Great Britain. Heredity, 7 4, 661-668. 



@ 

'""'l g-
Cl 
tt 

ii 
~­
a 
en 
g 
r;· 
-< 
g, 
Cl 
n: 
~ 
Ill 
:::1. 

~-
~ 
~ 
~ 

S? 
...;j 

• .f>. 
0\ 
0\ -I 
0\ 
0\ 
~ 

GROUP1 
KIU_)741+ -IC6_fi871·.2 

PI4_1SI&I. ----tftl!)_5681'+,2 

W_75&'. ~~ .. ~i~:~ 

~ 
H14_1S!II/· -1C16_111i141-,& 

ta_IO)II- 118_iast+,4 l Oll 4411-,2 

011_1&W-,5 
812...2511-.8 

P14.79il+ 

U8.11:U.~ 

U17_6131- -i~t :~~l:l 

P11.14iJI+ 

CI:S_141DI· 

DS_12411+ 
UIS_IIf»>+ 
18_1111-

01112WI-

f20~1S751·-1g::::~:: 
117_11521• ~~·=;-• 
G8_4241- --ltnii_JciCu..e 
WJI2SI+ ~111.2241-,2 
RI0_7S11- EI_IOZSI+.S 

E8_10DIW-.S 
812.134~-.4 

28CM G11.149SI+,IO 
LOD3 ~ 

018_12071+-,~~~";· 5 
Y20_71&'-

no_,.,.,. GROUP 13 

GROUP7 

N7_6St!tl. ---trs~::~' 
IS_Bml+ 

H14_471lt+~ 

Nt0_5991+~ 

A7_1411W---tg::::f.22 

R15_11112/•-i~~~~=~-~ 
K20_34CW'- --i"f20_76U-.S 

M.8471-

C2.J51S#,. 

P1L11&·--tP11_3W•,4 

IIC_ISII­.. _.,.,_ 
fllt.!iOQt.. 

R15.18801· 

818_SMW- --10..1320'-,1 

N11.3S71+ -1~~~=~~ 
... ..tEBB .... S 

K1.7!Jtl+ 1AI7_IIU8f+,S 
M15_4!10'+ Atl_IISIII'-,7 

TI7_62CW+,7 

f8_6881-..lk18_520+,2 
Fll._sel+,l 
W5_101'11'+,1 
WG_IIID'·.I 

GROUP2 
Vl_fl871+~~-~1 
Y20_8141+~-
B1110nl+ -2 
ps_lM?J+ R1(4&71·.i 
811_12MK 

H14_51Sit· 

Pl4_14(81. 

~
GH051·A 
't20_3561-.l 

GI..Siltl- T1LIID'·.3 
A7_61Milf'.,2 

812....1011+ Dm_IIO!I-,3 
A11_7!iel+,2 

J11LI0511.. P14_S121+,S 

K20_Stcr. ---!i!r 114 .,. - .2 

M16_13~ 
W3_6701•'1W3_65!1·.0 

H4_r.AI-
01S_1521-

~ 

.. _ ..... 
U7_teSI­
U16..870t· 

NII_SIIO. 

f12....7!i11+ --1812....510-,1 

211JISIII. ~Kf1_101/.-,2 
F8 81101- NUt IOSDI·,4 

- £20 17&1 •• 0 
A1UM41· Clil_ir3at-,O 

GROUPS 
CG_!ils.t. 

U8_1S4W·~ 

n_til,. ---tm_eow •. 2 

.... _ ...... ~ 
J12_383.t 

K't1_148V­
Y4_18151+ 
02_751/.-

K10_14371+ 

Cl..S7~ --IJIO_tss•.l .. _ ..... 
... _-. 
V1_1121--if2Q_!i21Ue-,11 .. _ ..... 
:~:;~:...__.=~-:r::i 
T17 1374f.I513_71SI-,2 

- ... _181111-,S 
_15SII-,4 

GROUPS 
P2_4871-

G11_ 14371·-iHII_I771-.3 

P14_450·~~~~~2'~.4 
OIIBBih~ 
01=7!171- 1 6 
RIS_ZS_,. - · 
P11_298. 
G4_1SSCW..--iQ2....11DI·,O 
W_1~71+ 

K11_87SI­

Qllil871-~ 

P14 2BI).jlll18 __ ..... tr.Z61+--:i.2 
IU0-12'351+ N8_3771•.3 

Fa_lot61. ~~.~~ 
JIS_Its&~G8_SS& ... 6 
Hll_fOC».. E20_5011·,2 

Gl1 7W-.1 
E8 17481·~04_1112/-,0 

- G8_4001-,1 
010_7S~ F20_1'371 .. ,4 

n_usm •. 2 
~ 

at_.,,..,~ 

Jl6_4791- '1X2D_I1961·,S 

118_10751. 

8t4_IIMI+ --1011_4~.s 
A16..1738'·--iA17_7t51.,7 

1..8_17~- --f00_18C81-,IO 
MS_407/..~U11_8711-,4 

BII_IIKill• --4F8_21821·,S 
E20_ 65W· -iY14_SS81.,2 
Nl_Sl\21· 

GROUP& 
812.4441. 

AlB_~. --tD4..211SI+,8 

H4_61Sh --tm_Bll0#.,7 

,._,... 
A7_41W+ 

G12_47DI-

BIS_11Mitlt- --tB11_81SI•,18 

OLZMSI- ---i82....12D·,4 

......... 

