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ABSTRACT. A detailed genomic linkage map of the olive [Olea europaea L. ssp. europaea (2x = 2n = 46)] was constructed
with a 147 F1 full-sib ‘Olivière’ · ‘Arbequina’ progeny in a two-way pseudo-test cross-mapping configuration. Based
on a logarithm of odds threshold of 6 and a maximum recombination fraction of 0.4, maternal and paternal maps were
constructed using 222 makers [178 amplified fragment length polymorphism (AFLP), 37 simple sequence repeat
(SSR), seven intersimple sequence repeat (ISSR)] and 219 markers (174 AFLP, 39 SSR, 6 ISSR) markers, respectively.
The female map regrouped 36 linkage groups (LGs) defining 2210.2 cM of total map length with an average marker
spacing 11.2 cM and a maximum gap of 48.5 cM between adjacent markers. The male map contained 31 LGs and
covered a distance of 1966.2 cM with an average and a maximum distance between two adjacent markers of 10.3 and
40.4 cM, respectively. Mean LG size was 61.3 and 63.4 cM in the maternal and paternal maps, respectively. The LGs
consisted of two to 17 loci (up to 21 loci in the paternal map) and ranged in length from 2.7 to 182 cM (female map) or
from 4.1 to 218.1 cM (paternal map). Markers were distributed throughout the maps without any clustering. The total
length of the consensus map was 3823.2 cM containing 436 markers distributed into 42 LGs with a mean distance
between two adjacent loci of 8.7 cM. Both parental maps and the consensus maps were compared with previously
published olive maps. Although not saturated yet, the present maps offer a promising tool for quantitative trait loci
mapping because phenotypic characterization of the cross is currently carried out.

Olive is one of the most important Mediterranean fruit
species cultivated for oil and canned fruit consumption. With
over 2000 cultivars, the olive tree is highly diverse and adapted
to Mediterranean agroecological conditions. It plays a major
socioeconomical role in traditional agroecosystems, especially
in southern Mediterranean areas with an expanding use in oil
and cosmetic industries (Aburjai and Natsheh, 2003).

Olive is a diploid species [2n = 46 (Green and Wickens,
1989)] with a nuclear DNA content ranging from 2.90 ± 0.020
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to 3.07 ± 0.018 pg/2C (Loureiro et al., 2007). These values
correspond to �3120 Mbp because 1 pg is �978 Mbp based
on the conversion factor proposed by Dolezel et al. (2003).
Despite its high economical value, few genomic studies have
been performed on the olive compared with other Mediterra-
nean crops such as grapevine [Vitis vinifera L. (Troggio et al.,
2007)].

Most Mediterranean olive cultivars have been selected over
several centuries and rarely have been subjected to deep genetic
characterization. Breeders have selected cultivars integrating
various improved agronomic traits such as fruit yield or fruit
and oil quality. However, selection for elite cultivars in olive
remains a long (at least 10 years) and expensive procedure. The
use of molecular breeding will allow saving time and increasing
selection efficiency. Linkage maps of progenies segregating for
important economic traits such as fruit quality and yield are
required to develop marker-assisted selection in olive-breeding
programs.

Most of the established linkage maps in plants have been
achieved using segregating populations resulting from crosses
between inbred lines. Obtaining such populations in forest and
fruit trees is limited as a result of significant genetic load and
time constraints (Venkateswarlu et al., 2006). For this reason,
an F1 population in woody perennial plants may be compared
with the F2 or BC1 generation of annual self-fertilized crops
(Dondini et al., 2004). As a result of the longevity of woody
perennials plants, it is possible to maintain segregating pop-
ulations in various environments for a long period and to score
them for multiple phenotypic traits over time (Venkateswarlu
et al., 2006).

The strategy frequently used to map F1 populations in tree
species is the two-way pseudo-test cross-mapping strategy
(Grattapaglia and Sederoff, 1994) because it was efficient for
mapping eucalyptus species (Eucalyptus grandis W. Hill ex
Maiden and E. urophylla S.T. Blake) and several heterozygous
species such as maritime pine (Pinus pinaster Aiton) (Chagné
et al., 2002; Scott et al., 2005). In this strategy, dominant
molecular markers are considered because in highly heterozy-
gous species, numerous alleles are present in one parent only.
Both ISSR and AFLP have been reported to be reliable
dominant markers in many species. AFLP markers are highly
polymorphic, robust, and tend to be distributed throughout
plant genomes (Casasoli et al., 2001). SSR markers are
ubiquitous, locus-specific, codominants, highly polymorphic,
and well distributed throughout the genome. They are efficient
markers for genetic mapping and for genetic map comparisons
(De La Rosa et al., 2003).

