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Abstract We report here the first genetic linkage maps of
pecan [Carya illinoinensis (Wangenh.) K. Koch], using
random amplified polymorphic DNA (RAPD) and
amplified fragment length polymorphism (AFLP)
markers. Independent maps were constructed for the
cultivars ‘Pawnee’ and ‘Elliot’ using the double pseudo-
testcross mapping strategy and 120 F; seedlings from a
full-sib family. A total of 477 markers, including 217
RAPD, 258 AFLP, and two morphological markers
were used in linkage analysis. The ‘Pawnee’ linkage map
has 218 markers, comprising 176 testcross and 42
intercross markers placed in 16 major and 13 minor
(doublets and triplets) linkage groups. The ‘Pawnee’
linkage map covered 2,227 cM with an average map
distance of 12.7 cM between adjacent markers. The
‘Elliot” linkage map has 174 markers comprising 150
testcross and 22 intercross markers placed in 17 major
and nine minor linkage groups. The ‘Elliot’ map covered
1,698 cM with an average map distance of 11.2 cM be-
tween adjacent markers. Segregation ratios for dichog-
amy type and stigma color were not significantly
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different from 1:1, suggesting that both traits are con-
trolled by single loci with protogyny and green stigmas
dominant to protandry and red stigmas. These loci were
tightly linked (1.9 ¢cM) and were placed in ‘Elliot’ link-
age group 16. These linkage maps are an important first
step towards the detection of genes controlling horti-
culturally important traits such as nut size, nut maturity
date, kernel quality, and disease resistance.

Introduction

Pecan [Carya illinoinensis (Wangenh.) K. Koch] is one of
the most commercially important nut crops grown in the
United States and the most economically important
member of the genus Carya Nutt. (hickory) (Wood
1994). Most pecan cultivars are diploid, with a chro-
mosome number of 2n=2x=32. Pecan trees are very
large and long-lived trees with a juvenile period of 5—
10 years. These characteristics, in combination with a
high degree of heterozygosity maintained through
dichogamy, have limited genetic studies in this crop.
Consequently, the genetic control of important traits,
including disease resistance and nut quality, are poorly
understood.

Pecan is monoecious, with male and female flowers
produced on the same individual. The staminate flowers
are organized into an ament or catkin, and the female
flowers are borne on a spike (Wetzstein and Sparks
1986). Self-pollination in pecan is usually limited by
dichogamy, whereby the male and female flowers mature
at different times. Pecan cultivars differ with respect to
maturity of the staminate and pistillate flowers, leading
to both protandrous and protogynous patterns of
flowering, termed heterodichogamy. In protogynous
types, stigmas become receptive prior to pollen shed,
and in protandrous types, pollen begins to shed before
the stigmas are receptive. The only trait in pecan for
which the genetics has been established is dichogamy,
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which is controlled by a single locus such that protandry
(pp) is recessive to protogyny (PP or Pp) (Thompson
and Romberg 1985).

The potential of molecular markers to increase our
understanding of the pecan genome has been demon-
strated in several studies. Isozyme systems have been
used to study the genetic diversity of pecan populations
(Marquard 1987, 1989, 1991; Marquard et al. 1995;
Ruter et al. 2000, 2001). Conner and Wood (2001) used
random amplified polymorphic DNAs (RAPDs) to
identify pecan cultivars and estimate their genetic
relatedness. Vendrame et al. (2000) used amplified
fragment length polymorphisms (AFLPs) for the
molecular evaluation of pecan trees regenerated from
somatic embryogenic cultures, and Grauke et al. (2003)
evaluated simple sequence repeat (SSR) markers for
genetic studies. Grauke et al. (2001) determined the
mean 2C genome size of pecan to be approximately
1.7 pg. Aside from these studies, little information exists
on the pecan genome.

With the advent of several PCR-based methodolo-
gies, molecular markers became common tools for ge-
netic studies. Molecular markers are particularly
valuable in perennial crops for linkage map construction
and the mapping of qualitative and quantitative traits
(Crespel et al. 2002). Molecular linkage maps are also
being used successfully in many crop species for directed
germplasm improvement (Pearl et al. 2004). Though
most agronomically important crops have saturated, or
nearly saturated, linkage maps, mapping studies in
perennial fruit and nut crops have lagged behind.
Molecular linkage maps of several tree fruit and nut
crops have been recently produced, including pear
(Pyrus communis) (Yamamoto et al. 2002), apricot
(Prunus armeniaca) (Vilanova et al. 2003; Lambert et al.
2004), Citrus (Sankar and Moore 2001), macadamia
(Macadamia sp.) (Peace et al. 2003), apple,
(Malus x domestica) (Conner et al. 1997), and walnut,
(Juglans sp.) (Fjellstrom and Parfitt 1994). Linkage
maps facilitate the identification and localization of
genes controlling important traits, subsequently allow-
ing marker-assisted selection and positional cloning of
genes (Staub et al. 1996; La Rosa et al. 2003).

