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ABSTRACT

Macrosynteny and colinearity between Fragaria (strawberry) species showing extreme levels of ploidy
have been studied through comparative genetic mapping between the octoploid cultivated strawberry (F
Xananassa) and its diploid relatives. A comprehensive map of the octoploid strawberry, in which almost all
linkage groups are ranged into the seven expected homoeologous groups was obtained, thus providing
the first reference map for the octoploid Fragaria. High levels of conserved macrosynteny and colinearity
were observed between homo(eo)logous linkage groups and between the octoploid homoeologous
groups and their corresponding diploid linkage groups. These results reveal that the polyploidization
events that took place along the evolution of the Fragaria genus and the more recent juxtaposition of two
octoploid strawberry genomes in the cultivated strawberry did not trigger any major chromosomal
rearrangements in genomes involved in F. Xananassa. They further suggest the existence of a close
relationship between the diploid Fragaria genomes. In addition, despite the possible existence of residual
levels of polysomic segregation suggested by the observation of large linkage groups in coupling phase
only, the prevalence of linkage groups in coupling/repulsion phase clearly demonstrates that the meiotic
behavior is mainly disomic in the cultivated strawberry.

OLYPLOIDY is especially prevalent in plants, where

at least 30 to 80% of angiosperms have experi-
enced one or more polyploidization events in their
evolutionary history (BENNETT 2004). Polyploidization
is usually followed by a process of diploidization where-
by gene redundancy is reduced via gene silencing,
sequence elimination and rearrangement, demethyla-
tion of retroelements, and relaxation of imprinting
(see reviews in OSBORN et al. 2003; CHEN 2007). The
corresponding evolution of genome structure and of
associated rearrangements can be studied through
comparative genetic mapping between polyploid spe-
cies and their diploid relatives. When high degrees of
macrosynteny and colinearity are revealed, genetic
information can then be transferred from diploids to
polyploids (SORRELLs 1992). Phenotypic traits can also
be compared in polyploids and diploids. This approach
allows not only a better understanding of the genetic
origin of complex agronomical traits (e.g., the fibers in
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cotton, JIANG et al. 1998; RoNG et al. 2007) but also the
identification of homoeologous QTL in the polyploid
(PATERSON 2005) which is a prerequisite for map-based
cloning of the gene responsible for the trait. In addi-
tion, knowledge of chromosome organization of a poly-
ploid species permits the determination of its meiotic
behavior (JANNOO et al. 2004; AITKEN et al. 2005). To
date, comparative mapping studies in plants have been
mostly focused on model plants or on diploid crop
species (for reviews, see PATERSON et al. 2000; SCHMIDT
2002). Despite their crucial importance for establishing
effective breeding programs and germplasm conserva-
tion strategies, only few linkage map comparisons be-
tween complex polyploids and their diploid relatives are
available. Few crop polyploid species of major econom-
ical importance were studied, e.g., the Brassicaceae
family (CHEUNG et al. 1997), the Poaceae family (MING
et al. 1998), and the Gossypium genus (BRUBAKER et al.
1999; DEsATI et al. 2006). This can be largely attributed to
the complexity of the genomes studied.

Strawberry (Fragaria sp.) belongs to the large Rosaceae
family, which includes many economically important
species such as the apple, peach, and plum and to the
Rosodeae supertribe (POTTER et al. 2007), which includes
various edible and cultivated berries (e.g., Rubus and
Fragaria) and ornamental plants (e.g., Rosa and Poten-
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tilla). Many of them have a polyploid origin. Because
diploid Fragaria species such as I vesca have a very small
genome (164 Mb C-value reported by Akivama et al
2001) and that reverse genetics strategies can be easily
used to study gene function in both diploid and culti-
vated strawberry (HOFFMANN et al. 2006; OosuMI et al.
2006), strawberry is becoming a model of choice for
functional genomics approaches in the studying of
Rosaceae genetics. In addition, the Fragaria genus
includes a fairly small number (21) of species ranging
from diploids (2n = 2x = 14) to octoploids (2n = 8x =
56), with a large world repartition, mostly in the
northern hemisphere. The main cultivated species is
the octoploid strawberry F. X ananassa, a hybrid species
that originated by chance following the hybridization of
the two New World strawberry species, F chiloensis and
E virginiana, in the botanical gardens of Europe in the
mid-18th century (Darrow 1966). The relationships
between the 11 Fragaria diploid species and the paren-
tal genomes of the polyploid species are still not clear
despite phylogenetic analyses (POTTER et al. 2000) and
hypotheses on genome composition (FEDEROVA 1946;
SENANAYAKE and BRINGHURST 1967; BRINGHURST
1990). Three genome formulas have been enunciated
for the octoploid Fragaria. FEDEROVA (1946) suggested
the formula AABBBBCC, on the basis of cytological ob-
servations. This was later modified to AAA’A’BBBB due to
homologies between the A and C genomes (SENANAYAKE
and BRINGHURST 1967), and then to AAA’A’BBB’B’
(BRINGHURST 1990) to take into account the cytological
work of BYRNE and JELENKOvVIC (1976) and disomic
segregation of isozymes (ARULSEKAR et al. 1981). How-
ever, its composition is still being debated, and its type of
meiotic behavior (poly- or disomic) remains unclear.
Until now, current studies of the Fragaria genus at the
genetic level have been mainly limited to the diploid
species I vesca, with the recent exception of an incom-
plete map in the cultivated octoploid using AFLP markers
(LERCETEAU-KOHLER ef al. 2003). The recent develop-
ment of microsatellite markers (SSRs) that can be trans-
ferred within the Fragaria genus (DAVIs ¢t al. 2007) now
allows the comparative mapping of Fragaria species
showing highly different levels of ploidy.