UII_IS~ --i==:t:~ 

Jli_IISI-

~:~.;:r;!,. --~~~s=~1·: 
OS_I2WI+ 

014_78ll+~ 

N10_1054#t 

GROUP4 
.14_68.\1· 
Tl7_18'lai--IK5U'09f•,1 
010_4791. 
G8_3661-
lt0_S251· 
P10_a21· 
A7_35el- --1818_5581-,2 
A18_5671-

1~!~-~·· .• 
M_751St-~ 

-i ua_aou •. 2 
Z8_790f. C2....2SIO/.!.,S 

020_1832~+ ,e 
III_Sf:IISI ....... 02...SS7.t.,S 
BIL··JMIL2711·,0 

PS 1S11J..,7 
U7_1300'.\IV11_!DIJ..,11 

'1Gt2...t~.s 

U7_11.1t+~ 
IOO~sO;;:;·' 

f7 t41MI• N5_3QK,7 -jJ16_4861•,!i 

- AII_SI0'-,3 

A7 111111- M_'Nsl•.3 -jiQ 51781 •• 3 

- fS_a&IJt.,l 
OIO_I47CW• 

FI_1S1I#t -fJ 17_SOIK,I 

Ga_en,. 
012...~ 

M_7'lW+ 
K1t_874.t. 
J12..8711· 
M16_10541•'""1A11..1S241-,2 
G1Uil21+ 

GROUP10 

H11_2321• 

J11_11111+ 
Y17_88SI+ 
kUI_2261• ~-1018#.,U 
IQ_47&'. 

~ 
.. n .... • 
11(.21171+,0 

Ui_MW- Z20_1131f., 1 
V17_152J. 04_~,2 

FS_S!i~Wt-,4 

Cll.SS:U. 

IC10 ... SIU-

K18_8S1f.--iK11_751#t,O 

EIL7211- 1D 1271/..,1 
X7_40:U. --IE1(10W.,S 
Bt2_1SD!llt-fr3_tootJ.,1o 
18_1622U 
E8_t34~-

GROUPS 
T3_1132/­

G10_12mi• 

B1.t_3M#t 

118_8681. 
01_7!i71+ 
G8_9291· 

U834tv. 
010_5801. 

A1_1fJBI• ----if21UJ14h,2 

018_61&. 

G4_8S81-

P10_3241+ ~K1Ui611-.1 
E20 16401'• OS..JS21-,4 

- C17_1K1lt+,2 

C1_131DI-
G10_&m«t- -fP2....S821·,8 

._ll39i- _/08 ... 11011-,2 

;:.~:~ =--~~·~:Mi~ 12 
T11_3381- --f010__2SSSI+,12 

CM_11281+~17 46SI-O 

£14_6281. - • -.2 

04_885#.-,3 

GROUP 11 

M1S ... 111SI---I~ 

CI_Wil- ~~--­
G1S_11501--I~ 

=is~~-:-1~~:~::~ 

--18811-~ 
... 5711· 
Jt0_t1ow..-......:X1_less1-:2 

-,014_1&71/.-,2 
_!,fl.2!8-,0 

Pt.1MI---JM14 ... 1851-,2 

D4_111741+jt~~-=:: 
F8 ... 11141- u ..,. 0 
810_1071-'- ln:uxn~.o 
P14_tD~-';V17_4S'I,._,O 
OS 3CSI- Y.UM:W., I 

- 818_4181+,2 
R1D_7et~.o 

P11_111111-
C17_S5a'-

MII_411W­

H1UIDI~ 

014_1137/. ~~.=;=:;~ 
::~===~:~"::.~ 
18_5501-

GROUP& 
B1S_~11+ 

R11_1Sfll#t 

~~·=-r..:.~2=·-~ 
G0_4Sih~ 

P10_102SI· 

G13_mt~+ 

P10_561~+--i~l:'e;;~o 

Y.'-11151- ~=~~~=::: 
C18_3:371- U13_11381•.1 
Gi_120W. C2_1104J.,3 

U6..113lll·----i~-.~~::: 
K3_74W- Rlii_SIIY-,0 -1G4111MI·.3 

R 10_SS71-,0 
010_3231t,2 

ca..tn~t~t 

J13_4371t. 

ats_aocr. --tm_ta&~t,2 
J17_S771-
X8_6201-

GROUP12 
AI8_122SI· 

M_S111·----1~:a~t.4 

~·-
P17_1m&l·-1~~~:: 
M_9581-

~-SIIll---t l9_5871+,0 

CI4..1SOSI•---fD10..756#t,O 

.. _,..,. 
04....S211-

Map dlstance(cM, Koaambl function) 
RAPD primer code (OPERON)-----' 
RAPD fragment alze (bp) ---------' 
RAPD locus phaae of llnkage'-------l 

arrows. 

Distance from framework locua (eM) I 

Fig. l Linkage map of maritime pine 'Hl2' hybrid. Loci are listed on the right (named according to the text) and recombination distances (eM) are listed on the left 
of each linkage group. Markers were grouped with a LOD ~ 5 and E}:$;0.30. Framework markers have been ordered with an interval support <::: 4. Accessory markers 
that could not be ordered with equal confidence (interval support< 4) arc listed on the right side of the framework markers. Protein loci arc boxed and indicated by 

z 
-i m 
Gl 
:D 

~ m 
0 
:D 
)> 
""tl 
0 
I 

""tl 
:D 

~ z 
s:: 
)> 
""tl 

0 
'"T1 

s:: 
)> 
:D 
=i 
~ 
m 
""tl z 
m 

en en 
U1 

'0 

~ 
CP 
-..,J 

ttl 

§ -...... N 

(.N 

0"\ 



666 C. PLOMION ET AL. 

(a) (b) (c) 

' 
w· 

(!; 

(d) 
l!t":C-

f 

4 
a 
II 

BMT/3/12 
page 8 

(e) ... 
• ... .... .... 

Fig. 3 Dot blot analysis of five RAPD fragments using a 
chemiluminescence detection assay. Arrows from the top 
correspond to 20 p.g herring sperm DNA as a negative 
control, and a serial dilution of 0.2 p.g, 2 p.g and 20 p.g of 
pine genomic DNA, immobilized on nylon membrane. 
RAPD fragments containing low-copy to moderately repeti­
tive sequences (a,b ), highly repetitive sequences (c) and very 
highly repetitive sequences ( d,e) are shown. 

presumed to contain at least some high-copy 
sequences, and were likely to amplify from highly 
repetitive chromosomal regions. Thus, RAPD frag­
ments should be poor probes for hybridization experi­
ments (e.g. RFLP assay) in maritime pine. 