In olive, only two genetic maps have been published to date:
‘Leccino’ · ‘Dolce Agogia’ by De La Rosa et al. (2003) and
‘Frantoio’ · ‘Kalamata’ by Wu et al. (2004). These maps are
mostly based on randomly amplified polymorphism DNA and
AFLP markers including only five and six codominant SSR
markers, respectively.

Construction of a linkage map with consistent molecular
markers constitutes the key starting point for the analysis of
agronomically important traits. The objective of our investiga-
tion was to construct a genetic linkage map of the olive using
a large set of AFLP and SSR markers in a pseudo-test cross-
mapping configuration. The population derived from a cross
between the cultivars Olivière and Arbequina was chosen for
establishing a genetic linkage map because they are genetically
distant (Khadari et al., 2003).

Materials and Methods

PLANT MATERIAL AND DNA ISOLATION. A population of 147
F1 individuals, derived from a 1981 cross between ‘Olivière’
[OLV (female parent)] and ‘Arbequina’ [ARB (male parent)],
grown at the experimental station of Institut National de la
Recherche Agronomique at Montpellier, France, was used to
establish the genetic linkage map. OLV is a French cultivar
displaying cytoplasmic male sterility (Besnard et al., 2000) and
shows very high vigor. OLV is highly productive with medium
fruit size and low oil content (Moutier et al., 2004). ARB is
a Spanish cultivar with very low vigor. ARB is very productive
with very small fruit and a high oil content (Rallo et al., 2005).
In previous studies using SSR markers, Khadari et al. (2003)
observed that these cultivars were genetically distinct.

DNA was isolated from 100 mg of fresh leaf tissue from
each offspring and parents, according to the procedure pre-
viously described by Khadari et al. (2008).

AMPLIFIED FRAGMENT LENGTH POLYMORPHISM MARKERS. The
AFLP procedure was performed as outlined by Vos et al. (1995)
with the minor modifications proposed in the AFLP Core
Reagent Kit (Invitrogen, Cergy Pontoise, France). Four EcoRI
primers and seven MseI primers were used to amplify AFLP
markers among 23 primer combinations of EcoRI/MseI. The
pre-amplification polymerase chain reaction (PCR) was done
using primers carrying one selective nucleotide (MseI-A,
EcoRI-C). The selective amplification was carried out using
primers carrying three overhanging nucleotides of MseI/EcoRI
(+3/+3). The EcoRI +3 primers were 5#-labeled with one of the
three fluorophores, 6FAM, NED, or HEX.

The preamplification reaction was cycled 20 times for 1 min
at 94 �C, at 56 �C for 1 min, and at 72 �C for 1 min. Pre-
amplification products were diluted 10 times and stored at
–20 �C. The selective amplification consisted in a touchdown-
PCR in which the annealing temperature was 65 �C for the first
cycle and then reduced by 0.7 �C for each of the next 12 cycles.
The denaturing and extension stages for each cycle were 94 �C
for 10 s and 72 �C for 90 s, respectively. This procedure was
followed by 25 cycles of 94 �C for 10 s, 56 �C for 40 + 1 s per
cycle, and 72 �C for 90 s.

Amplified fragments were visualized on an ABI Prism 3130
XL and scored semiautomatically with the GeneMapper 3.7
software (Applied Biosystems, Carlsbad, CA).

SIMPLE SEQUENCE REPEAT MARKERS. The primer sequences
for the SSR markers used in this study were developed in olive
by Carriero et al. (2002), Cipriani et al. (2002), De La Rosa
et al. (2002), Dı́az et al. (2006), Rallo et al. (2000), Sabino et al.
(2006), and Sefc et al. (2000). The SSR markers developed in
the related species Phillyrea angustifolia L. by Saumitou-
Laprade et al. (2000) and in common ash (Fraxinus excelsior
L.) by Brachet et al. (1999) were also tested. Among the 90
SSRs initially screened, 44 were used in this study because of
their polymorphism between the two parent cultivars and six
progenies. SSR primers providing a clear polymorphism were
5#-labeled with one of three fluorophores (6FAM, NED, or
HEX) and were analyzed on an ABI Prism 3130 XL Genetic
Analyser. The PCR amplification procedure was described by
Khadari et al. (2008). Allele sizes were assigned using the
GeneMapper 3.7 software (Applied Biosystems).