Like many tree fruit and nut crops, pecan is an out-
breeding heterozygous crop and inbreeding depression
limits the ability to produce F5 or backcross populations
for mapping. Instead, F; progenies obtained from
crossing two highly heterozygous parent clones and the
double pseudo-testcross strategy are used to generate
linkage maps. This method produces two independent
maps, one for each of the parents (Weeden 1994;
Atienza et al. 2002; Yin et al. 2002; La Rosa et al. 2003).

In this report we describe the construction of genetic
linkage maps for the pecan cultivars ‘Pawnee’ and
‘Elliot’ using a combination of RAPD and AFLP
markers. Both ‘Pawnee’ and ‘Elliot’ are important cul-
tivars to the breeding program. ‘Pawnee’ is one of the
most widely planted pecan cultivars and combines the
desirable characteristics of large nut size, high quality,

and early nut maturity (Thompson and Grauke 2000).
‘Elliot’ has a high degree of resistance to pecan scab
(Goff et al. 2003) caused by the fungus Cladosporium
caryigenum. These maps are a first step towards the
identification of loci controlling horticulturally impor-
tant quality traits such as nut size, nut maturity date,
and disease and insect resistance (Conner 1999).

Materials and methods
Plant material

The mapping population consisted of 120 progeny of
pecan [Caryl illnoinensis (Wagnehn) K. Koch] obtained
from the cross ‘Pawnee’ x ‘Elliot’. The first progeny set
consisted of 55 trees in Byron, Ga. (USA) produced
from a cross made in 1986. The second progeny set
consisted of 65 seedlings in Tifton, Ga. produced from
the same cross in 1999. Trees were grown at a spacing of
approximately 3.1/4.6 m in both locations.

The dichogamy type of the Byron progeny was
determined in the spring of 2003. Pistil receptivity was
determined by first dusting pollen onto the stigmas and
then gently blowing off the excess pollen (Thompson and
Romberg 1985). A receptive stigma has a sticky surface
to which a large number of pollen grains adhere. Anther
dehiscence was assessed biweekly by shaking the catkins
and observing whether pollen was released. Stigma color
was determined visually at peak receptivity; any sign of
red or purple coloration was scored as “red” and the
lack of such coloration was scored as “‘green’.

Marker analysis

Total DNA was extracted from fresh mature leaves of
parental lines and seedlings according to the protocol
established for olive (Claros et al. 2000), which was a
modification of the method of Doyle and Doyle (1987).
The DNA concentration was measured by comparison
to known concentrations of 4/-DNA by electrophoresis
on agarose gels.

A total of 600 RAPD primers were screened using
DNA from three progeny and both parents. Primers
used for RAPD analysis were synthesized by the Uni-
versity of British Columbia, Vancouver (Canada).
Amplifications were carried out in 25-ul aliquots of the
solution containing 11.4 ul H»0, 2.5 ul 10x buffer
(20 mM Tris-HCl pH 8.0, 100 mM KCI, 0.1 mM
EDTA, 1 mM DTT, 50% glycerol, 0.5% Tween 20, and
0.5% Nonidet-p40), 2.25 pl 25 mM MgCl,, 2 ul 2.5 mM
solution of each ANTP (Promega, Madison, Wis.) 1.5 ul
10 uM primer, 5 pl of a 5 ng/ul DNA solution, and
0.4 pl Tag DNA polymerase (Promega). Amplifications
were performed in an Eppendorf scientific thermal cycler
(Eppendorf Scientific, Westbury, N.Y.) programmed for
40 amplification cycles (94°C for 1 min, 35°C for 2 min,



and 72°C for 2 min) followed by an 8-min extension
cycle at 72°C, with a maximum ramping speed between
temperatures. Amplification products were resolved by
electrophoresis on a gel of 0.7% agarose and 0.3%
synergel (Diversified Biotech, Boston, Mass.) run at
110 V for 4 h in 0.5x TBE buffer (Sambrook et al.
1989). Band sizes were estimated by comparison to a
100-bp DNA ladder (Promega). Gels were stained with
ethidium bromide and photographed on a transillumi-
nator, and the segregation patterns were scored manu-
ally as a band being present or absent from a computer
printout. The RAPD markers were denoted by their
primer code followed by the size of the band scored (e.g.
B199-1400).

The amplified fragment Ilength polymorphism
(AFLP) analyses were carried out as described in Vos
et al. (1995) using fluorescently tagged primers. The
AFLP core reagent and starter primer kit were pur-
chased from PE-Applied Biosystems (ABI, Foster City,
Calif.). A 200-ng aliquot of genomic DNA was digested
with the restriction enzymes EcoRI and Msel, and DNA
fragments were then ligated to adaptors. The pre-selec-
tive amplification cycle was carried out with one selec-
tive nucleotide (E-A, M-C), followed by a selective
amplification cycle using two additional selective nucle-
otides. The amplification products thus obtained by
using three selective nucleotides for both EcoRI and
Msel were run on a 6% polyacrylamide gel along with
size-standard Gene Scan-500 (ROX) and deionized
formamide for 45 h on an ABI 377 DNA sequencer
using one-time TBE buffer. Digital gel images were ob-
tained using GENESCAN software (Applied Biosystems)
and were manually scored for the presence or absence of
bands. The AFLP bands were named with the three
selective nucleotides of EcoRI and the three selective
nucleotides of Msel followed by the size of the band
scored (e.g., AGC/CTG 275).