Strategy in the construction of linkage maps in poly-
ploid species depends upon the extent of genome re-
dundancy created by polyploidization, and therefore
depends on chromosome pairing behavior at meiosis.
Two different chromosome pairings can be observed, i.e.,
preferential pairing or disomic behavior as usually ob-
served in allopolyploids or random pairing or polysomic
behavior as observed in autopolyploids (OSBORN et al.
2003). Between these two extremes, polyploids can exhibit
a continuous range of pairing affinities between chromo-
somes, as has been observed in the auto-allopolyploid
sugarcane (JANNOO et al. 2004). When polyploids display a
disomic behavior similar to that of diploids, linkage map
construction is similar to the genetic mapping of diploid

species, e.g., cotton (DESAI et al. 2006). When polyploids
display complete polysomic behavior, it is necessary to take
double-reduction into account as done in the cultivated
tetraploid alfalfa map (JULIER et al. 2003). When genome
constitution and pairing at meiosis of polyploidy species is
unclear, strategy of construction of genetic maps is
conducted according to a multistep process developed
by Wu et al. (1992) and refined by RipoL et al. (1999) and
Qu and Hancock (2001). The segregation of each allele is
analyzed and only single-dose (SD) alleles are used for
construction of the linkage maps. Linkages in coupling,
followed by those in repulsion phases are subsequently
identified. This approach has been demonstrated in sugar
cane (DA SiLvA et al. 1995; GRIVET et al. 1996; AITKEN et al.
2005). Disomy can thus be distinguished from polysomy
by the comparison of the number of loci or linkage groups
linked in coupling vs. those in repulsion phase (SORRELLS
1992; WU et al. 1992) or through the analysis of the ratio of
single- to multiple-dose markers (Da SiLva et al. 1993).
In this work, we report the first comparative mapping of
the cultivated octoploid strawberry (I X ananassa Duch.,
2n = 8x = 56) with two of its diploid relatives F. vesca
and F bucharica (formerly identified as I nubicola, M.
RousseaAU-GUEUTIN, unpublished results), allowing large-
scale structural study of the patterns of chromosomal
evolution following polyploidization events and juxta-
position of genomes in interspecific hybridization. The
ordered map obtained with microsatellite (SSR) markers
(i) provides a map of the octoploid . X ananassa that
can be considered as a reference linkage map for the cul-
tivated strawberry, (ii) gives new insights into the behav-
ior of the 56 chromosomes at meiosis, and (iii) highlights
the extent of diploidization that has occurred in the octo-
ploid . X ananassa genome. This work will contribute to
a better understanding of the evolution of the Fragaria
genome, to the development of map-based cloning ap-
proaches for identifying QTL controlling agronomical
traits in Fragaria species, and to the gaining of new
insights into the genetics of the Rosaceae polyploids.

MATERIALS AND METHODS

Plant material: Two mapping populations from the two
levels of ploidy, diploid, and octoploid, were used in this study.
The octoploid mapping population used in this investigation was
an intraspecific F; progeny derived from a cross between two
heterozygous parents of the cultivated octoploid strawberry:
“Capitola” (*CA75.121-101” X “Parker” University of California,
Davis) and “CF1116” [“Pajaro” X (“Earliglow” X “Chandler”),
Ciref, France] with contrasting fruit quality traits (MOING el al.
2001). One-hundred nineteen F; progeny were previously used
for the first linkage map of the cultivated strawberry (LERCETEAU-
KOHLER et al. 2003). This population was extended to N= 213 in
this study and is maintained in France at INRA-Bordeaux and at
CIREF-CV-Douville. The diploid Fragaria population used was
the Fy (N=76) progeny of the interspecific cross between F vesca
“815” and E bucharica “601” (formerly identified as I nubicola),
used by SARGENT et al. (2006) to construct the reference map for
the diploid strawberry and is maintained in the United Kingdom
at East Malling Research, in France at Institut National de la
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List of the 148 SSRs tested in the mapping procedure according to their origin and their polymorphism

Species origin
of SSRs

No. of
No. of tested polymorphic
References SSRs SSR

Names of the mapped SSRs

F vesca (2X)

F viridis (2X)

F nubicola (2X)
F Xananassa (8X)