INTERSIMPLE SEQUENCE REPEAT MARKERS. We used three
ISSR primers: the IMA855 primer previously used by Vargas
and Kadereit (2001) and two primers, UBC818 and UBC841Y,
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commercialized by the University of British
Columbia (Vancouver, BC, Canada). PCR
amplifications were carried out according to
Khadari et al. (2005).

NAMING MARKERS. The AFLP markers
generated were identified by a primer pair
combination, the three selective EcoRI nu-
cleotides followed by a slash, the three
selective MseI nucleotides, and the fragment
size. Only unambiguous AFLP polymorphic
bands were used and scored for presence or
absence in the segregating population. SSR
markers were designated by their published
names and ISSR markers by the name iden-
tifying the primers followed by estimated
fragment size.

SEGREGATION ANALYSIS AND LINKAGE

MAPPING. Polymorphic markers were scored
as present or absent on the mapping popula-
tion. Chi squares were calculated for individ-
ual markers to detect any deviation (P # 0.05)
of marker segregation from the expected
Mendelian ratio. Both distorted and undis-
torted markers were used for map construc-
tion, except distorted ones that affected
linkage group definition.

According to the two-way pseudo-test
cross-mapping strategy, markers were first
separated into three data matrices: 1) with
markers showing segregation only in the
female parent OLV; 2) with markers segre-
gating only in the male parent ARB; and 3)
with markers segregating 1:1 and 3:1. The
two first matrices were used to construct
separate genetic linkage maps for OLV and
ARB using CarthaGene software (De Givry
et al., 2005). Initially, the construction of
separate parental maps was tested and com-
puted using different combinations of criteria
to define LGs with a logarithm of odds (LOD)
threshold ranging from 3 to 6 and a maximum
recombination fraction varying from 0.3 to
0.5. Within each LG, the best order of
markers and the genetic distances were found
by using the following functions of Cartha-
Gene: Build, Annealing, Taboo, Genetic,
Flips, and Bestprint. The Kosambi mapping
function was applied to convert recombina-
tion rates into map distances in centiMorgans.
MapChart 2.1 software (Voorrips, 2002) was
used to draw the linkage map.

The third data matrix, containing all
markers, was used to construct the integrated
linkage map. The marker phase was deduced
from the parental maps for most markers
segregating 1:1; whereas for markers segre-
gating in the 3:1 configuration and those with
unknown phases, all possible phases, were
tested and the best fitting one was chosen.
Average marker spacing was calculated by
dividing the total length of each map by the
number of intervals. T
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ANALYSIS OF DISTRIBUTION MARKERS. The distribution of
markers throughout the linkage map was analyzed using the
method of Remington et al. (1999). Marker clustering was
checked by testing each linkage group for the expected number
of markers (li) using the formula: li = mGi/

P
Gi where m is

the total number of markers and Gi is the map distance of each
linkage group adjusted for chromosome ends as Gi = Mi+2s
where Mi is the map distance between terminal markers and s
is the average marker spacing for the linkage map.

OBSERVED AND EXPECTED GENOME LENGTHS AND MAP

COVERAGE. Average marker spacing for each LG was calculated
by dividing the total length of the LG by the number of in-
tervals. The expected genome length (centiMorgans) was
estimated following Method 4 of Chakravarti et al. (1991):
the length of each linkage group was multiplied by (m + 1)/(m –
1), where m is the number of markers on each linkage group.
Observed genome coverage was assessed by dividing the
observed genome length by the expected genome length.

Results and Discussion

AMPLIFIED FRAGMENT LENGTH POLYMORPHISM MARKER

GENOTYPING. Based on the number of polymorphic markers
revealed on a subset of six individuals in the progeny and on
both parents, 23 highly polymorphic primer pairs were chosen
among all tested combinations (Table 1). The AFLP genotyp-
ing analysis was carried out on the entire progeny and the
parents, generating a total of 494 polymorphic markers, of
which 352 (71%) were segregating 1:1 and 142 (28%) were
segregating 3:1. Of the 352 markers scored as heterozygous
(present in one parent only), 174 markers were heterozygous
for the female parent (35%) and 178 markers for the male parent
(36%; Table 1).