Mapping and linkage analysis

Linkage maps were generated for each parent inde-
pendently using the double pseudo-testcross mapping
method (Weeden 1994). This mapping method utilizes
the segregation data for polymorphic markers hetero-
zygous in one or both parents and is particularly
useful in mapping dominant markers like RAPDs and
AFLPs. Testcross markers are heterozygous (band
present) in one parent and homozygous recessive
(band absent) in the other, and they segregate in a 1:1
present/absent ratio in the progeny. Intercross markers
are heterozygous in both parents and segregate in a
3:1 present/absent ratio in the progeny. All testcross
markers were tested for a Mendelian segregation ratio
of 1:1 using Chi-square analysis (P <0.05). Linkage
maps were constructed using the mapping program
MAP MANAGER QTxB17 (Meer et al. 2002). Initial linkage
groups were constructed from testcross markers using
the command MAKE LINKAGE GRouPs. The criteria for
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linkage was a LOD threshold of 3.0 and a recombi-
nation fraction < 0.35. Then, linkages in repulsion
phase of all loci were tested using the commands FLIP
PHASE and LINKS. The order of loci within linkage
groups was refined as necessary by using RIPPLE com-
mand and by manual rearrangement of the loci.
Linkage distances were computed using the Kosambi
mapping function and the allow for SEGREGATION DIs-
TORTION OPTION. Once the framework maps composed
of testcross markers were established, intercross
markers showing 3:1 ratio were added using the cross-
type designation ARBITRARY and the LINKS command
(Tsarouhas et al. 2002). Intercross markers were
paired with the testcross marker with which they had
the most significant linkage (LOD threshold of 3.0).
Intercross markers were only considered accessory
markers and were not used in the estimation of dis-
tances.

Estimation of genome length

The genome length estimation was determined by
“method no. 37 of Chakravarti et al. (1991):
G=N(N-1) X/K, where G is the estimate of genome
length; N, the number of markers analyzed; X, the
largest distance value in centiMorgans between linked
markers, and K, the number of linked markers at LOD
value 3.

Results
Molecular markers

From the 600 primers initially screened, 90 (15.0%) were
chosen based upon the number of strong polymorphic
markers they produced (Table 1). Using these 90 prim-
ers, RAPD analysis was performed on the entire 120
progeny, generating a total of 217 markers. The number
of polymorphic RAPD markers produced per primer
ranged from one to six, with an average of 2.4. Of the
217 RAPD markers, 174 (80.2%) were testcross markers
and the remaining 43 (19.8%) were intercross markers.
Out of 174 testcross RAPD markers generated, 82
(47.1%) and 92 (52.9%) markers were heterozygous in
‘Pawnee’ and ‘Elliot’, respectively. Distorted segregation
was seen in 25 (14.4%) markers, 11 from ‘Pawnee’ and
14 from ‘Elliot’.

The AFLP selective primer screening was carried out
using all 64 possible combinations of primers provided
in the starter kit, which includes eight EcoRI + 3
primers and eight Msel + 3 primers (Applied Biosys-
tems 2000). Based on the number of polymorphic
markers produced on a subset of ten progeny and both
parents, 20 highly polymorphic primer pairs were chosen
for mapping (Table 1). Using these 20 primer pairs, we
carried out AFLP analysis on the entire progeny,
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Table 1 Markers scored in the pecan [Carya illnoinensis (Wagnehn)
K. Koch] progeny using RAPD and AFLP analysis

Table 2 Primer combinations used for AFLP marker analysis in
pecan mapping and bands scored for linkage analysis

RAPD markers AFLP markers

Number of primers/ 600 64
primer pairs screened

Number of primers/ 90 20
primer pairs
used for mapping

Number of testcross 82 116
markers (1:1) present
in ‘Pawnee’

Number of testcross 92 96
markers (1:1) present
in ‘Elliot’

Number of intercross 43 46
markers (3:1)

Total number 217 258
of markers produced
Average number 2.41 12.9

of markers obtained
per primer/primer pair®

# Includes both intercross and testcross markers obtained for each
primer/primer pair

generating a total of 258 markers, of which 212 (82.2%)
were testcross markers and 46 (17.8%) were intercross
markers. Out of the 212 testcross AFLP markers gen-
erated, 116 (54.7%) and 96 (45.3%) markers were het-
erozygous in ‘Pawnee’ and ‘Elliot’, respectively. The
number of polymorphic AFLP markers generated per
primer pair ranged from 2 (E-AGC/M-CTG) to 24 (E-
ACA/M-CAC) with an average of 12.9 markers (Ta-
ble 2). In ‘Pawnee’ the number ranged from 0 to 12 with
an average of 5.8, and in ‘Elliot’ ranged from 2 to 11,
with an average of 4.8 (Table 2). Out of the 212 testcross
AFLP markers, 35 (16.5%) showed distorted segrega-
tion, 22 from ‘Pawnee’ and 13 from ‘Elliot’.