E virginiana (8X)
Malus domestica

Prunus persica

Rosa hybrida

Fragaria species
JAMES et al. (2003); 41 29
Haponou et al. (2004);
CIPRIANI and
TesToLIN (2004)

SARGENT et al. (2003) 31 13
SARGENT et al. (2004) 2 2
This article and 54 30
LEWERS et al. (2005)
ASHLEY et al. (2003) 2 2
Other Rosaceae species

1 0
DIRLEWANGER et al. (2002) 3 1
HIBRAND-SAINT 14 2

EMFv004, 006-008, 010, 012, 013,
016-024, 026, 028-029, 2c8ii
UDFO001-004, 006-009, 016

EMFvi008, 018, 022, 072, 075, 079,
092, 102, 108, 136, 146, 175, 179

EMFn017, 049

BFACT002, 003, ..., 050

ARSFL4, ARSFL7

Fvill, Fvi20

BPPCT028
Rwb5E12, RwbG14

OYANT et al. (2008)
Total

79

Recherche Agronomique, Bordeaux, and in Spain at Instituto
de Investigacion y Tecnologia Agroalimentarias, Cabrils.

Genotyping: The DNA extraction procedures have been
previously described in LERCETEAU-KOHLER ef al. (2003) and
SARGENT et al. (2004) for the octoploid and diploid popula-
tions, respectively. The octoploid map was developed using
AFLP, SSR, STS, and SCAR markers, while the diploid
reference map was developed using SSR, STS, and SCAR
markers. The 40 AFLP primer combinations previously re-
ported (LERCETEAU-KOHLER et al. 2003) were used to extend
the population size to 213 individuals. Microsatellite marker
analysis was performed using primers obtained from various
sources (Table 1). First, the SSRs developed in this study were
derived from the CT/AC-enriched library (P. ArRUs, personal
communication) obtained from the octoploid cultivar, “Tudla,”
using the same method followed by MONFORT et al. (2006).
Briefly, primer pairs were designed using PRIMER 3 (http:/
bioweb.pasteur.fr/seqanal/interfaces/eprimer3.html) to be
20-24 bp long with an annealing temperature ~60°, and to
give an expected product size of 150-300 nt. Second, a total of
98 SSRs derived variously from the octoploid F wvirginiana
(AsHLEY et al. 2003), the diploids F vesca (JAMES et al. 2003;
CiprIANT and TEsTOLIN 2004; HADONOU ef al. 2004), E viridis
(SARGENT et al. 2003), and E nubicola (SARGENT et al. 2004), as
well as from other Rosaceous species such as Rosa (HIBRAND-
SAINT OYANT et al. 2008), Malus and Prunus (DIRLEWANGER
et al. 2002) were used. In the parental octoploid maps, the
nomenclature of AFLP loci is indicated as previously described
(LERCETEAU-KOHLER et al. 2003). Names of SSR loci were as
previously published (Table 1), and for those developed here
as indicated in Table 1S (see supplemental data at http:/
www.genetics.org/supplemental/ for details).

PCR was performed on DNA from the diploid and F
X ananassa parents and progeny in a total volume of 12 pl
with 1X reaction buffer (Sigma-Aldrich, St. Quentin Fallavier,
France), 0.2 mm of each dNTP, 0.2 um, of each primer, 1.5-2.5
mm MgCly, 0.8 units 7ag polymerase (Sigma-Aldrich) and 8 ng of
genomic DNA. The reaction consisted of 3 min denaturation
at 94°, 35 cycles of 45 sec at 95°, 45 sec at 52—-62°, 2 min at 72°,
and a final extension step of 4 min at 72°. Polymorphic bands

were visualized following separation on a 6% denaturing
polyacrylamide gel for 2 hr 30 min to 3 hr at 80 W by silver-
staining according to CHO et al. (1996). Microsatellite profiles
were scored visually as presence/absence of each band by two
persons, independently.

Multistep process to construct the octoploid parental
linkage maps of the cultivated strawberry: Data analysis and
map construction for each parent of the cultivated octoploid
strawberry progeny were conducted according to a multistep
process developed by Wu et al. (1992) and refined by RiroL
et al. (1999) and Qu and Hancock (2001). Briefly, only SD
markers that were in a backcross configuration and segregated
1:1 (Wu et al. 1992) were used. The 1:1 markers that had the
presence of a band (+) in the female (F) parent and the
absence of a band (—) in the male (M) parent were separated
from the 1:1 markers with — in Fand + in M and the data were
analyzed separately to produce individual F and M maps,
conforming to the double pseudo testcross strategy described
previously by GRATTAPAGLIA and SEDEROFF (1994). A two-step
mapping procedure developed for polyploids by constructing
alternatively the parental linkage maps using markers in
coupling and then markers in coupling/repulsion phases
was employed (GRIVET et al. 1996; FREGENE et al. 1997) using
MapMaker/Exp v3.0 (LANDER et al. 1987).