Discussion 

Pine genome organization 

Gymnosperm species are characterized by: (i) their 
antiquity (conifers appeared 140 millions years before 
the first angiosperm) and their longevity, (ii) the 
absence of ploidy level and chromosome number 
evolution (reviewed by Neale & Williams, 1991 ), and 
(iii) the very high and consistent amount of DNA per 
nucleus (Ohri & Khoshoo, 1986; Wakamiya et al., 
1993). The technique of DNA reassociation kinetics 
applied to Pinus species (Miksche & Hotta, 1973; 
Rake et al., 1980; Kriebel, 1985) showed that 25 per 
cent of total DNA is low- to single-copy, 75 per cent 
being middle to highly repetitive. Thus, the vast 
majority of the DNA in the pine genomes is arranged in 
repeated sequence families. Most ofthis repeated DNA 
does not encode proteins (Thompson & Murray, 
1981 ). If 60 000 genes are expressed during the life 
cycle of a plant (Kamalay & Goldberg, 1980), given an 
average size of a gene of 2000 bp (exons only) and the 
size of maritime pine genome as 24 x 106 kbp, 0.5 per 
cent of the genome is likely to be coding DNA. This 
could be an underestimate because a significant 
number of genes occur in multigene families (Kinlaw & 
Gerttula, 1993; Ahuja et al., 1994; Devey et al., 1994 ). 
Thus, coding DNA may not represent more than a few 
per cent of the pine genome. This result agrees with the 
estimated fraction of coding regions in plant species 
(Goldberg et a/., 1978; Thompson & Murray, 1981 ). 

The RAPD primers used for mapping consisted of 
random sequences that should not discriminate coding 
and noncoding chromosomal regions. Therefore, and 
at least in conifer species, most RAPD loci are likely to 
fall within noncoding DNA. The characterization of 
the internal sequence of 53 RAPD fragments for copy 
number in the maritime pine genome showed that, 
although RAPD fragments mapped to unique genomic 
sites, most of them contained highly repeated 
sequences. Conversely, protein markers sample regions 
of coding DNA. Our results showed that mapped 
protein markers were well distributed throughout the 
genome of maritime pine. 

Single-tree map vs. species map 

A species consensus map of markers and traits could 
be difficult to use for breeding applications in allo­
gamous species with a wide genetic base, such as forest 
trees ( Grattapaglia & Sederoff, 1994 ). Marker:trait 
associations are likely to be in linkage equilibrium in 
early generations of the breeding population and will 
probably have to be established for each cross inde­
pendently. Mapping of individual trees using markers 
specific to only one cross provides a powerful 
approach to genetic analysis of quantitative and 
complex qualitative traits within families. However, 
genomic maps of individuals using RAPD markers can 
not readily be combined to make a concensus species 
map because the migration distance of a RAPD frag­
ment is not sufficient information to identify uniquely a 
specific locus across a species. Similar problems exist 
for RFLP probes that recognize several bands (e.g. 
Tanksley et al., 1988; Song eta/., 1991; Devey et al., 
1994 ), a problem addressed by using probes that yield 
only one band (e.g. Beavis & Grant, 1991 ). Further­
more, many individuals could be homozygous and the 
marker would not be available for mapping in many 
crosses, depending on gene frequency. The criteria for 
establishing synteny using RAPD markers, or multiple 
band RFLP markers must be more stringent, perhaps 
requiring parallel linkage groups having several 
markers in the same order in different individuals. The 
identity of some allozyme or protein markers (Gerber 
et a/., 199 3) should be useful for establishing the 
correspondence of linkage groups in RAPD maps from 
different trees. The distribution of the 27 mapped 
protein loci throughout the genomic map of maritime 
pine is encouraging for that objective. A further advan­
tage to using proteins as genetic markers for the 
mapping of quantitative or qualitative traits is that the 
polymorphism of a specific gene product could poten­
tially be responsible for the mapped quantitative effect 
(Damerval eta/., 1994). Alternatively, a small number 
of hypervariable microsatellite markers could be 
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assayed in each cross to establish the correspondence 
of linkage groups. 

Genome size of maritime pine 

The protein data produced by Bahrman & Damerval 
(1989) and Gerber eta/. (1993) suggested a genome 
size of approximately 2000 eM for maritime pine 
(Gerber & Rodolphe, 1994). However, framework 
map procedures had not been used to construct these 
two protein-based maps. This may lead to over­
estimates for genetic distances and total map length. 
Maritime pine has 12 metacentric chromosomes of 
approximately equal size (Saylor, 1964 ). Linkage 
groups 1-12 had approximately the same length (about 
155 eM) and therefore should provide almost com­
plete coverage of the genome. In addition, the genome 
size of the presented framework map (1860 eM) 
agreed with what has been found for other dense 
linkage maps of loblolly pine, constructed with 
approximately 400 RAPD markers (H. Amerson & P. 
Wilcox, personal communication). The relationship 
between recombination rates and genome size has 
been a matter of speculation for many years. Grant 
( 1958) predicted that plants with long generation 
times, such as pine, will have genetic systems that 
promote recombination. Short-lived annual plants, 
such as Arabidopsis, should have genetic systems that 
restrict recombination. One mechanism to promote 
recombination could be an increased number of 
chromosomes. Grant (1958) also speculated that long­
lived organisms such as pine might have a higher 
chiasma frequency to promote recombination. Our 
data for pine, however, do not support this idea. The 
total map distance per chromosome was approximately 
1.55 Morgans for pine and 1.30 Morgans for 
Arabidopsis (Reiter et a/., 1992). Maritime pine and 
Arabidopsis have approximately 2 pg and 0.03 pg of 
DNA per chromosome, respectively (Ohri & Khoshoo, 
1986; Arumuganathan & Earle, 1991}. Thus, on a 
chromosomal basis, maritime pine has approximately 
57-fold more DNA per eM than Arabidopsis. How­
ever, the number of crossovers per chromosome was 
almost equivalent and did not seem to be really 
affected by the DNA content and the proportion of 
coding DNA. Although large and small genomes could 
differ in the organization and structure of genomic 
DNA (John & King, 1980; Flavell eta/., 1985; Brown 
& Sundaresan, 1991 ), the mechanism of crossing-over 
must be highly conserved on a chromosomal basis and 
independent of physical map size and the fraction of 
coding DNA. This observation is consistent with other 
results showing that recombination per chromosome 
was approximately constant despite large differences in 