Map construction

Independent linkage maps were constructed for each
parent using the double pseudo-testcross mapping
strategy (Weeden 1994). A total of 477 (Table 1)
markers, including 217 RAPD, 258 AFLP and two
morphological markers were available for map con-
struction. Framework maps were created using only
markers in the testcross configuration. For the ‘Pawnee’
map, 176 testcross markers were assigned to 29 linkage
groups, leaving 22 markers unlinked. The 29 linkage
groups include 16 major groups, two triplets, and 11
pairs (Fig. 1). Once the framework maps had been
completed, 42 intercross markers were added to the map
as accessory markers, while 47 intercross markers re-
mained unlinked. The final ‘Pawnee’ linkage map con-
sists of 218 markers, including 176 testcross markers
(80.7%) and 42 (19.3%) intercross markers. The ‘Paw-
nee’ map covered a total distance of 2,228 ¢cM, with an

Markers segregating 1:1

Primer pair ‘Pawnee’™®  ‘Elliot’® Total Markers
segregating 3:1

E-AAC/M-CAC 6 6 12 1
E-AAC/M-CAG 7 4 11 3
E-AAC/M-CAT 6 2 8 5
E-AAC/M-CTG 10 9 19 5
E-ACA/M-CAC 12 11 23 1
E-ACA/M-CAG 5 2 7 1
E-ACA/M-CAT 8 5 13 5
E-ACA/M-CTA 1 5 6 2
E-ACC/M-CAA 8 4 12 1
E-ACC/M-CAG 5 3 8 2
E-ACC/M-CAT 5 4 9 0
E-ACG/M-CAA 5 6 11 0
E-ACG/M-CTA 0 6 6 2
E-AGC/M-CAG 12 7 19 4
E-AGC/M-CAT 3 3 6 0
E-AGC/M-CTA 6 3 9 2
E-AGC/M-CTG 0 2 2 0
E-AGG/M-CAA 7 4 11 4
E-AGG/M-CAG 6 7 13 2
E-AGG/M-CTA 4 3 7 6
Total 116 96 212 46

% Band present (heterozygous) in ‘Pawnee’, null in ‘Elliot’ and
segregating in 1:1 in F;progeny
® Band present (heterozygous) in ‘Elliot’, null in ‘Pawnee’ and
segregating in 1:1 in Fprogeny

average distance of 12.6 cM between adjacent markers
(Fig. 1). The groups ranged in size from 15cM to
303 cM, and the total number of markers per linkage
group ranged from 2 to 23.

The °‘Elliot’ framework map was created using 152
testcross markers, which were assigned to 26 linkage
groups, leaving 36 markers unlinked. The 26 linkage
groups include 15 major linkage groups, five triplets, and
six pairs (Fig. 2). Once the framework maps were com-
pleted, 25 intercross markers were added to the map as
accessory markers, while 64 remained unlinked. The
‘Elliot’ map covered a total of 1,698 cM with an average
of 11.2 cM between adjacent markers. The size of the
linkage groups ranged from 1.3 cM to 257 cM, and the
total number of markers per linkage group ranged from
2 to 17.

Intercross markers are useful in finding homologous
linkage groups common to both the maps. The ‘Pawnee’
and ‘Elliot” maps shared 14 of the 89 (15.7%) of the
intercross markers. Using intercross markers placed on
both maps, ten ‘Pawnee’ linkage groups could be paired
with one or more ‘Elliot’ linkage groups (Table 3).

Phenotypic traits

Dichogamy type and stigma color were evaluated in
the 55 trees from the cross made in 1986. The trees



a P-1 P-2
0.0 —— AGG/CAG63 | ACA/CAT340 0.0 —1— B56-1400
AAC/CAT235
9.5 —— B519-700
210
AGG/CAG216 230 —— AcacaT135
33.1 —— ACG/CAA276
48.7 —— B274-950 | ACC/CAG225
B810-350
58.1 —1— AAC/CTG265
625 —1— AAC/CTG273
67.3 —— AGG/CTA185
82.1 —1— AAC/CTG170
82.3 —— ACC/CAT209 857 —|— B181-480
87.7 —— ACCICAA130 87.5 | B181-470 B5345-560
935 —— B259-200 B43-1250
95.7 —— B86-950 95.1 — [ B6-1400
105.3 —— AAC/CAC206
110.9 —f— B223-480
1234 —— B165-1700
AAC/CAT106
1 132.5 —f— AAC/CTGO7 |AACLATIO00
134.0 B229-1250 AAC/CAT105
144.6 ——ACA/CAC494
152.7 —— B318-590
1575 ) B4o-
1609 | Egg;_ggg 160.7 —L— ACA/CAC142
171.8 —— ACA/CAG100 P-5
0.0 —— ACA/CTA220
190.0 —— Bg11-240
26.3 —— ACC/CAT71
217.8 —— B517-620 ACC/CAA165
2247 | B318.900 B283-200 46.8 —— AGC/CAG160
2314 1 AGC/CTA365 AGC/CTA380
2422 1 B63-410
68.8 —— B199-480
83.0 —— AAC/CTG162
87.1 —— AGC/CAG165
265.5 —— AGC/CAT370
95.5 —— B345-280
107.6 —}— AAC/CACT72
2882 _{  B199-1800
290.1 —— B199-1400
303.0—1— B632-250
142.6 — — AAC/CTG167