We distinguished single-dose markers from all other dose
markers in the testcross configuration by testing the null
hypothesis Hy presence:absence = 1:1 against the alternative
hypothesis, presence:absence = 3:1, because whatever the
genome behavior exhibited (auto- or allopolysomy), non-
single-dose marker ratios will segregate either 3:1 or greater
(Wu et al. 1992). The size of our population (213) allowed a
high level of confidence for the results of the x* tests (P >
0.01). Individuals with different phases for two linked loci
(coupling ++/—— and repulsion +—/—+) cannot be distin-
guished by their phenotype, nor can MapMaker distinguish
them from their segregation patterns. Therefore the raw data,
as they were originally scored and analyzed with MapMaker,
could be misleading, as markers that are linked but in
repulsion would be declared as unlinked. To determine
linkage between markers linked in repulsion, we produced a
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raw data file that included the original data plus the reciprocal
of this file (i.e., substituting the + with — and the — with + for
all data). This permitted the discovery of linkage between all
linked loci in repulsion that displayed disomic behavior. Thus
a final data set was constructed for linkage analysis using all
data that had had their genotypes corrected, so that they could
be analyzed by MapMaker as if they were in the same phase.

For linkage analysis, we used the parameters previously
described by LERCETEAU-KOHLER et al. (2003), employing
regression analysis using the Kosambi mapping function
(KosamB1 1944) and the “group” command of MapMaker
with a LOD (logarithm of odds) score =5.0 and a recombina-
tion fraction of r = 0.35, for establishment of linkage groups
using only markers with nondistorted segregation ratios. The
LOD value was then decreased to 3.0 to test the association
between linkage group ends. Markers were ordered by multi-
point analysis with the “order” command, and “ripple” was
employed to assess the robustness of the marker order. Then,
SD markers with distorted ratios (0.01 = P = 0.001) were
integrated into the pre-established linkage groups using the
same parameters when they did not disturb the marker order.
Possible genotyping errors were checked after map construc-
tion using the “error detection” feature.

Integration of parental octoploid linkage maps: Genetic
information of the cultivated octoploid strawberry F; progeny
was summarized by merging the linkage maps of the two
parents using JoinMap 3.0 (VAN Oo1jEN and Voorriprs 2001).
First, parental linkage maps were separately constructed by
using all segregation data, including markers heterozygous in
both parents: 3:1 SD (x* test, P > 0.01). This step was
conducted using the software JoinMap using the CP popula-
tion type. Linkage groups of the parental maps were de-
termined using regression mapping using the Kosambi
mapping function with a LOD threshold of =4.0, a recombi-
nation frequency of 0.35, and a jump threshold of 5.0. When
conflicting orders were observed between the MapMaker and
JoinMap maps, the order of the markers was fixed to be that of
MapMaker. Markers, and in particularly those segregating 3:1,
were discarded during the mapping step when their presence
caused inconsistencies in the map, e.g., insufficient linkage, con-
flict with other markers thatled to a disruption of marker order.

Second, integrated linkage groups were built up by merging
the data from homologous parental linkage groups of the F
and M maps using, as anchor markers, those dominant
markers that were heterozygous in both parents and co-
dominant markers. Codominant markers segregating in both
parents were identified among the SSRs and AFLP markers
tested by examining their banding patterns. Markers were
deemed to be codominant when the map positions of the two
alleles segregating in the same parent were identical and when
markers generated by the same SSR or AFLP primer pairs
located to similar positions on the homologous M and F
linkage groups. The merging of F and M linkage groups was
conducted using the parameters described above.

Diploid linkage map construction: Compared to the pub-
lished diploid reference map of SARGENT et al. (2006), which
already included 30 SSRs used in this study, 19 SSRs out of the
SSRs mapped in the octoploid linkage map were placed.
Goodness-of-fit to expected 1:2:1 or 3:1 ratios was determined
using the x* test. Linkage analysis with all markers was
performed first using MapMaker and then with JoinMap. We
used the same parameters and commands as described above,
and the “fixed order” option of JoinMap was used to maintain
the order of MapMaker when conflicting orders occurred
between the maps constructed using the different programs.

Identification of homoeologous groups in the octoploid
map: Linkage groups of the integrated octoploid map were
ordered according to their belonging to one homoeologous

group (HG). The identification of HGs was first conducted
within the octoploid species and then confirmed by compar-
ing diploid and octoploid linkage maps. First, HGs were
assembled in the integrated octoploid map when at least two
SSRs were common to two linkage groups (MING et al. 1998).
Second, HGs were declared as homoeologous to linkage
groups of the diploid on the basis of at least four microsat-
ellites common between the diploid linkage group and the
ensemble of the octoploid LGs that constituted each HG.
The nomenclature of HGs I-VII was consistent with that of the
diploid map (SARGENT et al. 2006).