© The Genetical Society of Great Britain. Heredity, 7 4, 661-668. 
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DNA amount (Rees & Durrant, 1986; Tanksley eta/., 
1988}. 
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Abstract Two genomic maps were constructed for one 
individual tree of maritime pine. Pinus pinaster Ait.. us­
ing a common set of 263 RAPD markers (random ampli­
fied polymorphic DNA). The RAPD markers were chosen 
from a larger number of polymorphic RAPD fragments on 
the basis of repeatability and inheritance in a three-gener­
ation pedigree. The maps were constructed from two inde­
pendent mapping samples of 62 megagametophytes (In) 
from a self cross and from an open-pollinated cross. The 
markers were grouped (LOD~4; 8~0.25) and assigned to 
13 major and 5 minor linkage groups. Two framework 
maps were constructed using the ordering criterion of inter­
val support~3. Comparison of the two framework maps 
suggested that the locus order was incorrect for 2% of the 
framework markers. A bootstrap analysis showed that this 
error rate was representative for our data set. The results 
showed that framework maps constructed using RAPD 
markers were repeatable and that differences in locus or­
der for maps of different genotypes or species could result 
from chance. The total map distance was 1380 eM. and the 
map provided coverage of approximately 909c of the ge­
nome. 

Key words RAPD markers · Linkage map · 
Map comparison · Locus ordering · Pinus pinaster 

Introduction 

Comparison of genomic maps from different species or 
genera can provide insight on plant evolution and genome 
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structure (Tanksley et al. 1988; Bonierbale et al. 1988: Geb­
hardt eta!. 1991: Tanksley et al. 1992; Whitkus et al. 1992 ). 
In allogamous plant species, map-based comparison of 
segregation distortion from different crosses of the same 
individual genotype could reveal chromosomal segments 
that contain genes affecting fertilization or viability (Geb­
hardt et al. 1991: Bradshaw and Stettler 1994 ). Because 
the same locus order is expected. the comparison of maps 
from the same individual genotype also provides a way to 
evaluate the repeatability of genomic map construction. 
Experimental comparison of maps from the same individ­
ual genotype or different genotypes within species has only 
rarely been reported (e.g., Beavis and Grant 1991 ). 

Two maps from the same individual genotype should 
closely resemble each other if the experimental methods 
used to produce the genetic markers and the statistical 
methods for constructing the genomic maps are sufficiently 
rigorous (i.e., repeatable). The comparison of genomic 
maps depends upon the accurate determination of locus 
order. The "ordering problem" is difficult because of the 
large number of possible locus orders (n!/2 for n loci) and 
because customary likelihood ratio tests cannot be carried 
out (reviewed by Ott 1991 ). Framework maps are con­
structed for a chosen subset of markers ordered with an 
interval support~3, a widely employed criterion (e.g .. 
Reiter et al. 1992: Kesseli et al. 1994; Grattapaglia and Se­
deroff 1994) recommended by Keats et al. (1991 ). Inter­
val support is obtained by subtracting the log likelihood 
for the linkage group with the best locus order from the log 
likelihood for the same linkage group with a different lo­
cal order (usually alternative permutations of three adja­
cent markers). The order for framework loci should be 
more certain than the order of closely linked loci on a com­
prehensive genomic map (no local support criteria for lo­
cus order), but framework locus order probably depends 
on the grouping criteria and the algorithm used. 

Here we report a comparison of two maps that were con­
structed for one individual of maritime pine (Pinus pinaster 
A it. 2x=2n= 12) using RAPD (random amplified polymor­
phic DNA) markers (Williams et al. 1990; Welsh and 
McClelland 1990). The only genetic markers known in this 
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species before this study were proteins revealed by two­
dimensional gel electrophoresis (Bahrman and Damerval 
1989; Gerber et al. 1993 ). We used a replicated design in­
volving four sets of 31 different individuals to choose 
RAPD markers that were highly repeatable and easily 
scored in megagametophytes. A map was constructed with 
two sets of 31 megagametophytes from a self family (SELF 
map) and compared to a map constructed with two sets of 
31 megagametophytes from an open-pollinated family (OP 
map). Conifers are believed to have a large number of re­
cessive embryonic lethal genes that could result in segre­
gation distortion (Sorensen 1967; Strauss and Conkle 
1986). The comparison of two maps constructed for the 
same individual provided an opportunity to test the reli­
ability of markers and the robustness of the linkage group­
ings, as well as to screen for segregation distortion. The 
individual that was mapped (twice) is part of a breeding 
program for genetic improvement of maritime pine in 
France and is an F 1 hybrid between the Landes and Corsi­
can races. The genetic markers could be used to introgress 
stem straightness and good branching habit from the Cor­
sican race into the widely planted Landes race if these traits 
are oligogenic. 

