From the USDA Forest Service, Southern Forest Exper-
iment Station, Southern Institute of Forest Genetics,
1925 34t Street, Guifport, MS 39505-2008 (Nelson and
Nance) and the Louisiana State University Agricultural
Center, Louisiana Agricultural Experiment Station,
School of Forestry, Wildlife and Fisheries, Baton Rouge
(Kubisiak and Stine). The authors thank L. S. Nelson,
G. N. Johnson, and M. Crawford for technical assis-
tance. This work was supported in part by grants from
Louisiana Education Quality Support Fund LEQSF
(1991-94)-RD-A-02 and Mcintire Stennis LAB02895 to M.

Stine.
Journal of Heredity 1994;85:433-439; 0022-1503/94/$5.00

A Genetic Linkage Map of Longleaf Pine
(Pinus palustris Mill.) Based on Random
Amplified Polymorphic DNAs

C. D. Nelson, T. L. Kubisiak, M. Stine, and W. L. Nance

Eight megagametophyte DNA samples from a single longleaf pine (Pinus palustris
Mill.) tree were used to screen 576 oligonucleotide primers for random amplified
polymorphic DNA (RAPD) fragments. Primers amplifying repeatable polymorphic
fragments were further characterized within a sample of 72 megagametophytes
from the same tree. Fragments segregating in a 1:1, present-to-absent, ratio were
classified as Mendelian markers and mapped using multipoint linkage analysis. The
analysis revealed 16 linkage groups of at least three markers, ranging in size from
21.1 to 185.6 cM, and six linked pairs (5.5 to 23.0 cM) of markers. The 22 groups
and pairs included 133 RAPD markers and covered approximately 1,635 cM of ge-
netic map distance. Genome size estimates, based on the linkage data, ranged from
2,612 to 2,656 cM. Using a 30-cM map scale and including the 11 unlinked markers
and the ends of the 16 linkage groups and six linked pairs, the set of RAPD markers

accounts for approximately 2,265 cM, or 85% of the genome.

Genetic studies of longlived, outcrossing
species such as those of the Pinaceae
have been hampered by a lack of genetic
markers. For the most part, available ge-
netic markers have been inadequate in
providing detailed genetic information due
to their low level of polymorphism and
limited number (Beckmann and Soller
1983; Conkle 1981; Tanksley 1983). Recent
introductions of several DNA-based genet-
ic marker systems have allowed the con-
struction of genetic linkage maps in a wide
range of plant species (Al-Janabi et al.
1993; Bernatzky and Tanksley 1986; Geb-
hardt et al. 1989; Helentjiaris et al. 1986;
Landry et al. 1987; McCouch et al. 1988;
Nam et al. 1989; Reiter et al. 1992), includ-
ing forest trees (Grattapaglia and Sederoff
1994; Liu and Furnier 1993; Nelson et al.
1993; Tulsieram et al. 1992). These mark-
ers, namely, restriction fragment length
polymorphisms (RFLPs) and random am-
plified polymorphic DNAs (RAPDs), are
generally useful for genetic studies be-
cause they contain relatively high levels of
polymorphism and are obtainable in large
numbers (Botstein et al. 1980; Welsh and
McClelland 1990; Williams et al. 1990). Ge-
netic linkage maps composed primarily of
RFLP and RAPD markers are now being
used to search for quantitative trait loci
(QTLs) in several plant species (Keim et
al. 1990; Lander and Botstein 1989; Martin
et al. 1989; Paterson et al. 1988).