AFLP appeared particularly suitable for constructing our
linkage map. The number of polymorphic loci distinguished by
a given primer combination varied from nine to 44 with an
average value of eight for both the female and male maps
(Table 1). These results are partly the result of marker type and
the level of genetic polymorphism noted within the OLV ·
ARB mapped population. Similar results were obtained in the
‘Picholine Marocaine’ · ‘Picholine du Languedoc’ for segre-
gating olive population (Charafi et al., 2009). In the present
study, 29% of the polymorphic AFLP markers generated were
found in both parents. The high percentage of markers
segregating 3:1 was similar to those found for other intraspe-
cific crosses in olive (Charafi et al., 2009). The level of
polymorphism detected by AFLP markers in olive is similar
to other woody perennial species such as peach [Prunus persica
(L.) Batsch (Dirlewanger et al., 1998)], sweet cherry [Prunus
avium L. (Olmstead et al., 2008)], or grapevine (Doligez et al.,
2002) in which an average of 6.1, nine, and 16 markers per
primer combinations were identified, respectively.

SIMPLE SEQUENCE REPEAT AND INTERSIMPLE SEQUENCE REPEAT

MARKER GENOTYPING. Parental screening revealed 44 polymor-
phic SSR markers out of the 90 loci tested. In the entire full-sib
progeny, 26 loci segregated 1:1:1:1, seven loci segregated 1:2:1
(of which four loci with a null allele), and 11 segregated 1:1
(Table 2). Despite the small number of SSR markers, their high
degree of polymorphism and their transferability within or even
across species guarantees their extensive applicability in olive
genome mapping studies. The ISSR analysis generated 15
markers: seven markers (47%) segregating in the female parent

OLV, six markers (40%) in the male parent ARB, and two
markers (13%) in both parents.

SEGREGATION DISTORTION. For AFLPs, a chi-square test was
performed to verify the null hypothesis of a 1:1 or 3:1

Table 2. Simple sequence repeat loci name and parental alleles used for
genetic mapping in ‘Olivière’ · ‘Arbequina’ olive progeny.

Locus Parent genotype Segregation type

IAS-oli11z,y 133/167, 151/155 1:1:1:1
IAS-oli12z 127/null allele, 136/144 1:1:1:1
IAS-oli17z 171/189, 183/189 1:1:1:1
ssrOeUA-DCA11y, x 141/179, 131/179 1:1:1:1
ssrOeUA-DCA14x 198/209, 209/209 1:1
ssrOeUA-DCA15x 242/262, 242/242 1:1
ssrOeUA-DCA16x 121/144, 144/172 1:1:1:1
ssrOeUA-DCA17x 111/111, 111/113 1:1
ssrOeUA-DCA18x 166/176, 174/176 1:1:1:1
ssrOeUA-DCA3x 229/241, 229/247 1:1:1:1
ssrOeUA-DCA5x 199/203, 203/203 1:1
ssrOeUA-DCA7x 128/null allele, 126/145 1:1:1:1
ssrOeUA-DCA9x 183/205, 185/193 1:1:1:1
EMO13w 120/139, 120/122 1:1:1:1
EMO2y,w 203/311, 211/223 1:1:1:1
EMO88w 187/null allele, 187/191 1:1:1:1
EMO90w 185/192, 185/192 1:1:1:1
GAPU11v 184/206, 206/217 1:1:1:1
GAPU12v 124/null allele, 128/null allele 1:2:1
GAPU103Av 134/150, 150/160 1:1:1:1
GAPU47v 181/22, 195/22 1:1:1:1
GAPU59v 213/213, 223/null allele 1:2:1
GAPU71Bv 122/141, 119/122 1:1:1:1
GAPU89v 160/160, 160/175 1:1
IAS-oli22y,u 133/135, 133/135 1:2:1
IAS-oli23u 220/235, 222/235 1:1:1:1
IAS-oli26u 186/200, 189/ 190 1:1:1:1
IAS-oli28u 178/178, 178/182 1:1
ME30MSt 216/233, 212/ 233 1:1:1:1
PA(ATT)2y,s 109/121, 112/112 1:1
PA(GA)2s 113/null allele, 113/115 1:2:1
UDO-014y, r 121/null allele, 102/null allele 1:2:1
UDO-015r 102/105, 105/105 1:1
UDO-017r 156/168, 152/154 1:1:1:1
UDO-025r 171/189, 177/187 1:1:1:1
UDO-027y, r 119/196, 191/191 1:1
UDO-042r 144/147, 141/144 1:1
UDO-012y, r 156/166, 158/166 1:1:1:1
UDO-024r 193/209, 225/null allele 1:1:1:1
UDO-031r 110/142, 117/110 1:1:1:1
UDO-034r 90/null allele, 79/90 1:2:1
UDO-036s 147/152, 144/152 1:1:1:1
UDO-005s 157/159, 159/159 1:1
UDO-006y, s 162/null allele, 182/null allele 1:2:1
zRallo et al. (2000).
yDistorted markers at the 5% level.
xSefc et al. (2000).
wDe La Rosa et al. (2002).
vCarriero et al. (2002).
uDı́az et al. (2006).
tBrachet al. (1999).
sSaumitou-Laprade et al. (2000).
rCipriani et al. (2002).
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segregation ratio for marker alleles. At the 5% level, 25 (26%)
and 35 (36%) AFLP loci were distorted in the female and the
male parents, respectively. A total of 37 AFLP markers
segregating in both parents presented a distorted segregation
(Table 1). Among the 44 SSR loci used, nine loci presented
distorted segregation (Table 2). Concerning the ISSR markers,
no segregation distortion was noticed.