Materials and methods 

Plant material and DNA extraction 

DNA samples were prepared from needles of the Corsican and 
Landes grandparents (accessions CIO and Ll46. respectively) and 
the inter-racial hybrid parent (accession Hl2). as well as from the 
megagametophytes of selfed and open-pollinated seeds from H 12. 
The seeds were germinated following standard methods. After emer­
gence and just before the seed coat was cast off. the megagameto­
phyte was collected from the seedling and freeze-dried or stored at 
-80°C. Megagametophyte tissue frozen in liquid N~ was ground to 
a fine powder in a 1.5-ml microfuge tube. Freeze-dried needles ( 4 g) 
of both grandparents and the hybrid parent were ground under liq­
uid N2 using a prechilled mortar and pestle and transferred to 1.5-ml 
microfuge tubes. DNA was then extracted using the CTAB method 
of Doyle and Doyle ( 1987). The DNA extracted from these older 
needle samples was purified further by centrifugation in a CsCI­
ethidium bromide density gradient. The pine DNA was diluted to a 
working concentration of approximately I ng/!J.I by comparison with 
the fluorescence oflambda DNA concentration standards on an ethid­
ium bromide-stained agarose gel. 

DNA amplification by polymerase chain reaction (PCR) 

The method of Williams et al. (I 990) was used to PCR-amplify poly­
morphic DNA fragments to be used as genetic markers. The volume 
of the reaction mixture was 15 !J.I and contained 8 mg/ml non-acet­
ylated bovine serum albumin. The mixture was covered with 50 !J.I 
of mineral oil. and amplification were carried out in 96-well micro­
titre plates using a MJ Research PT- I 00 thermal cycler (MJ Research. 
Watertown. Mass.). The DNA fragments were separated by standard 
electrophoretic methods on 2% horizontal agarose I x TBE gels 
containing 0.2 mg/ml ethidium bromide. Gels were videographed 
(Stratagene Eagle Eye) under UV illumination. and images were 
printed with a thermal printer. Primers were purchased in kits 
(OP-A through OP-Z) from Operon Technologies (Alameda. Calif.). 
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Primer screening 

A total of 520 arbitrary ten-base primers were screened for polymor­
phisms using needle DNA samples from both grandparents (C I 0 and 
Ll46) and the F 1 hybrid (Hl2). Primers that produced DNA frag­
ments present in one grandparent and in the F 1 parent, but absent in 
the other grandparent, were chosen for mapping. 

Identification of RAPD markers 

RAPD polymorphisms that are good genetic markers should be eas­
ily repeatable in PCR amplification reactions carried out on differ­
ent days. We carefully screened for RAPD polymorphisms that were 
repeatable across four replicate sets of 31 independent megagame­
tophytes. Two sets comprised the SELF mapping sample, and two 
sets comprised the OP mapping sample. This replicated design al­
lowed us to choose RAPD polymorphisms that were repeatable 
across replicates within and between mapping samples. Some mark­
ers had co-migrating bands or were difficult to classify as presence 
or absence in some of the replicates. Each photo was scored twice 
and the individual phenotypes compared. When two scores dis­
agreed. the lane was scored as missing for that sample. 

Linkage analysis of RAPD markers 

The linkage relationships of the markers were analyzed with MAP­
MAKER !Lander et al. I 987) version 2.0 for the Macintosh provid­
ed by S. Tingey (DuPont. Wilmington, De.). The genetic model for 
conifer megagametophyte segregation data for individual trees is 
analogous to a testcross with the parental linkage phase unknown 
(O'Malley et al. 1986). The MAPMAKER Macintosh HAPLOID 
model assumes that all markers are in the coupling phase and con­
sequently does not recognize linkages for markers in repulsion. The 
assignment of coupling and repulsion phases is arbitrary for a test­
cross model. and repulsion phase linkages can be detected by ana­
lyzing recoded data (i.e .. presence recoded to absence, and vice ver­
sa) together with the original data set. Analysis of the combined data 
yielded twice the expected number of linkage groups, correspond­
ing to the two homologs for each chromosome. The two homologous 
groups contained the same markers in the same exact locus order. 
Markers were assigned to linkage groups using a LOD~4.0 andre­
combination fraction of 9~0.25. The order of the markers was ap­
proximated using FIRST ORDER (a matrix correlation procedure). 
Framework maps were then constructed by comparing the likelihood 
of all permutations of all adjacent triplets using RIPPLE. Individu­
al markers were dropped from each linkage group until a marker se­
quence was obtained that had an order at least I 000 times better than 
other orders (i.e., log likelihood difference~3). The markers that 
were dropped were placed on the framework map as accessory mark­
ers and located to the closest framework markers (Fig. I). Recombi­
nation fractions were converted to map distances using the Kosam­
bi mapping function. 

Comparative mapping between the SELF and the OP maps 

Statistical evaluation of differences in locus order is intractable due 
to the large number of possible orders when more than a few loci are 
considered. A comparison of two genomic maps therefore must as­
sume loci that have the same locus order on both maps. Homogene­
ity of individual two-point recombination fraction estimates was test­
ed using a G-statistic approach implemented in GMENDEL 2.0 (Liu 
and Knapp 1992). This test can be expressed as follows: 

G ~omo2eneirv = G §ELF+ G ~P- G ~OOL• where the G-statistics are 
I dftests for the independent assortment of a pair of markers in the 
SELF, OP, and POOL maps. For a global test that combined all inter­
vals (i.e., summed the G-statistics), P values were approximated fol­
lowing Beavis and Grant (1991) and Lander and Botstein (1989). 
The significance level on the whole experiment is approximated by 
a==l- (1-a')', where a' is the nominal significance level for each 
interval, and i is the number of intervals. 
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Fig. 1 Linkage group 5, generated with megagametophytes of open­
pollinated seeds (OP) and megagametophytes of selfed seeds 
(SELF). RAPD loci are listed to the right and recombination distanc­
es (eM) are listed to the left. Framework markers have been ordered 
with an interval support ;:;:3. RAPD markers that could not be ordered 
with similar confidence are listed to the right of the framework mark­
ers with the eM distance to the closest framework locus. RAPD mark­
er loci are identified by the OPERON primer code, their estimated 
size in base pairs, and the grand-parental origin: + denotes markers 
inherited from the Corsican grandparent, -denotes markers inherit­
ed from the Landes grandparent 

The distribution of markers for the whole genome follows a Pois­
son distribution under the expectation of random location. The ob­
served and expected distributions of markers was compared for 
20-cM and 25-cM intervals. A chi-square test for the departure from 
a Poisson distribution was computed for six classes or group of class­
es containing at least five observations. The parameter of the Pois­
son distribution was estimated as the mean number of markers per 
20- and 25-cM interval length. 