Fig. 1 Genetic linkage map of pecan Carya illinoinensis (Wangenh)
K. Koch cv. ‘Pawnee’ (P) consisting of RAPD and AFLP markers.
Map distances in centiMorgans are indicated to the /eft and loci to
the right of each linkage group. Testcross markers are located to the

from the cross made in 1999 could not be evaluated
because the trees had not yet flowered. In the spring
of 2003 nearly all of the 1986 progeny flowered and
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P-3 P-4
0.0 —1— AAC/CAG85 0.0 —1— AAC/CAT230
21.7 —— AAC/CAC234
27.4 —— AAC/CAC224
40.4 —— ACC/CAT278
44.3 —— AGC/CAG80
58.1 —— AAC/CAT169
63.6 —— AAC/CAT167 ACG/CTA210
B262-1400
67.7 ——! B220-720 B146-900
78.4 —— B157-950 B59-500
75.7 —— B301-1200 AAC/CTG171 —
88.5 —— ACA/CAT130
103.4 —1— B223-1350 B605-1100
101.3 —— ACA/CAC387
128.1 —— B146-450 128.6 —— ACA/CAT185
46.3 —— ACG/CAA232
148.9 —L_ ACC/CAA405 |ACA/CATIZ0
AAC/CAC75
P-6 P-7
0.0 —1— ACA/CAG160 0.0 —— ACC/CAT155
11.0 —}— AAC/CAC152
21.1 —}— B685-1400
27.7 | AGC/CAG300
349 L AAC/CAG300 AGC/CTA 85
53.0 —— ACA/CAG75 545 —— AGC/CAG225
B165-800 74.0 —— AAC/CAG230
783 ——'AGC/CTA9s AAC/CAGIS7 0 g | gangan
82.8 —— ACA/CAC175
90.3 —}— AAC/CAG177
101.5 —— B259-400
107.3 —}— B160-1100 610-200
114.1 —}— B220-290
118.7 —— B328-1500
124.8 —— AGC/CAG100
1325 —L— ACC/CAG100
139.8 —— B820-900

immediate right of the linkage group in normal typeface. Intercross
markers are located to the right of the testcross marker with which
they are most closely linked and are italicized and underlined.
Linkage groups consisting of only two markers are not presented

were evaluated for these two traits. One tree did not
produce any flowers and another tree was scored for
stigma color, but dichogamy type was not clear; thus,
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b P-8 P-9 P-10 P-11
0-0 —T—AGG/CTA260 0.0 —— ACA/CAC152 0.0 —— ACC/CAA100 | AGG/CAA400 0.0 —— AGC/CAT324
AAC/CTG198
B56-8890 9.3 —— Bs6.750
181 ——AGGICAA165 AGG/CTAZES B666.1370
’ 20.4 —— ACC/CAT168
28.1 —}— ACA/CAC137 26.8 —— ACA/CAG240
33.8 ——B59-580 B811-430 844 —— AnciCAGI6?
44.7 —— ACA/CAC273 AGG/CTA210
49.9 —— AGC/CAG420 48.3 —[—B341-1200 ~ B811-460 49.3 —— ACA/CATS0
53.4 —— ACC/CAA115
59.8 |  AGC/CAT300
62.7 —[— ACA/CAT127 62.8 —— AGG/CTA235 62.7 —— B146-500
67.8 —— ACA/CAT300
73.9 ——AAC/CTG213|AAC/CTG135 72.3 —— B268-390
AGC/CAG400
E— 78.3 —— AGG/CAG310
96.1 —— B685-550 93.4 —L_ AGG/CAGS5 92.6 —— B519-1400
101.6 —L— ACG/CAA173
P-12 P-13 P-14 P-15
0.0 —— B322-640 0.0 —— B341-520 0.0 —— AAC/CAT275 0.0 —— B699-1250
5.8 —— B341-250
184 _| B685-2300 19.3 —— ACA/CAC130 B387-350 18.9 —1— B517-1200 AGG/CAA480. 18.2 —— B605-400
24.5 —— BE00-750 B610-700
32.5 —1— AAC/CAG350
41.7 14— B274-1200
45.0 —— B604-800
50.3 —— B220-310
57.1 —— AGG/CAA215 AGG/CAAT00 935 —— B632-1000 56.0 —— poas-g50
62.3 —— AAC/CAG420
66.9 —— ACC/CAA220 B223-810
70.1 —— B810-500
76.2 —— B152-830 73.6 —— ACC/CAGA440
78,5 —[— B512-800 782 — agc/cAGaso B519-1350 75.8 —— B43-720
81.2 —— Bg32-350
87.7 ——B512-830
P-16 P-20 P-29
0.0 —1— AcGrcAGe1 0.0 B299-1400 0.0 AGG/CAA210
8.0 AGG/CAA160
14.3 —— AGG/CAG431
17.0 ACG/CAA297 149 AGG/CAA255
19.5 —— AGG/CAG237
26.6 B39-790
54.1 —— AGC/CAGT5

Fig. 1 (Contd.)