Segregation distortion is recurrent in outcrossing species
(Ky et al., 2000; Nikaido et al., 1999) and was previously
observed in olive (De La Rosa et al., 2003; Wu et al., 2004). In
the present study, because the parents of our cross are either
male sterile, OLV, or self-incompatible, ARB (Dı́az et al.,
2006; Moutier, 2002), the mechanisms preventing self-fertil-
ization may have generated a stress during the prezygotic phase
resulting in an unbalance in fertilized gametes as already
suggested in olive by Wu et al. (2004).

Because marker distortion may have biological origins,
markers displaying significant deviation from Mendelian segre-
gation were not automatically excluded. We choose to eliminate
only distorted markers affecting linkage group definition. In our
study, the proportion of distorted dominant markers (P < 0.05)
is 19%. A similar proportion of distorted markers was reported
by De La Rosa et al. (2003) and Wu et al. (2004) in other
mapping olive hybrid populations. Marker distortion was also
noted in other perennial fruit species such as grapevine [1.67%
(Doligez et al., 2002)] and apricot [Prunus armeniaca L., 13%
(Hurtado et al., 2002)]. Generally, a lower level of segregation
distortion is expected in pseudo-test cross populations com-
pared with F2 or BC1 progenies (Tavoletti et al., 1996;
Venkateswarlu et al., 2006) and, accordingly, the map
construction in such a population is efficient (Tavoletti et al.,
1996).

LINKAGE ANALYSIS. To select the best LOD and recombina-
tion fraction thresholds, we analyzed data varying LOD from 3
to 6 and recombination fraction from 0.3 to 0.5. In both parental
maps, under the recombination fraction of 0.5, the number of
LGs increased from 3 to 6 LOD. It did not depend on LOD
value with a recombination fraction (rec) of 0.3 or 0.4, but it
was lower for rec = 0.4 than for rec = 0.3 (data not shown,
Supplementary Fig. S1 online). Therefore, a minimum LOD
score of 6 and a maximum recombination fraction of 0.4 were

chosen as a good compromise between reliable statistical
criteria and the number of LGs obtained.

The linkage analysis in the female parent OLV was based on
222 markers, including 178 AFLPs, 37 SSRs, and seven ISSRs.
Based on the chosen threshold and recombination values, the
map was defined by 36 linkage groups composed of 197
markers. The mean distance between two markers was 11.2
cM with a maximum distance of 48.5 cM between ACG/CAA-
172 and IMA888-398 in the LG OLV35 and an average number
of 5.4 markers per LG (data not shown, Supplementary Fig. S5
online). The linkage distance between the markers on our map
varied greatly across the different LGs. LG size ranged from 2.7
to 182 cM with an average of 61.3 cM and did not necessarily
reflect the number of linked markers. For instance, in the LG
OLV40, a total linkage distance of 42.8 cM corresponded to
seven markers, whereas in LG OLV50, a 134-cM distance
(approximately three times more) was covered by only 10
markers (data not shown, Supplementary Table S1 online).