Study of the diploidization of the octoploid genome: The
extent to which the F X ananassa genome has been diploidized
was investigated on the basis of the ratio of SD markers linked in
repulsion phase to markers linked in coupling phase for each
linkage group (SORRELLS 1992; WU et al. 1992; AL JANABI et al.
1993). A 1:1 ratio of markers linked in coupling/repulsion
corresponds to disomic behavior, a 1:0 ratio corresponds to
polysomic behavior. These ratios were tested by x* analysis of
goodness of fit (a = 0.01). We analyzed LGs with a minimum
number of eight markers, to have a probability <0.005 that they
were by chance in the same phase. Additional evidence for
diploidization in specific chromosomal regions was derived from
codominant SSRs that were heterozygous in one of the parents
and were mapped as SD markers to the same position. Also
relevant were codominant SSRs that were heterozygous in both
parents (1:1:1:1 or 1:2:1 segregations) and that, when scored as SD
markers, located to homologous positions on the F and M maps.

RESULTS

A genetic map of the cultivated octoploid Fragaria
for comparative mapping with its diploid relatives:
Development of microsatellite markers for improving map
coverage: To increase the number of markers transferable
within the Fragaria genus, we developed microsatellite
markers. An enriched SSR library of F Xananassa was
constructed (see MATERIALS AND METHODS), and 148
clones were sequenced, out of which 50 contained an
SSR motif that could be used for primer design. Of these
50 primer pairs, 28 amplified polymorphic products
between the F. X ananassa parents used and were scored
in the octoploid mapping population (see Table 1S
supplemental information).

Mapping single-dose markers for construction of unambig-
uous polyploid map: SD markers are particularly useful for
constructing genetic maps of polyploids when meiosis
behavior is unclear (DA Siva and SOBRAL 1996), which
is the case in the strawberry. SD markers have the ad-
vantage over multidose markers to be clearly assigned to
a single LG (Qu and Hancock 2001). In this work, we
scored a total of 1135 SD markers, which were ranged
according to their backcross or Fy configuration (Table
2). All SDs produced by AFLPs (824), STS, and SCAR
markers (5) were already integrated into the genetic
linkage map of F. Xananassa reported by LERCETEAU-
KOHLER et al. (2003). Here, we have extended the AFLP
data set to 94 additional progeny of the cross previously
mapped (to a final total plant number of 213) and added
SSR data for the entire population. In total, 148 SSR
primer pairs were tested from which 50 were obtained
from the enriched SSR library and 98 from other origins
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TABLE 2

Segregation types of markers according to their configuration

Configuration of single-dose markers distorted (d)“ or not

Backcross configuration

Fy configuration:

Female Male Heterozygous
Class of markers Total markers 1:1 1:1 (d) 1:1 1:1 (d) 3:1 3:1 (d)
AFLP 824 259 6 285 26 208 40
SSR 306 97 2 115 12 62 18
STS and SCAR 5 3 0 2 0 0 0
Total 1135 359 8 402 38 270 58

“Markers are considered as distorted when probability is composed of between 0.001 and 0.01.

(Table 1). From these 148 SSRs, 79 derived from dif-
ferent sources of Rosaceous species were polymorphic
and revealed clear segregation profiles with polymorphic
bands, while 32 revealed no polymorphism, and a further
37 gave no or inconsistent amplification (Table 1).

Detecting SD markers in coupling or in coupling/repulsion
phase within each linkage group using the multistep process:
To further study the meiotic behavior of the octoploid
strawberry, distribution of SD markers in coupling and in
coupling/repulsion phases within each linkage group
has to be determined. For this purpose, we used the
multistep process on the basis of the SD markers in
backcross configuration (see MATERIALS AND METHODS).
Almost all these 807 markers were included in the F and
M octoploid linkage maps, which consisted of a total of
2582 cM and 2165 cM, respectively (see Table 3 for a
summary of the data of the parental linkage maps and
Figure 1 for their chromosomal representations). For the
F and M maps, respectively, among the 28 F and 26 M
LGs, 21 LGs for both linkage maps contained markers in
coupling/repulsion phase, while the remaining 7 F and
5 M LGs contained only markers in coupling phase.
Markers with distorted segregation ratios (P << 0.01) were
assigned preferentially to 5 male linkage groups IVa-m,
IVb-m, IVd-m, VIla-m, and VIIb-m (Figure 1).

Merging genetic information into an integrated map of the
cultivated octoploid Fragaria: To compare the genome
macrostructure of the polyploid cultivated strawberry with
that of its diploid relatives, we compiled the genetic
information of the parental octoploid maps into an in-
tegrated map using JoinMap. The female and male maps
were merged using the codominant loci and the markers
segregating 3:1 (Fy configuration) as anchor markers.
Twenty-five codominant loci (23 SSRs and two AFLPs) were
identified following 1:1:1:1 (15) or 1:2:1 (10) segregation
ratios. Of the 328 markers in an Fy configuration, 10 were
already recorded as codominant markers and the remain-
ing 318 markers were used for merging the parental maps.
Among them, 166 were mapped and the remainingl52
markers were discarded since they caused inconsistencies in
the maps. In total, 191 anchor markers were obtained.