54 trees were scored for stigma color and 53 trees
were scored for dichogamy type. Out of the 53 trees
scored for dichogamy type, the ratio of protandrous
to protogynous was 22:31, which fit a 1:1 ratio
(*=1.52, P = 0.27), thereby confirming the mono-
genic control established by Thompson and Romberg
(1985). Out of the 54 trees evaluated for stigma color,
21 produced green stigmas and 33 produced red

stigmas, which also fit a 1:1 ratio (°=2.67, P = 0.09),
suggesting monogenic inheritance.

‘Pawnee’ is protandrous (pp) and has red stigmas
while ‘Elliot’ is protogynous and has a green stigmas.
‘Elliot” must be heterozygous (Pp) since the progeny
segregated for dichogamy type. Indeed, nearly all
protogynous cultivars such as ‘Elliot’ that have come
from natural crosses are heterozygous for this trait since



a E-1 E-2
0.0 —— B345-550 B345-580 0.0 —7—B152-1500
22.4 —— B166-780 18.2 —— B349-1600
33.8 —1— B667-2000
40.2 —f— AGC/CAT171
51.6 —1—B698-550 B43-1250 47.7——AGC/CAT175
65.2 ——AGG/CAA410
78.0 —1—B349-460
90.0 ——AGG/CAA270 B333-1200
102.3 —— B285-540
109.5 —— ACC/CAG320
120.6 ——ACA/CAC215
139.7 —— B288-870
151.2 ——AGC/CTG445
159.6 ——ACC/CAA210
163.6 —f— ACA/CAC198
169.3 —}— ACG/CAA343 169.7 —1—ACC/CAA205
175.9 —— B63-1000
183.4 —1—B810-1400
193.2 —— AAC/CTG162
198.3 ——B605-1300
212.6 —— B283-680
228.2 —— B314-2300
237.7 —— B160-1100
255.3 —1— AAC/CAT137
256.5 —1_ AAC/CAT138

Fig. 2 Genetic linkage map of pecan cv. ‘Elliot’ (E) consisting of
RAPD and AFLP markers. Map distances in centiMorgans are
indicated to the /eft and loci to the right of each linkage group.
Testcross markers are located to the immediate right of the linkage

protogynous types nearly always cross with protandrous
types, thereby maintaining a 1:1 phenotypic ratio
(Thompson and Romberg 1985). Because only ‘Elliot’ is
heterozygous for this trait, this gene could only be
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E-3 E-4
0.0 —— ACC/CAT82 0.0 —y— B66-1200
1.5~ B66-1000
8.0 —— ACC/CAA415
202 —— AAC/CAC80
268 —— -
29.4 —— B322-810 B229-700
34.0 —— B699-250
51.8 —— B346-1200
53.7 —— B346-2200
55.6 —— B299-550
60.2 —— B299-840 60.3 —— B387-1450
65.5 —— B199-650
69.3 — — B345-900 69.3 —— AAC/CTG104
71.5 —f— B342-2000
73.2 [ B-602-1700
78.7 —|— B283-320
89.0 —— AAC/CTG108
97.1 —1— ACA/CAC156
109.7 —]— ACA/CAC145
1191 —1— ACA/CTA190 1249 ——AGC/CAG130 AGC/CTA210
1343 —L_AGC/CTG275
146.6 —— ACA/CTA195
E-5 E-6
0.0 —— B269-300 0.0 —— AGG/CAG226
19.3 —— B166-600 AAC/CAG157
23.1 —— B223-1300
33.7 ——ACC/CAG110
38.1 —|— B698-650 AAC/CAG156 36.5 — AGC/CAG105
47.4 —— B698-500
56.0 —— AGC/CAT275
60.6 —— B285-880
70.9 —— B336-570
76.7 —]— ACA/CAT270
86.0 —f— AGC/CTA280
97.8 —— B152-280
108.2 —— B146-580 109.7 —— B326-1250
115.8 —— B262-1500 B30-750
126.1 —— B166-1550

group in normal typeface. Intercross markers are located to the
right of the testcross marker with which they are most closely
linked and are italicized and underlined. Linkage groups consisting
of only two markers are not presented