The male parent ARB map was based on a total of 219 markers,
including 174 AFLPs, 39 SSRs, and six ISSRs. Using the LOD
threshold of 6, 191 markers were assigned to 31 LGs. The mean
distance between two markers was 10.3 cM with a maximum of
40.4 cM between UDO34 and ACA/CTG-297 in the LG ARB30
and an average number of 6.1 markers per LG. Linkage group size
ranged from 4.1 to 218.1 cM with an average of 63.4 cM (data not
shown, Supplementary Fig. S6 and Table S2 online).

The markers are well scattered in the obtained maps. The
olive genome length, based on total map length, was 1577.6 and
1529.1 cM for the female and male maps, respectively (Table
3). Wu et al. (2004) reported 759 cM for ‘Kalamata’ and 798
cM for ‘Frantoio’, whereas De La Rosa et al. (2003) observed
2765 cM for the ‘Leccino’ map and 2445 cM for the ‘Dolce
Agogia’ map. These large differences in genome length
between studies do not seem to be mainly the result of
differences in the average distance between adjacent markers,
because average distances are all within a quite narrow range
[10.2 to 13.2 cM (Table 3)]. The observed discrepancies between
our parents or with parents of other populations may be partly the
result of the percentage of genome coverage, marker type,
recombination rates, distorted loci proportion, and the heterozy-
gosity level between the parents (Remington et al., 1999).

Table 3. Comparison between the different available maps developed on olive.

Crossed cultivars
Population

size
LOD

thresholdz

Maximum
recombination

fraction
Linkage

group (no.)
Map

length (cM)
Mapped
loci (no.)

Mapped
SSR (no.)

Mean distance
between
loci (cM)

Mean size
of linkage

group (cM)

Frantoioy 104 3 0.49 27 798 92 3 12.3 29.5
Kalamatay 104 3 0.49 23 759 89 1 11.5 33.0
Integrated mapy 104 3 0.49 15 879 101 5 10.2 58.6

Leccinox 100 4 0.30 39 2765 249 3 13.2 70.9
Dolce agogiax 100 4 0.30 30 2445 236 4 11.9 81.5
Integrated mapx — — — — — — — — —

Olivièrew 147 6 0.40 34 2210.20 197 34 11.2 61.3
Arabequinaw 147 6 0.40 31 1966.20 191 30 10.3 63.4
Integrated mapw 147 6 0.40 42 3823.20 436 26 8.7 91.0
zLogarithm of odds.
yWu et al. (2004).
xDe La Rosa et al. (2003).
wPresent study.

552 J. AMER. SOC. HORT. SCI. 135(6):548–555. 2010.

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-07-04 via free access



Compared with our parental maps, the number of LGs obtained
by Wu et al. (2004) is closer to the number of haploid chro-
mosomes. This result does not indicate, however, the saturated
state of their maps because this may result from the limited
number of mapped markers (less than 101 markers) and the
relaxed criteria for LG definition (maximum recombination
fraction = 0.49, LOD threshold = 3). Using strict grouping
criteria, we obtained a number of LGs similar than that reported
by De La Rosa et al. (2003). This number was higher than the
23 haploid chromosomes even when mapping an at least twofold
number of markers used by Wu et al. [2004 (Table 3)]. Few SSR
markers were common to our maps and those obtained by Wu
et al. [2004 (DCA3, UDO44, UDO11, and UDO06 common SSR
loci)] and by De La Rosa et al. [2003 (ME3OMS, PAATT2, and
PAGA2 common SSR loci)]. This limited number markers shared
among the three studies does not allow comparative mapping.

The observed number of markers per group was tested using
a two-tailed cumulative Poisson distribution with parameter li
[P < 0.025 are significant at a = 0.05 (Ukrainetz et al., 2008;
data not shown; Supplementary Fig. S2, S3 and S4 online)].
Analysis of marker distribution in the parental and the in-
tegrated maps showed a significant excess of markers in 21 LGs
displaying high significance for the two-tailed probability value
(P > 0.90), for example, OLV1, OLV3, ARB1, and C34. In
general, fewer markers than expected were noticed in the
smaller groups, whereas more markers than expected were in
the larger groups. Similar results were reported by Ukrainetz
et al. (2008) in a mapped douglas fir [Pseudotsuga menziesii
(Mirb.) Franco] population.