All LGs of MapMaker parental maps were used for
constructing the integrated map, except the LG Ml

since no microsatellite or anchor markers was mapped
on this group. The merged map maintained the same
marker order as the parental maps. The final outcome
was amap with 32 LGs, which spanned a total distance of
2195 cM, with linkage groups ranging from 37 cM to
126 cM (Figure 2). Twenty-three (72%) of the 32 LGs
were constructed from the merging of LGs from the
previous F and M MapMaker maps including small
linkage groups (named as f or m in Ib-f/m, f/IId-m*,
VIc-f/m). One out of the 23 resulted from the merging
of 3 LGs previously found in the F and M MapMaker
maps, since links between 2 female or male LGs were
found as a consequence of the addition of the 3:1
segregating markers (IIlc-f/IlIc1&2-m). Four pairs of
LGs were identified as parental homologs but not
integrated since only one or two markers were present
for merging parental LGs (i.e., Ia-f/Ia-m).

TABLE 3

Parental octoploid linkage maps obtained with single-dose
markers in F, segregation configuration and using
MapMaker software

Description of the

linkage maps Female map Male map
Total no. of markers 367 440
Distorted markers 8 38
Unlinked markers 15 23
Total map size (cM) 2582 2165
Total no. of linkage 28 26
groups
No. of linkage groups 21 21
in coupling/repulsion
No. of linkage groups 7 (5) 5 (5)
in coupling only
(>10 markers)
No. of markers per 12.6 (* 5.3) 16.0 (= 5.5)
group (mean) (and SD)
Range of marker no. 6-25 8-28
per group
Mean size per group 92.2 (= 37.7) 83.3 (% 35.6)
(cM) (and SD)
Range of size per group 23.8-155.8 19.5-159.9
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A diploid genetic map in Fragaria: For the compari-
son of diploid and octoploid maps, the diploid map was
constructed using the same parameters and commands
used for the construction of the octoploid map. The
addition of the 19 SSR markers in this study to the 182 of
the previous map (SARGENT et al. 2006) led to a linkage
map covering a total length of 396 cM. The addition of 19
markers improved the marker density from 1 marker every
2.3 cM to 1 marker every 1.9 cM and reduced the number
of gaps over 10 cM in length from eight to six. Moreover,
there were a few minor rearrangements in the placement
of some loci due to the addition of the novel SSRs.

The octoploid genome is organized in seven
homoeologous groups and shows colinearity with the
diploid genome: The construction of the polyploidy
map organized by homoeologous groups is an impor-
tant step before undertaking more detailed genetic
analyses. Among the linkage groups of the octoploid
map, we identified the homoeologous linkage groups
on the basis of their common markers amplified by the
same primers. We declared these homoeologous link-
age groups of the integrated octoploid map homolog to
a corresponding diploid LG when they shared at least
five common markers. This study was based on 51 SSRs
and one SCAR locus developed for anthracnose re-
sistance (LERCETEAU-KOHLER et al. 2005), which all
generated more than one locus in the octoploid map
(average of 2.4 loci per SSR) (Figure 2). The 28
integrated or related LGs of the octoploid linkage
map were assigned to one of the seven HGs expected
in Fragaria (x = 7). Among the SSRs mapped in the
octoploid progeny, 46 anchored the diploid map. This
allowed a second round of synteny analysis comparing
each HG of the octoploid map to the diploid reference
LGs, as well as the order of the anchor markers between
diploid and octoploid LGs. The number of anchor
markers per LG in the diploid map ranged from four to
nine, with an average of 6.6 per LG.

The map comparison, shown in Figure 2, confirmed
the identification of the HGs defined at the octoploid
level. Each HG contained four LGs of the octoploid
genome (Table 4). Each HG has only one LG counter-
part in the diploid genome and none contains anchor
markers from more than one LG. The order of the
majority of the markers presented was conserved within
each HG. The only discrepancies in marker order
between LGs of the same HG within the octoploid
species were EMFv004 in HG III and EMFv007 in HG IV.

Disomic behavior is prevalent in the cultivated
strawberry: We investigated the disomic vs. polysomic
chromosome behavior by analyzing the number of single-
dose markers linked in coupling and repulsion phases
within each linkage group using the parental MapMaker
maps. As mentioned above, among the 28 female LGs, 21
contained both markers linked in coupling and repul-
sion phases and their ratios (loci linked in coupling vs.
repulsion phase) fitted the 1:1 ratio (P > 0.01), as
expected for disomic behavior (Wu et al. 1992; Qu and
Hancock 2001). For the remaining 7 linkage groups, Ic-
£*, IIb-£*, IVd1&2-f* (counted as 2 LGs), Va-f*, Vd-f*, and
VIIb-£*, all markers were in coupling phase and were thus
in agreement with the 1:0 ratio, as expected under
polysomic segregation. The analyses of ratios for the 26
male linkage groups gave similar results. For the 21 LGs
containing both markers linked in coupling and re-
pulsion phases, ratios fitted 1:1 ratio (P> 0.01), as was
expected for disomic behavior. For the remaining 5
linkage groups including only markers in coupling
phase, IIb-m*, IId-m*, VId-m*, VIIb-m*, and M1 (not
attributed to an HG group), ratios fitted the 1:0 ratio.