Longleaf pine is native to the southeast
United States, but is known worldwide as
an important timber- and resin-producing
species. Breeding objectives in the United
States have emphasized rapid early height
growth and resistance to brown spot nee-
dle blight (caused by Scirrhia acicola
[Dearn.] Siggers) (Bey 1979; Schmidtling
and White 1989). Variation in early height
growth among and within families is large
(Synder 1969, 1973; Synder and Derr 1972;
Synder and Namkoong 1978; Wells and
Synder 1976). Most of this variation can
be attributed to the grass-stage habit, in
which seedlings do not initiate height
growth until their second or third year at
the earliest and indefinitely (>15 years) at
the latest (Wahlenberg 1946). In field tests
in which seedlings are grown under brown
spot disease pressure, the least infected
seedlings tend to initiate height growth
earlier, effecting a positive correlation be-
tween resistance and height growth (Kais
and Griggs 1986; Synder and Derr 1972).
However, in Synder and Derr’s (1972)
study, the correlation between family
mean heights in fungicide-treated (brown
spot controlled) and nontreated plots was
not significant, implying a nongenetic ba-
sis for the positive correlation between
disease resistance and height growth. In
general, the lack of height growth in the
first years after planting, even under op-
timal field conditions, has caused tree
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breeders to limit their efforts to improve
longleaf pine for planting.

Brown (1964) and Derr (1966, 1969)
have observed intermediate height growth
in interspecies hybrid families of longleaf
X loblolly (Pinus taeda L.) pines and long-
leaf X slash (P, elliottii Engelm. var. elliot-
tif) pines. Using data from parental, F;, BC,,
and F, generations, Brown (1964) calculat-
ed that the minimum number of factors
controlling first-year height growth was
approximately 10. Recent calculations us-
ing Lande’s (1981) methods have suggest-
ed fewer than 10 factors as the minimum
number (Nelson CD, unpublished data).
The availability of genetic markers greatly
enhances the proposition of implementing
a backcross breeding program designed to
introgress genes for first-year height
growth from slash or loblolly pine into
longleaf pine. For example, RAPD markers
monomorphically present within the do-
nor species and absent within longleaf
pine could be used to monitor the relative
amounts of each species’ DNA contained
within backcross individuals. Individuals
expressing excellent first-year height
growth and being homozygous band ab-
sent for a large proportion of RAPD mark-
ers would be candidates for selection. In
this way, the recovery of longleaf pine
DNA could be greatly enhanced in the first
and second backcross generations (Hillel
et al. 1990; Hospital et al. 1992; Tanksley
et al. 1981; Tanksley and Rick 1980), es-
pecially in regions unlinked to the genes
for first-year height growth. Given the long
generation length in these species, this
marker-aided selection (MAS) approach
should prove extremely beneficial.

In the study reported here, we used
RAPD markers to develop a genetic link-
age map of longleaf pine. The mapping
population consisted of 80 megagameto-
phytes of a single tree (clone 3-356). The
large size of pine megagametophytes
makes them especially useful for genetic
linkage studies with various marker sys-
tems (Bahrman and Damerval 1989; Con-
kle 1981; Guries et al. 1978). RAPD markers
segregate 1:1 (band present to band ab-
sent) in megagametophytes of single trees,
allowing the phase of most linked markers
to be unambiguously determined (Hulbert
et al. 1988; Raeder and Broda 1986) and
single-tree genetic linkage maps to be con-
structed (Nelson et al. 1993; Tulsieram et
al. 1992). Currently, clone 3-356 is being
used as an elite longleaf parent in several
F, crosses with elite slash and loblolly
pines. Our long-term research goals are to
develop a MAS method for introgressing
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genes for first-year height growth into
longleaf pine and to map early height
growth QTLs and brown spot resistance
genes segregating in the backcross and F,
generations of these F, interspecies cross-
es.

Materials and Methods

DNA Extraction

We dissected megagametophytes of long-
leaf pine clone 3-356 from wind-pollinated
seeds. Total DNA was prepared from indi-
vidual megagametophytes with a modified
SDS extraction, as previously described by
Nelson et al. (1993). DNA concentrations
were determined spectrophotometrically
by averaging several (4-6) absorbance
readings taken at 260 nm. The extraction
protocol typically yielded 20 pg of DNA
per megagametophyte (range 9 to 34 ug).
We standardized working DNA prepara-
tions to 12.5 ng/ul in low TE (10 mM Tris,
0.1 mM EDTA pH 8.0) and stored them un-
til used at —20°C.