Results 

Screening for RAPD polymorphisms 

RAPD polymorphisms that should segregate in the mega­
gametophytes of the F 1 hybrid individual were identified 
by screening with genomic DNA samples taken from nee­
dles of the two grandparents and the F 1 individual. RAPD 
fragments that were present in only one of the two grand-

parents and also present in the F 1 should be coded by a het­
erozygous locus in the F 1• Of the 520 oligonucleotide prim­
ers that were screened, 31 (6.0%) failed to amplify any 
DNA fragments, 387 (74.4%) did not yield any polymor­
phisms and 102 (19.6%) amplified at least 1 scorable poly­
morphism (146 polymorphisms in total). 

Identification and inheritance of RAPD markers 

The 102 primers that revealed polymorphisms among the 
two grandparents and the F 1 parent were used to amplify 
DNA fragments from megagametophytes of the F 1 indi­
vidual. RAPD reactions yielded a total of 374 DNA frag­
ments that showed polymorphisms in at least one of the 
four replicate sets of 31 different individuals. RAPD frag­
ments that amplified in only one replicate set were dropped 
from further analysis. Nonrepeatable polymorphisms were 
typically faint bands and had a molecular weight of more 
than 2000 bp or less than 200 bp. There were 303 RAPD 
polymorphisms scored in both replicate sets of the SELF 
mapping sample and 289 in both replicate sets of the OP 
mapping sample. Some of the RAPD polymorphisms were 
repeatable only in the SELF mapping sample and some 
were repeatable only in the OP mapping sample, but most 
(263) were repeatable between the two mapping samples 
and these were used as markers for mapping. The similar­
ity index (Sorensen 1948) for the two lists of repeatable 
polymorphisms for the SELF and OP mapping samples was 
88.3. The screening of the grandparents and the F 1 parent 
yielded only 146 candidate polymorphisms, but more poly­
morphisms were detected from the s'egregation analysis be­
cause heterozygous and homozygous dominant grandpa­
rental phenotypes could not be distinguished. 

The segregation ratio of most RAPD polymorphisms 
did not depart significantly from 1: 1, the expected Mende­
lian ratio in megagametophytes. Polymorphisms that 
showed the strongest departures from the 1: 1 segregation 
(P<0.002) were later shown to involve co-migrating poly­
morphic bands. There were six such cases specific to the 
SELF mapping sample, and two cases specific to the OP 
mapping sample. From the 263 repeatable polymorphisms 
identified as genetic markers common to both SELF and 
OP mapping samples, 7 markers out of 526 showed signif­
icant departure from the I: 1 segregation (0.002:S;P:S;0.0l). 
The number of departures from 1:1 was close to that ex­
pected due to chance, and the departures did not repeat 
between the two mapping samples. RAPD fragments 
ranged in size from 194 bp to 2326 bp, with an average of 
874±416 bp. There were 7 putative codominant markers. 
The I 02 primers identified by screening ultimately yielded 
2.6 markers per primer. 

Linkage analysis and locus ordering 

Grouping and ordering of markers were carried out using 
a LOD2::4.0 and 8:S;0.25. Of 263 markers, 251 markers 
were assigned to 13 large linkage groups (Fig. 2A), with 
the remaining 12 assigned to five doublets and triplets (not 
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Fig. 2 A Ordering comparison of common framework RAPD loci 
between SELF and OP maps for the 13 major linkage groups of mar­
itime pine hybrid 'HIZ'. BOrdering comparison of common frame­
work RAPD loci for linkage group I and 2 among the SELF. OP. and 
two bootstrap samples (8 I and 82) constructed with 62 randomly 
chosen megagametophytes. The connecting lines indicate the posi­
tions of corresponding loci ( 129 for panel A and 152 for panel 8) 

shown). When the grouping criteria were relaxed (LOD 
;;::4.0, 9~0.30), groups 3.a and 3.b in the OP map were 
joined (indicated by a faint line on Fig. 2A), as they were 
already in the SELF map. Group 5 in the OP map was di­
vided into groups 5.a and 5.b in the SELF map. The group­
ing criteria would have to be relaxed to LOD~ 1.5 and 
9;;::0.40 to join 5.a and 5.b. The linkage group assignments 
were generally stable for 3~LOD~6. with 9~0.25. Using 
the RIPPLE command, we constructed framework maps 
for the SELF (173 markers) and OP (152 markers) map­
ping samples using an interval support ;;::3, Tightly linked 
markers were dropped one by one until the framework cri­
terion was met. These "accessory" markers were generally 
located 9~5 eM from the closest framework marker. The 
locus order of the framework maps obtained with MAP­
MAKER 2.0 (matrix correlation method) and with GMEN-

SELF OP SELF SELF 

GROUP 2 
SELF 

82 
SELF 

DEL 2.0 (simulated annealing, 9~0.25 and ?~0.0001) were 
almost identical. The exceptions were permutations of 
closely linked markers. 

For the framework maps, the average spacing between 
markers was 9.0±5.8 eM in the SELF and 10.3±6.3 eM in 
the OP, with a maximum gap between consecutive mark­
ers of 26.1 eM and 25.9 eM, respectively. The size of the 
large linkage groups ranged from 33.1 eM to 183.2 eM, 
with an average size of approximately 96 eM. The mean 
number of markers per 20- or 25-cM interval was 3.5 and 
4.2, respectively, including both accessory and framework 
markers. A chi-square (5 dj) goodness-of-fit test for depar­
ture from a Poisson distribution provided no evidence that 
the markers were clustered (?<0.35). 