placed on the ‘Elliot” map. Dichogamy type mapped to
‘Elliot’ linkage group 16 (Fig. 2) with linkage to the
marker ACA/CAT250 (LOD=5.6 and 15.4 cM) on one
side and B29-340 (LOD =9.8 and 11.3 ¢cM) on the other.
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b E7 E-8
0.0 —— B632-550 0.0 —— B234-960
8.0 | B43-1100 AGC/CAG 320
18.4 —— AAC/CAG190
21.9 —— AAC/CAG186
24.6 —— AGC/CAG180
39.2 1 AAC/CAC205
53.4 —— AAC/CAC416 B519-1350
ACC/CAT405
63.1 —— AAC/CAG394
67.9 —— ACA/CAT150
77.2 —— AAC/CTG366 77.1 —— B825-370
83.5 —— AAC/CTG369
E-11 E-12
0.0 —— ACG/CTA180 0.0 —— ACG/CTAS70
7.3 —[] ACA/CAC219 B333-1700
B30-230
20.7 —}— ACA/CTA225 AGG/CAA480
21.0 4— B33-320
25.8 —}— ACA/CAC287
28.6 —1— B199-375
456 —L_ AGG/CAG224 43.6 ——1 B676-1400
B676-400
E-15 E-16
0.0 —— B346-680 0.0 ACA/CAT250
15.4 DICHOGAMY
17.3 STIGMA COLOR
ACC/CAT460
24.8 —) | AAC/CAC460
28.8 —— ACC/CAA3S0 26.7 B29-340
28.6 B160-800
343 1 B56-1200
35.9 [ B66-800 36.4 B160-770
39.0 —— B66-900
E-19 E-20
0.0 —— ACA/CAC95 0.0 B329-460
10.0 B63-1300
244 |  AAC/CAG264 23.0 B604-1600
26.8 —— AGC/CAG265
350 —L_ ACA/CACT5

Fig. 2 (Contd.)

Stigma color appears to be tightly linked (LOD =13.8
and 1.9 ¢cM) with dichogamy type since all protandrous
seedlings produced red stigmas and nearly all protogy-
nous seedlings produced green stigmas. Only a single
recombinant seedling was detected out of the 53 progeny
that could be scored for both traits (Table 4). Assuming
green stigma color (Sc) is dominant to red stigma color
(sc), the data suggest that ‘Elliot’ is heterozygous for this
trait (Scsc) and that ‘Pawnee’ is homozygous recessive
(scsc).

E-9 E-10
0.0 —— ACG/CAA215 0.0 —— ACG/CTA350
28.8 —— B63-780 B166-780
322 —}— AGG/CTA262
58.6 —L B32p-1020 | B387:350
B610-7
64.1 —L— AGC/CTA120 5610-700
E-13 E-14
0.0 —— ACA/CAT180 0.0 —— B199-590
17.5 —— ACA/CAC270 AGG/CAA100.
22.2 —1— ACA/CAC301 B605-1100 234 | anc/cTG307
284 AGC/CAG220
ACG/CTA105 AGC/LAGZZ0. 30.6 —— AAC/CTG77 B152-450
39.8 —}— B152-350
436 —L_ AAC/CTG297 43.1 —— B152-450
E-17 E-18
0.0 B698-450 B283-200 0.0 0U6-610
13.4 B322-2300
17.7 AGCI/CAG210
36.1 ACG/CAA182 354 ACC/CAG215
Discussion

For an outcrossing species such as pecan, the double
pseudo-testcross mapping strategy is well suited for use
with dominant markers. Pecan cultivars are within a
couple generations of trees selected from the wild, and
most are highly heterozygous. RAPDs and AFLPs are
both PCR-based dominant markers. They share many
advantages, including a requirement for relatively little



Table 3 Intercross markers placed on linkage maps of both ‘Paw-
nee’ and ‘Elliot” pecan

‘Pawnee’ ‘Elliot’ Marker

linkage linkage shared

group group

1 17 B283-200

2 1 B43-1250

2 1 B345-580

6 5 AAC/CAGI157
7 24 AGC/CTAS8S5

9 4 AGG/CTA210
10 21 AAC/CTGI198
12 18 B223-810

12 13 AGG/CAA100
13 10 B610-700

13 10 B387-350

14 11 AGG/CAA480
14 8 B519-1350

25 23 B345-320

template DNA, the ability to be resolved without the use
of radioactivity, and good levels of polymorphism in
many species. Perhaps the most important advantage of
these markers for use in a minor crop such as pecan is
that they can be used without any prior knowledge of
the target template DNA sequence. Other marker types
such as RFLPs and SSRs require extensive sequencing
or cloning efforts before markers can be developed. The
AFLP markers require greater inputs in terms of
equipment and initial expense than do RAPDs, but the
former do have the capability of returning a larger
number of markers per primer pair. We found that the
AFLP markers were more efficient in terms of the time
spent per marker produced, but the need to use a
sequencing gel to resolve the bands meant that the
AFLP part of the analysis had to be done in a separate
facility. In addition, AFLP markers are more difficult to
clone and sequence than are RAPD markers, and it will
require more effort to convert them to sequence-specific
markers such as sequence characterized amplified
regions (Paran and Michelmore 1993).