RAPD Procedure

We based RAPD reactions on the protocol
reported by Williams et al. (1990), with
modifications suggested by R. R. Sederoff
(North Carolina State University) and test-
ed by Nelson et al. (1993) on slash pine.
The reaction consisted of the following in
16 ul total volume: 3.125 ng template DNA,
5 pmoles primer DNA (0.3125 pM), 3.2
nmoles each dNTP (200 pM each) (Pro-
mega), 1.6 pl 10X Taq DNA polymerase re-
action buffer (Boehringer-Mannheim) (100
mM Tris-HCI pH 8.3, 500 mM-KCl, 15 mM
MgCl,, 0.01% gelatin), and 1.0 U Tag DNA
polymerase (Boehringer-Mannheim). Re-
actions were loaded in flexible microtiter
plates (Becton-Dickinson) and overlaid
with 50 wl of mineral oil. We placed the
microtiter plates in preheated (85°C) pro-
grammable temperature cyclers (MJ] Re-
search PTC-100) and covered them with
sheets of mylar film. The RAPD reactions
were driven to completion using the fol-
lowing thermal profile: 5 s at 95°C; 1 min
55 s at 92°C; followed by 45 cycles of 5 s
at 95°C, 55 s at 92°C, 1 min at 35°C, and 2
min at 72°C; followed by 7 min at 72°C. The
reactions ended with an indefinite hold at
4°C.

We electrophoresed the completed
RAPD reactions in 2% agarose gels and
TAE buffer (40 mM Tris base, 20 mM so-
dium acetate, 1 mM EDTA, glacial acetic
acid to pH 7.2) for approximately 3.5 h at
3 V/em (150 V). Prior to gel electropho-
resis, 3 ul of loading buffer (10X TAE, 50%

glycerol, 0.25% bromophenol blue) were
added to each reaction. After electropho-
resis, the gels were stained with ethidium
bromide (0.4 p.g/ml) for 20 min, washed in
water (7X gel vol) for 45 min, and photo-
graphed over UV light using a Polaroid
MP-4 camera and Polaroid 667 instant film.
All primers used in this study were ar-
bitrary sequence, 10-base-oligonucleotide
primers with C+G contents ranging from
50% to 80%. We obtained 220 primers from
Operon Technologies (Oligo Sets A, B, C,
D,E, F, G, J, W, X, and Y) and an additional
356 primers from J. E. Carlson of the Uni-
versity of British Columbia (numbers 101~
360 and 620-635, and 80 primers within
the range of numbers 361-590). The group
of 80 primers was deliberately selected
based on positive screening and mapping
results with at least one slash pine tree
(Nelson et al. 1993; van Buijtenen JP, un-
published manuscript). All 576 primers
were initially screened for polymorphism
against a sample of eight megagameto-
phytes of clone 3-356. We re-screened
primers revealing amplification and poten-
tial polymorphism with the same set of
eight megagametophytes to check for re-
peatability. Primers producing one or
more repeatable, polymorphic frag-
ment(s) were chosen for the mapping
phase, which involved assaying each se-
lected primer against an additional sample
of 72 megagametophytes of clone 3-356.
The 72 template DNAs were arranged into
three sets of 24 megagametophytes. Each
set was amplified separately with the se-
lected primers. Only RAPD fragments that
were readily scored for each template set
were included in the linkage analysis.

Linkage Analysis

We scored polymorphic fragments as +
for present, — for absent, and 0 for miss-
ing (i.e., failed or unscorable reaction) in
the screening and mapping phases. The
RAPD fragments were tested for 1:1 seg-
regation ratio using chi-square (x?) tests.
All fragments with an a-value greater than
0.05 were assumed to represent Mendelian
genetic loci and were used in the linkage
analysis. Multipoint linkage analysis was
performed with MAPMAKER 1I version 1.9
(Lander et al. 1987) using a modified back-
cross data file (Nelson et al. 1993). The
modified file permitted the identification
of both coupling (++/——) and repulsion
(+~/—+) phase linkages.