Homogeneity of recombination fraction 

Homogeneity of recombination fraction was tested for 
2 marker pairs adjacent to an apparent break between link­
age groups 5.a and 5.b that occurred in the OP map but not 
in the SELF map (Fig. 1). The pairwise combinations of 
the 4 markers (G4_838/- and P10_324/+ against 
C 1_1363/- and G 10_626/+) were tested for departure from 
homogeneity among the SELF and OP mapping samples 
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Table 1 G-statistics test (df= I) for homogeneity of recombination 
fraction among the selfed (SELF) and open-pollinated (QP) mapping 
samples for four RAPD markers flanking a break in linkage group 5 
(GsELF and G0 p G-statistics for linkage for the SELF and OP map­
ping samples, respectively, Ghomo G-statistics for homogeneity, R re­
combination fraction) 

RAPD markers 

G4_838 GsELF 
R 
Gop 
R 
Ghomo 

P10_324 GsELF 
R 
Gop 
R 
Ghomo 

Cl_I363 GsELF 
R 
Gop 
R 
Ghomo 

Pl0_324 

38.40*** 
1.94 

61.00*** 
0.00 
1.20 

Cl - 1363 Gl0_626 

0.40 1.00 
45.88 56.65 
29.40*** 25.80*** 
14.99 16.96 
11.50*** 8.20** 

2.80 1.70 
59.01 41.67 
33.20*** 26.70*** 
14.76 16.66 
8.40** 7.90** 

49.60*** 
4.92 

55.00*** 
1.70 
0.10 

**Significant at the 0.005 level;*** Significant at the 0.001 level 

(Table I). These markers segregated in Mendelian propor­
tions in both populations and had no missing data. A sig­
nificant departure from homogeneity (P<0.005) among OP 
and SELF was observed between marker pairs flanking the 
break. By means of the G-statistics provided in GMEN­
DEL, 174 other intervals that were flanked by the same 
pairs of markers and that had the same exact locus order 
in the SELF. OP and POOL maps were evaluated for de­
partures from homogeneity. Only 2 intervals ( l in group 7 
and l in group 8) showed a departure from homogeneity 
(0.005<P<O.Ol ). None of these departures would be sig­
nificant using a nominal significance level of a'=0.0003 
computed for a=0.05 and i=l74, as suggested by Beavis 
and Grant ( 1991 ). 

Genome size estimation 

The total map distance was estimated following Hulbert et 
al. ( 1987). For the maritime pine marker data, the number 
of informative meioses per map was 62. The number of 
framework loci was n= 173 and n= 152 for the SELF and 
OP maps, respectively. Linked markers were determined 
by a minimum LOD threshold of T=5.0 and a recombina­
tion fraction of 9!5;0.25. According to Chakravarti et al. 
( 1991 ), we set the parameter X of Hulbert et al. ( 1987) 
to the maximum eM distance between linked markers: 
26.1 eM and 25.9 eM for the SELF and OP map, respec­
tively. The TWO-POINT command of MAPMAKER was 
used to determine the number K of informative marker 
pairs each within X eM and linked with LOD score2::T. The 
total distances estimated by this method were 1336 eM 
(K=581) for the SELF map and 1357 eM (K=438) for the 
OP map. The same calculation taking into account the 263 
mapped markers gave an estimate of 1223 eM (K=1470) 
and 1236 eM (K=l444) for the SELF and OP map, respec­
tively. 

Discussion 

Repeatability, quality, and segregation of RAPD markers 

RAPD markers provided a fast, efficient, and reliable way 
to construct genomic maps in maritime pine. The two ge­
nomic maps were constructed over a period of 6 months 
for an individual tree using megagametophytes from open­
pollinated seeds (OP map) and from selfed seeds (SELF 
map). RAPD markers for genomic mapping were chosen 
on the basis of repeatability, inheritance, and expression 
using genomic DNA from needles. The markers segregat­
ing in megagametophytes could be detected in the diploid 
tissue of both the F 1 individual and its two parents, as well 
as in the F2 progeny, with a few exceptions. These RAPD 
polymorphisms should be valuable genetic markers for fu­
ture mapping studies provided that care is taken to use ideo­
tical conditions for carrying out the PCR protocols, as 
noted by Penner et al. (1993). 

There were no unusual mapping problems for the RAPD 
markers in maritime pine, in contrast to those described in 
lettuce by Kesseli et al. ( 1994 ). The data quality for the 
RAPD framework maps appeared to be high; the observed 
and expected numbers of"double recombinants" were sim­
ilar. Misclassification of band phenotypes results in appar­
ent "double recombination" events (discussed by Ott 
1991). Assuming the order of framework markers was cor­
rect. we estimated the frequency of double recombinants 
by multiplying together the recombination fraction for ad­
jacent intervals on the framework maps. For a sample of 
2 large linkage groups. there were no significant differ­
ences between the observed and expected numbers of ap­
parent double recombinants, and none of them had ambig­
uous band phenotypes. 

The RAPD markers that we identified showed few cases 
of segregation distortion in the SELF and OP mapping sam­
ples, so there was no evidence for genetic load in the F 1 

individual. 

Framework map comparison 

Tests for homogeneity of recombination fraction over all 
markers (for regions where locus order was identical) did 
not reveal evidence of heterogeneity. One marker pair, 
however, showed a significant departure from independent 
assortment (i.e., linkage) for one map, but not for the other 
map. Homogeneity of recombination fraction was rejected 
for this pair of markers and resulted in a large linkage group 
in the OP map being "broken" in the SELF map (Fig. l). 
The analysis of an additional 40 megagametophytes for 
this marker pair confirmed independent assortment in the 
SELF and linkage in the OP, suggesting that the original 
result of no linkage for the SELF mapping sample was not 
spurious. We could not find a biological explanation for an 
increased recombination fraction in the SELF versus the 
OP map for that marker pair. 