Intercross markers are less informative than testcross
markers because the dominant phenotype comprises
three indistinguishable genotypes (++, +—, —+)
(Crespel et al. 2002). Thus, only in the homozygous
recessive progeny is it unambiguous which allele came
from each parent. Intercross markers are of interest,
however, because they can be used as “locus bridges” to

Table 4 Classification of the 1986 progeny that were scored for
stigma color and dichogamy type*

Green Red Total
stigma stigma
Protogynous 21 1 22
Protandrous 0 31 31
Total 21 32

% Only progeny that were scored for both traits are included in the
table
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align homologous linkage groups between the two maps
(Echt et al. 1994). If enough markers are in common
between maps, the maps can be combined into a single
integrated linkage map (Conner et al. 1997; Peace et al.
2003). In this study, the percentages of intercross
markers for RAPDs (19.8%) and AFLPs (17.8%) were
similar to those found for other intraspecific crosses of
forest trees [e.g., 19% in Quercus robur (Barreneche et al.
1998), 15-18% in Fagus sylvatica (Scalfi et al. 2004)].

In the present study, the linkage groups were not
aligned but were instead reported and numbered indi-
vidually for both parents. Although several intercross
markers were mapped to linkage groups in both parental
maps, there were not enough markers in common for the
maps to be merged. The difficulty in mapping intercross
markers is evident from the low percentage of this type
of marker that could be mapped in comparison to test-
cross markers. In the ‘Pawnee’ map, 89% of the testcross
markers were mapped compared to only 47% of the
intercross markers. In the ‘Elliot” map, 80% of the
testcross markers were mapped in comparison to 40% of
the intercross markers. In order to align and compare
the homology of both maps effectively, either more
intercross markers need to be generated and mapped on
a larger progeny set or, preferably, more informative co-
dominant marker types such as SSRs need to be placed
on the maps (Powell et al. 1996).

The ‘Pawnee’ map had 16 major linkage groups, and
the ‘Elliot’ map had 15 major linkage groups, which are
close in number to the haploid chromosomal number of
pecan (n=16). However, large numbers of minor linkage
groups remain in both maps, indicating that the maps
are not saturated. Additional markers need to be map-
ped to resolve the data into 16 linkage groups. Genome
length estimates were 2,677 cM for ‘Pawnee’ and 2,965
for ‘Elliot’. Accordingly, the maps cover approximately
83% of the ‘Pawnee’ genome and 57% of the ‘Elliot’
genome.

Clustering of AFLP and RAPD markers was spo-
radically observed in both maps, similar to those re-
ported in other mapping studies (Crespel et al. 2002;
Bednarek et al. 2003). This can be explained by a re-
duced recombination rate around centromeres and also
by the tendency of some marker types such as AFLPs to
map in clusters (Nilsson et al. 1997).

Two phenotypic markers, dichogamy type and stigma
color, were placed on the ‘Elliot’ map. The genetics of
dichogamy type has been established by Thompson and
Romberg (1985), but the genetic control of stigma color
has not previously been described. Dichogamy type is of
importance to pecan culture because it is a major factor
in optimizing orchard pollination. The development of
cultivars of both dichogamy types is necessary to insure
that orchards can incorporate new cultivars that will
effectively pollinate each other.

Stigma color is characteristic for each cultivar and
can be used to help identify a cultivar (Sparks 1992). In a
sample of 82 cultivars from the USDA pecan germplasm
collection, 65 had green stigmas and 17 had stigmas with
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at least some red coloration (L.J. Grauke, personal
communication). Dichogamy type was nearly equally
distributed among the cultivars with green stigmas, with
31 protandrous and 34 protogynous. However, among
the red stigma cultivars protandry was much more
common, with 14 protandrous and three protogynous.
Because the pedigree of many of these cultivars is un-
known, it is difficult to draw conclusions from these
data. The most likely explanation for the preponderance
of red stigma protandrous types is the interrelatedness of
many of these cultivars. The cultivar ‘Success’, which is
protandrous and has a red stigma, appears in the pedi-
gree of at least 7 of the 17 clones with red stigmas.
Several other cultivars with a red stigma have an un-
known pedigree but originated near the origin of ‘Suc-
cess’ (Ocean Springs, Miss.). The percentage of clones
with red stigmas in this sample is thus likely higher than
would be found in a random sample of native pecans,
and the origin of many of these trace back to a single
cultivar. It would be interesting to evaluate a random
sample of native trees to determine the ratio of dichog-
amy type in red stigma individuals.

To our knowledge, we report here the first linkage
maps for pecan. These maps will greatly facilitate
additional genetic studies in pecan. Most horticulturally
important traits in pecan appear to have a complex
mode of inheritance, and genetic maps will enable us to
tease apart the individual loci in control of these traits
and describe their effects. In the short term, molecular
markers linked to useful traits will allow marker-assisted
selection of these traits. Marker-assisted selection has
the potential to improve the efficiency of the breeding
program because it will allow inferior seedlings to be
removed early in the breeding cycle, thereby eliminating
years of costly field maintenance. In the long term,
linkage between molecular markers and valuable genes
is a necessary first step towards the positional cloning of
these genes.
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