We calculated genome size estimates us-
ing a method-of-moments estimatoy, G(Z)
= MM - DX(Z)/K(Z) (method 3 in Chak-
ravarti et al. 1991; Hulbert et al. 1988),



Table 1. Linkage group assignment and

chi-square (x?) test information for 174 RAPD
markers in longleaf pine 3-356

Proba-

Group OrderePrimer® Band® Size?  x%,,, bility
A 1 Y17 A 0350  3.66 .056
A 2 Go6 A 0775 185 174
A 3 186 B 0790  0.21 651
A 4 533 A 0675 045 502
A 5 503 A 0400  0.65 419
A 6 299 C 0780  0.82 .365
A 7 G17 A 0460 0.2 655
A 8 D12 A 1000 001 .904
A 9 BI13 A 0550  0.51 473
A 10 B13 C 0800  0.06 811
A —e 210 A 1100 0.64 423
A — 258 A 0500  0.02 .893
B 1 429 A 0400 0.34 .558
B 2 FO7 B 0825  1.03 311
B 3 B13 B 0775 023 633
B 4 119 B 0750  0.46 497
B 5 499 B 1250 103 311
B 6 269 [ 0750  1.25 .264
B 7 FO7 [ 1000 153 .216
B 8 122 A 0400  0.46 497
B 8 306 A 0450  0.82 .365
B 9 A07 A 0275  0.62 431
B 10 B04 B 0800  1.03 311
B 11 362 B 1300 0.12 732
B 12 co1 A 0500 021 651
B 13 Go4 A 1090 033 564
B — 213 A 0400 062 431
B — 256 A 0520 1.8 18

B — 493 A 0700 1.8 18

BR" 14 BOS A 0440 064 425
BR 15 327 B 1090  0.21 .651
BR 15 B04 A 0500 0.21 .651
BR 16 173 A 0550  1.03 311
BR — Y17 B 0750 2.85 091
C 1 271 A 0890 2.85 .091
[ 2 G0 A 0750 292 .087
C 3 203 A 1050 0 1.000
C 4 135 B 0650 001 91

o 5 570 A 1100 0.12 729
C 6 171 B 0850 0.2 .655
C 7 225 A 0900 18 .18

C 8 186 A 0700 0.82 365
(o 9 co5 B 1600  0.07 .789
C 10 248 A 0500  0.29 593
C i1 299 D 1600  1.03 311
C 12 119 A 0525 157 .21

C 13 254 B 0600 0.8 371
c — 195 [o 1725 214 144
C — Al2 A 1700  3.76 .052
D 1 319 A 1150  0.05 .816
D 2 243 A 0500 1.03 31
D 3 Jos A 0670 245 118
D 4 AO6 A 1200 1.25 .264
D 5 184 B 0575 1.25 .264
D 6 297 B 0520 0.8 371
D 7 348 A 0600  0.05 821
D 8 102 B 1450  0.32 574
D 9 297 A 0400 1.25 .264
D — 159 B 0525  0.29 593
E 1 257 A 1050 1.53 .216
E 2 370 A 0850  1.28 258
E 3 B20 B 0775 032 574
E 4 504 A 0650 033 .564
E 5 169 A 0875  1.03 311
E 6 256 B 0700 0 1.000
E 7 co5 A 0900  0.07 789
E — 381 A 0760  0.12 732
E — Jo6 B 1000 0.62 431
F 1 BO5 C 0650  1.25 264
F 2 299 A 0300 0.01 91