The locus order for the two maritime pine framework 
maps was different for 7 out of 129 direct comparisons 
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(Fig. 2A). The lines connecting common framework mark­
ers crossed because the locus order was different for one 
of the two maps. There were no missing data for these 
markers. To ascertain whether this observation was repre­
sentative for our data, a statistical technique called "boot­
strapping" (Efron 1982) was used to resample the data from 
our experiment and to generate "new" maps to compare 
with the original pair. Two new sets of 62 gametes were 
sampled with replacement from the pooled 124 megagam­
etophytes data set (SELF plus OP mapping samples). Two 
new framework maps were constructed for linkage groups 
1 and 2, and these were compared pairwise with the orig­
inal maps for these groups (Fig. 2B). The number of dif­
ferences in locus order for 152 comparisons was seven. 
Thus, our observation of order differences based on the 
comparison of two framework maps appeared to be repre­
sentative of the variation in locus order that can be ex­
pected. Each difference suggested that the order for one of 
the two maps was mistaken (i.e., one difference= l/2 mis­
take per map). For framework maps constructed by the cri­
teria we used, our result suggests that the locus order will 
be incorrect for approximately 2% of loci. Bootstrapping 
experiments using genomic mapping data could be a val­
uable tool to help understand practical aspects of locus or­
dering, but framework map construction methods are la­
borious and have not yet been reduced to a simple set of 
algorithms. 

The maritime pine RAPD maps were constructed for 
the genetic analysis of quantitative traits, thus the accuracy 
of locus order and the marker density is adequate for our 
purposes (Darvasi et al. 1993). A 2% error rate could be 
important for map comparisons where differences in locus 
order suggest genetic rearrangements. For example, in hu­
mans, Higgins et al. ( 1990) reported a case where the or­
der determined by physical mapping was different from the 
order inferred by genetic mapping. For a comparison of ge­
nomic maps of maize and sorghum, Whitkus et al. (1992) 
attributed 9 out of 14 differences in locus order to chromo­
somal rearrangements, with the remaining 5 cases (3% er­
ror rate) attributed to uncertainties in locus ordering meth­
ods. Thus, our result confirms their suspicion that a small 
number of locus order differences should be expected by 
chance due to map construction methods. Accurate locus 
order is also important for gene isolation by map-based 
cloning. A better quality of locus order could have been 
obtained either by increasing the sample size while hold­
ing the number of framework markers at approximately 
150, or by holding the sample size at 62 and raising the 
interval support criterion for choosing framework loci. 

Genome size and map coverage 

Pine has 12 metacentric chromosomes (Sax and Sax 1933). 
Total map distance for pine can be estimated from the num­
ber of chiasmata per bivalent (2.5) observed in pine pol­
len mother cells (Saylor and Smith 1966). Total map dis­
tance corresponds to half of the number of chiasmata (Ott 
1991 ), so the total map distance of pine should be approx-
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imately 1500 eM. Both RAPD maps for maritime pine had 
13 large linkage groups plus 5 small groups of 2-3 mark­
ers. The framework linkage maps for this maritime pine F 1 

individual had a total map distance of approximately 
1380 eM. The RAPD maps, however, were determined 
from meioses from megaspore formation, and recombina­
tion rates between markers could differ for pollen and meg­
aspores (Moran et al. 1983). 

The 263 RAPD markers common to both maps appeared 
to provide nearly complete coverage of the maritime pine 
genomic map. The addition of 41 markers unique to the 
SELF sample and 26 markers unique to the OP sample ex­
panded the total map length by only 3% (42.8 eM) and 2% 
(28.5 eM), respectively. The 5 small linkage groups could 
account for perhaps 200 eM of map distance if each map 
included 20 eM at both ends of these groups where link­
ages with other markers or genes could be detected. A to­
tal map length of approximately 1380+200 eM closely 
agrees with the estimate from cytological studies and sug­
gests that the map was approximately 90% complete. 

Genomic map coverage was also evaluated assuming 
that markers are randomly distributed on a 1500-cM map. 
According to Lange and Boehnke (1982), 110 markers are 
needed to cover a genome of 1500 eM with P'2:.0.95 and 
d$20 eM. For a genomic map of263 markers randomly lo­
cated on a genomic map of 1500 eM, an additional marker 
will be located within 20 eM of an existing marker with 
P$0.998. Although the marker distribution appeared to be 
random, showing no significant departure from Poisson ex­
pectations in a goodness-of-fit test, the maritime pine map 
had 5 small linkage groups, suggesting that the map was 
not so complete or that our method of evaluating random­
ness was weak. The method of Hulbert et al. ( 1987) pro­
vided an estimate of total map length (1288 eM) that was 
closer to the observed length (1380 eM). 

Genomic analysis in maritime pine 

In forestry, restriction fragment length polymorphism 
(RFLP) markers have been used for studies of genome 
structure and evolution as well as for analysis of quantita­
tive genetic variation (Neale and Williams 1991; Groover 
et al. 1994; Devey et al. 1994). Forest trees are generally 
genetically heterogeneous and highly outcrossed, thus 
anonymous markers such as RAPD can be readily detected 
despite their dominant pattern of inheritance. RAPD mark­
ers are an efficient first step towards establishing a genomic 
maps for previously unstudied species (Tulsieram et al. 
1992; Nelson et al. 1993; Grattapaglia and Sederoff 1994 ). 
Our result demonstrates that a high quality genomic map 
that covers 90% of the genome can be constructed from 
RAPD markers. Additional genetic markers (e.g., iso­
zymes, proteins, RFLPs, sequence-tagged sites) will be 
needed to establish synteny with other species. This ge­
nomic map of maritime pine will facilitate quantitative trait 
dissection studies and marker-assisted breeding. The 
RAPD map can be supplemented by known and unknown 
genes to further characterize the maritime pine genome. 
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As a part of our mapping project, 27 protein loci have been 
located on the maritime pine map described in this paper 
(Plomion et a!. 1995). 
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