Considering the overall integrated map, only 7% (2)
of the merged LGs were composed of 2 parental LGs that
segregated only in coupling (IIb-f*/IIb-m* and VIIb-f*/
VIIb-m*), whereas 75% had either one (3) or both (18)
LGs in coupling/repulsion (Table 4). The segregation
phase of the remaining 18% of merged LGs could notbe
determined. The distribution of the pairs of homologous
linkage groups on the basis of the presence or absence
of repulsion phase markers was not significantly differ-
ent from random (x* = 5.35; 3 d.f.; P= 0.15), although
there was an excess of LGs that were both in coupling/
repulsion (15 expected vs. 18 observed) or both in
coupling (0.9 expected vs. 2 observed).

DISCUSSION

We established the most comprehensive genetic map
produced in the cultivated octoploid strawberry, I
X ananassa (8x= 56) by classifying almost all linkage groups
into the seven HGs expected in Fragaria, which displays a
base chromosome number of x= 7 as other Rosodeae. The
map was constructed using SSR markers and the approach
of the multistep process developed when the pairing of
polyploids at meiosis is unclear (Wu et al. 1992; RipoL ¢t al.
1999; Qu and HaNcock 2001). It provides thus a reference
map for further mapping projects at the octoploid level and

>

FIGURE 1.—Parental linkage maps of F. Xananassa using a F; segregating progeny. The linkage groups (LGs) include only
markers that segregated in a backcross configuration and were constructed using MapMaker software. A and B show, respectively,
the female and male maps. Microsatellites (SSRs) are shown in shaded boxes. Distorted markers are noted with asterisks at the end
of their name (*0.01 = P= 0.001 and **P < 0.001). Clusters of distorted markers are visualized by a gray oval on the chromosome
bar. The LGs are grouped by homeologous groups (HGs) based on common SSR markers and on anchor markers with the diploid
Fragaria genome. The name of each LG includes the number of their HG (I-VII), followed by a letter (a, b, c, or d) to identify
arbitrarily groups within the same HG, and a dash with an f or m for LGs of the female or male map, respectively. Linkage groups
noted with an asterisk at the end of their name contain exclusively markers segregating in coupling phase. M1 is a linkage group
from the male map that has no anchor loci with any other linkage group from this parent.
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A Homoeologous Group I Homoeologous Group II
I 1a-f Ib-£ Ic-f*  Id-f ! [ 11a-£ ITb-£*  IIc-f |
0.0 L tcac248 0.0 tgaalld 0.0 = EMFvi072 0.0 4 EMFvi072 0.0 tgag360 0.0 == tgtt270 0.0 chtqZES
J 2.7 tgaad08 4.4 = EMFn049- 4.6 <& EMFn049 4.6 == £9gxl40
8.3 L tgaal9g*x . 7.0 = gtatl2l 218
caat086 . g.7 = gatt
10.8 11.8 == tgtg225 11.0 +tgat2?9
15,5 J. UDF002
EMFv019 17.5 _qaaalBU
i gctg500 21.1 = 9339262 T
226 gctg496 23,7 = caaald5
28.0 tgtglT73** W
ttt265
28 3 41.5 == gtatl5s
41.8 gatad 90 44.7 = 9tgx385 .5 o 1 tgac202 42.8 4 tcacd20
16.3 te113 &4 tgtc7s50 = tgtt253
.3 Lcate 45.4 gaaab50 45.8 < BFACT037 44.5
J gtat21ll 48.6 tgtals2
51,8 = EMFn049
4. UDF002 54.2 = Cttgl06
55.9 == ttg;t;;}S 58.2 4 BFACT041 55.0 tgtglee
59.0 gta I 7