F 3 153 B 0525  0.01 91

F 4 E12 B 0575  0.01 91

F 5 BO5 A 0475 0 1.000

Table 1. Continued Table 1. Continued
Proba- Proba-
Group Ordere Primer® Band® Size?  x%,,, bility Group Order? Primer® Bandc Size?  x%,, bility
F 6 509 A 0775 1.85 174 P 1 153 A 0275 0.24 .628
F 7 499 A 0850 2.45 118 P 2 Y19 A 0525 0.2 .655
F 8 D12 B 1350 0.01 .904 P 3 w19 ¢ 1600 0.46 497
F —_— 195 B 0780 1.53 216
F _ 258 B 1500 0.89 345 Lpls 1 132 A 0520 0.82 .365
F —  Bos B 0500 005 823 Lpl 2 181 B 1700 032 574
Lp2 1 216 A 0875 0.05 .821
FQ' 9 460 A 0800 0.01 909 Lp2 2 268 A 0700 0.62 431
FQ 10 24 C 0800 0 1.000 Lp3 1 244 A 0800  0.46  .497
FQ 11 360 A 1100 0.22 642 Lp3 2 386 A 0550 0.64 425
FQ — 327 A 1000 0.05 .821 Lpd 1 370 B 1475 0.82 .365
G 1 533 B 1100 0.05 823 Lp4 2 E19 A 0550 0.2 .655
G 3 171 A 0600 0.45 502 Lp5 2 wis B 1000 0.12 732
G 4 168 A 0600 0.62 431 Lp6 1 G10 A 0450 0.62 431
G 6 185 A 0850 181  .179 UL — 102 A 1050 103 311
G 7402 A 0900 375  .053 UL — 1 A 1550 0.62 431
H 1 184 C 0900 125  .264 Uu — 46 A 0400 0 1.000
H 2 181 A 0350 0.8 371 UL — 153 o} 0800 1.53 216
H 3 123 AL 1000 251 113 u.. - 37 A 0400 251 113
H 3 123 A2 1100 251 .13 u  — 357 B 1400 021 651
H 4 268 B 0875 214 144 UL — 381 B 1450 1.32 251
H 5 248 B 0900 0.8 371 UL —_ 427 A 0520 0.8 371
H [ 299 B 0450 3.28 07 UL —_ 429 B 0650 0.84 .359
H — 264 B 0500 0.89 345 UL —_ 479 A 0750 1.21 272
H — 269 B 0400 © 1.000 UL — Jot C 0975 1.57 21
H —_ 348 B 1000 1.53 216
I 1 254 D 0900 0 1000 = Map order within the linkage group.
I 2 E08 A 1200 08 371 * Primer ID.
I 3 E12 A 0450 08 371 <Fragment ID.
: g gg; ,(i gggg ggg gg? ¢ Approximate size (bp) of fragment.
I 6 621 A 0500 0:12 :729 ¢ Dash indicates map order is uncertain (LOD < 2.0).
1 7 180 A 0875 0.2 655 Groups BR and FQ are linked to B and F, respectively
1 — G2 B 1100 18 18 (see text).
1 — Y20 A 0875 032 574 ¢Lp = linked pair, identifies the members of the pair.
J 1 Jo1 B 0700 0 1.000 #UL = unlinked marker.
J 2 B20 A 0330 1.85 174
J 3 184 A 0325 0.8 371
J 4 Jo1 A 0500 0.82 .365
J 5 264 A 0440 016  .686 where for a given LOD score, Z, G(2) is
] 6 EI7T A 0440 0.2 655 enome size in ¢cM, M is th ber of
1 — 550 C 180 022 637 8 » M 1S the number o
markers analyzed, X(Z) is the maximum
K 1 362 A 0600 0.64 425 . ;
K 2 116 A 1450  1.08 ‘099 cM distance between linked markers, and
K 3 242 A 0750 1.8 18 K(2) is the number of linkages. Two-point
K 4 295 A 0560 08 37 linkages at LOD values of 2.0, 3.0, and 4.0
K 5 25 C 0800 125 264 b g he 170 disti Y, 0.0, and 4.
L ) 195 A " 1,000 e?tween the 1st1nc.t loci Were. deter-
L 2 132 B 0900 214 144 mined and used to provide three different
t 3 71(3;3 2 ?ggg g.g .ggg estimates. The maximum of these esti-
L 5 403 A 1500 0 1000 mates was used in further calculation and
L — 28 C 1056 001 .91 consideration of genome coverage.
L — 269 A 0350 0.05 .823
L — G06 B 0975 0.11 136
L — G17 B 1100 0 1.000 Results
M 1 550 B 0800 1.53 216
M % ggg 2 gggg (l)'g .;8 For the 576 primers screened, 248 initially
M 4 550 A 0675 0. 42 1583 appeared to reveal polymorphism be-
M 5 628 A 0630 0.12 132 tween megagametophytes of clone 3-356.
N 1 427 B 0825  1.25 264 These primers were run again, with the
N 2 J6 A 0600 153 216 same megagametophytes, to test for re-
N 3 122 B 1000 0.46 497 e
N 1 38 A 0790 245 118 peatability of the apparent RAPD frag-
N 5 €01 B 0675 046 497 ments. A large proportion (ca. 40%) of
g 6 égg Q gggg g'gg gg; these primers failed to produce repeatable
' ’ polymorphisms. Of those primers produc-
(6] 1 Jo8 B 0900 0.8 371 .
0 5 135 A 0400 001 91 ing repeatable RAPD fragments, 128 were
o] 3 3217 ¢ 1650  0.05 .82l selected for mapping. With these primers,
(0] 4 168 B 0650 0.01 91
o s 254 A 0440 045 =02 200 fragments were score<.i on the three
0 6 267 A 0600 0.29 593 template sets of the mapping phase. Due