Distorted markers were dispersed over nine, seven, and 18
linkage groups in maternal, paternal, and integrated maps,
respectively. Interestingly, 37% of distorted mapped markers
in the consensus map was concentrated on three LGs [C26,
C38, and C40 (Fig. 1 and data not shown, Supplementary Table
S3 online)]. Similar results were reported by Thoquet et al.
(2002) in barrel medic (Medicago truncatula Gaertn.) in which
distorted markers were limited to three LGs only. This tendency
of distorted markers to be positioned on the same group
suggests either structural origin for this distortion (Thoquet
et al., 2002) or selection acting on some genes (Wu et al., 2004).

For the construction of the consensus map, among the 545
available markers, a total of 436 markers were mapped (26
SSR, 403 AFLP, and seven ISSR). The markers were assigned
to 42 groups and covered 3823.2 cM. The mean distance
between two adjacent markers was 8.7 cM with a maximum of
81 cM between UDO36 and DCA16 in the LG C40 and an
average number of 10.3 markers per LG. The LG size ranged
from 2.7 to 270.7 cM with an average of 91.0 cM (Fig. 1).
Markers segregating 3:1 were not sufficient to regroup small
LGs found in parental maps. In addition, we noted that ARB31
and C42 LG length were considerable [218.1 and 270.7 cM,
respectively (data not shown, Supplementary Tables S2 and S3
online)]. These LGs were validated by reanalyzing the 2-point
LOD (mrklod2p) for all pairs of loci and eliminating loci one by
one to verify linkage consistency.

Marker order in the consensus map was consistent with
marker order in each parental map testifying of consensus map
good reliability. Markers segregating as 1:1 or 1:3 allowed us to
connect groups in the consensus map. Two direct consequences
of such connections are 1) the number of linkage groups identified
in the consensus map (42 LGs) was inferior to the sum of the
number of linkage group of both parental maps (77); and 2) the

Fig. 1. An integrated genetic linkage map for the ‘Olivière’ (OLV) ·
‘Arbequina’ (ARB) olive cross (see Fig. 1 in color online). Map distances
were derived using the Kosambi mapping function. Markers in red and blue
indicate maternal and paternal markers, respectively. Bold characters indicate
simple sequence repeat (SSR) markers. SSR markers mapped in both maternal
and paternal maps are indicated in black. Distorted markers are underlined.
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map distance of the consensus map was smaller than the sum
of map distances of both parental maps. However, in the
consensus map, the smallest linkage groups did not originate
from the merging of the parental maps but already existed in the
maternal or paternal map. The number of intercross markers
remains insufficient to establish connection between all parental
linkage groups, mainly the smallest ones, and which probably
correspond to a portion of linkage groups. These observations
indicated that our maps are not saturated and the necessity of
additional markers to reach saturation. Based on the formula
developed by Beckman and Soller (1983) and according to Wu
et al. (2004),�360 and 500 markers would be required to saturate
our genetic linkage map at 80% and 95%, respectively, with an
average distance between markers of 10 cM and a map length of
3000 cM.

MAP DISTANCE. The estimated map distance corresponding
to the total length map was 2210.2 cM for the female parent and
1966.2 cM for the male parent and 3823.2 cM for the consensus
map. Differences in the estimated distances of both parental maps
may reflect differences in the recombination frequencies of both
parents. Putative causes for the difference between the two
estimated parental maps genome are: 1) marker distribution along
the chromosome varies between parents; and 2) male and female
gametes probably display different recombination frequencies.

The consensus map described in the present study is a sub-
stantial result offering an efficient tool for genetic analysis even
if it is only partly saturated. Its robustness results from the use
of a large population of 147 individuals and a high number of
markers (436), whereas the previously published consensus
map in olive has been constructed using 104 individuals and
101 markers only (Wu et al., 2004). Furthermore, the map con-
struction criteria we used were more constraining (LOD = 6, rec =
0.40) than in this previous study [LOD = 3, rec = 0.49 (Table 3)].

Conclusion

Additional markers are obviously required to expand the
coverage of parental and consensus maps of the studied seg-
regating population, because the number of LGs is still much
higher than the haploid number of chromosomes. However, the
present maps already offer a promising tool for quantitative trait
loci (QTLs) mapping in olive. The mapped segregating pop-
ulation OLV · ARB is currently phenotyped for growth and tree
architecture to detect QTLs related to these traits.
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