to faint or inconsistent amplification, 12 of
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these fragments were classified as unreli-
able and omitted from further analysis.
Chi-square analysis indicated that 14 of
the remaining 188 fragments were not seg-
regating 1:1 for presence-to-absence. The
174 RAPD fragments that were apparently
segregating 1:1 and their assigned linkage
map positions are listed in Table 1. These
fragments were produced by 102 primers.
Fifty primers produced one polymorphic
fragment, 35 produced two, 14 produced
three, and 3 produced four. Fragment sizes
ranged from 275 to 1,725 base pairs (bp).

Using two-point data, 139 RAPD markers
were classified into 18 linkage groups of
three or more loci with a linkage criteria
of LOD 5.0 and distance 25 cM. Three-
point analyses were then performed for
each group. Orders of markers that were
consistent for all three-point tests with
LOD 3.0, distance 25 cM, and an exclusion
threshold LOD of 3.0 were taken as frame-
work orders. This resulted in the position-
ing of 92 markers within the 18 groups. Po-
tential positions for the remaining 47
markers within the groups were then test-
ed. Positions that were 100 times more
likely than the next best position were ac-
cepted. Twenty-one markers were posi-
tioned, while 26 markers were found to
have two or more similarly likely (LOD <
2.0) positions (Table 1).

The 35 unlinked markers were then test-
ed for linkage to the 18 groups with a link-
age criteria of LOD 4.0 and distance 30 cM.
Nine markers met this criteria the first
time, three markers the second, and zero
the third. Three- and multipoint analyses
were used to order the enlarged groups af-
ter each reiteration. As expected, the map
positions determined for the newly linked
markers were distal to the end markers of
the initial groups. Linkages between all
possible pairs of these 18 groups were
then tested. Two LOD scores for linkage
between groups were significant (LOD >
3.0) and mapped less than 30 c¢M apart
when the respective groups were com-
bined. Two-point analysis of the remaining
23 loci resulted in six pairs of linked mark-
ers, with LOD 4.0 and distance 25 cM, and
11 unlinked markers (Table 1).

Figure 1 presents our genetic linkage
map of longleaf pine clone 3-356. Sixteen
linkage groups consist of three or more
RAPD markers, and six groups contain
linked pairs of markers only (Table 1 and
Figure 1). Groups B and F each contain
two of the initial 18 groups (R and Q, not
shown separately). The LOD scores for
linkage of groups R (B09-A, 327..B, 173-A)
and B and groups Q (460-A, 254-C, 360-A)
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touch the right-hand side of the rectangle. Markers added to the framework groups at distances between 25 cM
and 30 c¢M (LOD > 4.0) or used to link framework groups together are marked with crossbars that touch the left-

hand side of the rectangle.

and F, respectively, were 6.67 and 5.63,
with between-group map distances of 25.2
cM and 27.2 ¢M. LOD scores of 2.50 and
2.14 were found for linkage between
groups J and G and groups K and H, re-
spectively. These were not considered
significant, however, as map distances be-
tween these groups would be approxi-
mately 50 cM. The 22 linkage groups and
pairs contain 133 mapped loci (LOD =
2.0) and cover an estimated 1,634.7 cM of

map distance. The weighted-average dis-
tance between markers within the 22 link-
age groups is 147 ¢cM (149 cM in the
groups and 12.2 in the pairs).

Genome size estimates were 2,612,
2,656, and 2,631 cM for LOD scores of 2.0,
3.0, and 4.0, respectively. For this calcula-
tion we used data for 170 markers, be-
cause four pairs of the 174 markers were
linked (0% recombination) in the repul-
sion phase and may represent two alleles



at the same locus. Utilizing the formula-
tion of Bishop et al. (1983), we expect a
random sample of 170 markers (each cov-
ering 30 cM) drawn from a uniform distri-
bution over 12 linkage groups totaling
2,656 cM to cover 84.2% of the genome.
Using a 30-cM map scale and assuming
that 24 of the 32 ends of our 16 linkage
groups are located within 15 cM (30 cM/
2) of the 24 telomeres (x = n = 12 in long-
leaf pine), we can account for 2,265 cM
(85.3% of the genome) with the 170 mark-
ers. Without the telomere assumption, the
170 markers would cover nearly 98% of
the longleaf pine genome. In light of Bish-
op’s et al. (1983) theoretical work, this lev-
el of coverage would seem highly unlikely.

Discussion

In the study reported here, we used me-
gagametophytic DNA of a single longleaf
pine tree and RAPD markers to produce a
medium-density genetic linkage map (14.7
cM average spacing). The map includes 16
linkage groups, containing at least three
loci, and six linked pairs of markers. The
groups and pairs cover a contiguous dis-
tance of approximately 1,635 cM. Using
the two-point linkage data, we estimate
the genome size to be 2,656 cM. Including
the 11 unlinked markers, we calculated
our genome coverage to be 85.3%, which
closely agrees to a theoretical estimate
(84.2%) assuming 170 markers, 30 cM cov-
erage per marker, 2,656 total cM, and 12
chromosomes (haploid number). Based
on a similar mapping study, we previously
estimated the genome size of slash pine to
be in the range of 2,880 to 3,360 cM (Nel-
son et al. 1993). More recent estimates
made with larger data sets on the same
and additional trees suggest that the ge-
nome sizes of longleaf and slash pines are
in the range of 2,300 to 2,900 cM (Nelson
CD, Kubisiak TL, var Buijtenen JP, Stine M,
and Nance WL, unpublished data).
Estimates of the physical size of several
pine species vary from 33 pg to 57 pg per
diploid (2C) nucleus (Ohri and Khoshoo
1986). An estimate for longleaf pine was
not given, but the average for the most
closely related species (Subgenera Pinus,
Section Pinus, Subsection Australes) was
38.2 pg (or 1.84 X 10" bp per haploid nu-
cleus). This suggests that the average
physical size of a centimorgan in longleaf
pine is approximately 6.9 X 10¢ bp. Be-
cause the bp/cM relationship is known to
vary widely within various genomes, this
average value is useful for comparative
purposes only. Estimates of the average

bp/cM ratio in plants range from 2.9 X 10°
for Arabidopsis thaliana to 1.4 X 10% for
Zea mays (Arumuganathan and Earle 1991;
Nam et al. 1989; Whitkus et al. 1992). The
large bp/cM ratio in longleaf pine will re-
quire very high resolution mapping (<0.1
cM average spacing) for applications in-
volving map-based cloning techniques.
This level of resolution may be afforded
for specific genomic regions only, such as
those adjacent to disease-resistance loci.
In addition, the large bp/cM ratio could
also cause problems in QTL mapping ex-
periments, because a 10-cM interval, con-
taining 6.9 X 107 bp, could contain many
loci—potentially with both positive and
negative effect alleles.

The efficiency of RAPD mapping is large-
ly a function of the information content
per primer screened and mapped. For this
map, we screened 576 primers with eight
megagametophytes for polymorphism
within a single longleaf pine tree. Of these
576 primers, 80 were previously identified
by their ability to produce mappable poly-
morphisms in two unrelated slash pine
trees. In the preselected group, 24.8% of
the primers produced mappable polymor-
phisms, while only 16.7% did in the non-
selected group. However, in terms of the
number of mappable RAPD markers per
primer used in mapping, the preselected
group provided no advantage. For the two
groups, the preselected primers produced
0.36 mapped RAPD markers per primer
screened, while the nonselected group
produced 0.29. We have obtained similar
results with other species in Pinus and Pic-
ea (Nelson CD, van Buijtenen JP, Echt C,
Binelli G, and Nance WL, unpublished
data). Tingey et al. (1992) cited similar (0.3
markers per primer screened) and much
higher estimates (up to 2.5) for various
plant species. Selecting the tree or pedi-
gree for mapping efficiency may also
prove beneficial as we have observed
large variation between trees within sev-
eral Pinus and Picea species (Nelson CD,
Nance WL, van Buijtenen JP, and Binelli G,
unpublished data). However, it appears
that mapping trees and pedigrees selected
for trait variation will prove most valu-
able, as most trees apparently have suffi-
cient DNA polymorphisms to identify and
map genetic marker loci.

One advantage of RAPD markers com-
pared to RFLPs and allozymes is the po-
tential to automate the laboratory pro-
cess. In this experiment, we automated
several steps of the RAPD process, allow-
ing a single person to completely process
an average of 768 reactions per day

(Nance and Shumate 1992). In addition to
the increased throughput afforded by au-
tomation, we also observed a reduction in
failed reactions (no or recognizable prob-
lem ampilifications). In an earlier RAPD
mapping experiment (Nelson et al. 1993),
we found 10% failed reactions (missing
data) and approximated a 5% error rate
due mostly to nonrecognizable problem
amplifications (i.e., partially failed reac-
tions). Partially failed reactions are es-
pecially problematic in that they usually
result in misscored data. Kubisiak et al.
(1993) found that misscored mapping data
at and above the 4% level resulted in sta-
tistically detectable differences in several
linkage map construction parameters.
Most notable was the reduced numbers of
mapped framework (LOD > 5.0 for group
inclusion and LOD > 3.0 for placement
within groups) markers. In the study re-
ported here, with the help of automation,
we found 5% failed reactions and estimat-
ed a 2% error rate (data not shown). Wee-
den et al. (1992) and Hemmat et al. (1994)
found similar error rates in RAPD markers
assayed in pea, lentil, and apple mapping
experiments, owing the reduction in error
rates to using high-quality template DNA,
scoring only clear polymorphisms, and an-
choring linkage groups with allozyme or
RFLP markers. Clearly these measures,
combined with automation, would further
contribute to reducing the error rates as-
sociated with RAPD markers.

The level of RAPD data throughput cur-
rently achievable with automation should
allow for the design and rapid execution
of large MAS and QTL mapping experi-
ments. However, the nature of RAPD mark-
ers—dominance, low polymorphism infor-
mation content (PIC), and low marker
homology between crosses (Hemmat et al.
1994)—requires that individual- or pedi-
gree-specific maps be constructed for
each project, adding to the need for in-
creased automation (Grattapaglia et al.
1992). Attempts to overcome these prob-
lems by converting RAPD markers to se-
quence characterized amplified region
(SCAR) markers (Paran and Michelmore
1993) are in progress. Other PCR-based
markers, such as microsatellites, may also
prove beneficial, as they have in mamma-
lian species (Dietrich et al. 1992; Serikawa
et al. 1992). Clearly much work remains to
be done, but for applications within back-
cross or testcross families, such as those
produced in backcross breeding pro-
grams, RAPD markers should be useful for
monitoring introgression and mapping
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QTLs and disease-resistarice genes in long-
leaf pine.
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