o1 e ¥ caaczap  60-2 tgtalls 59.0 Eaacgsg 60.7 == tggxd7s
64.3 cctel?? 64.2 gta
cate350 67.0 ¢ cerasll Cttg0d5 g5 o o BFACTO0Z
73.5 < tcag32l 70.6 = gtgxlls
80.3 4 tggx284 82.1 &4 tcagd00 tgacl3?
85.2 4 atgx3s0 85.6 == ggat550
90.7 = tgacd53 %0
J 92.9 wfu C222261
95,0 4 9tgx575 93.7 == gaat370
o ggat312 103.3 == BFACT039
107.8 J tgtgle3 ‘g BFACT049 107.g =k 9aaclls
108.8 Ytcaa3o -5 <4 BFACT002
J -8 gatg255
. ccaa2B
i deracToo3 120.1 = c2ag30s
123 .35
gtaal29
130.2 gtats40
131.4 F Evillx
144.0 ggatl94
159.0 = EMFvild6
Homoeologous Group III Homoeologous Group IV
I IITa-£f IIIb-£f IIIc-£f ITIId-£f l I Iva-£f IVb-£f IVe-£f Ivdl-£* |
EMFv029 teagd3s
g.g T eurvor6s 0.0 = BFACT050 0.0 UDFng 0.0 S+ BFACT043 0.0 % EMEv007 0.0 4 catcl3s 0.0 < tggxld? 0.0 < gttcl8?
1.7 ¥uproor* 3.0 2.1 T tcag310 2.4 T tcac304
9.3 =egttec352 11 sgidistanzes
.8 s=gtaa
12.8 =sgaac230 14.0 == BFACT008 4
18.5 fgtat3T4* 15,9 4 9ttazdo 4 tcagoss 16.4 pottazl
20.9 4 gtag220  22.3 $caaad7s 21.2 FItexle3 19,25 5ed 21.3 Jgataseo
25.0 Totat2s56** 25.9 dgtagl?s 22.4 T cctc270
i 29.7 = ccaadll 28.9 == gtgx360
32.9 - tcag209 32.6 == EMFvil75 atgles
34.1 $9atg
36.4 = gttg2l5s 37.6 Stgta236 37 .7 Lgaacl2? 38.0 o caaad1o 36.3 == gaac472 34,9 dgttt218
43.5 | 99atlés & gatclé?
43.5 4 EMFv020 44,3 S EMFv008 44.3 tgatl34 41.5
47,2 4 gaac466 jod --Eggg%gg 19.7 & EFEETER 46.6 < ARSFLO04
51.5 = 2 ) :
T tcaaldl —_ Lgaat170 55.7 gCtg?fg . 60 54.5 4 gatalss
¥ i tt 56.1 caa .
58.5 +EpaAcTozs 02 | EMEVE092  57.6 Thotta 57.¢ 4 RWSSEL2 IVd2-£*
E5.:5 Jggat2ss 62.3 J tggx136 61.3 L cttg228 EMFvil75
G 2 ggat256 64.8 =+ EMEvi075 63.9 = catclsdc 0.0 4 gaagds0
.9 Fgctg279 :
2;2244 67.3 4 BFACTO036 69.2 +gtgx127 68.5 --gggg%g; 22 I s
72.2 -+
tgagl7l 73.5 d=gatt520 10.3 FACT048
76.7 i 0ag3zo -
gag 10.9 T tgtg253
81.3 T99at355  gn.0 4 tgrt286 16.8 = gtgx440
83.6 TEMFvil75 85.9 o tCac2l0*
90.0 4 EMFvi136
93,9 J catc2l0 .
06,8 Jotat227 94,5 4 gatcld3 29,7 L EMFvil36
96.1 s caatl20 99.9 JLattc33z
104.2 Jtcta2i? : BFACT046
106.5 ==tgaaldl
107.5 s gttal82
116.2 ccta253
118.2 =4 ccaal8s
132 .1 & BFACT045
143.7 gtaa2ds
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Homoeologous Group V Homoeologous Group VI
—F* - L -
[ Va-£ Vb-f Ve-f va-f | | via-f VIb-£f VIe-f vid-£ |
] BFACT026 £304
0.0 4 UDFOOY 0.0 EMFvi108 0.04attt34o 0.04cctaz00 0.0 =k gctg280 D-U'[gtg"lgg 0:0F 8 0.0pcad
gtta1e2 '1 2.77T ARSFL007
6.0
9,5k gaaalé? 7.69gaaales 8.1-_BFACT010
11.1=gaat505
14.2 tgaad60* tgtg660
16.8% tcac228
21.7 = tcta220 19.7 = Jaaaddl
29. 64 gtat3es 28.2 cttgldd 17.5 4 99at138 gttglll
32.2 4ggat098 31.8«k tggxléd 19. 28.0m o
20 trgaao 31-1F 989 tggx160
36.8+4 tcaa3ss ttgd00 22. 55Tk T EEIL Y 34.74
40,14 totc203 38.1::gct§400 24. tggx235
. 39.4 7s5; 38. 8 o EMEN017
43 .8 == UDF009 27'71-tgta093 : 43_5‘_tgaa3£6
4 BFACT00
49.5 5 51,0 gaatd30 49, 3= BFACT047 1
55.2«4=gtagl22 53.54 gaaa300 1
57.1J4 gaag330
60.3«h tcaaléé 62.1 ) gaaa227 38.2 4k caagls2 59,2+ Fyi020 1
64.74 EMEv024 64.2 4+ BFACT005 63,3 tgtc700 51-6'[ tggx385 I
4 tgte550
69. 34 UDE003 65.77 tote : 68,54 t92al142
74,04 9ctg238 71_9-L cttgl33
71. 4= £Gta580
80.84 tgtgs50 79.9 4-caaa3ld 30.2 = tgtt540 79,34 cate255
HEi 76, 4= EMFv013 :
86.0 4 RW5G14 : -
i A gtat550 + tgaa3el 86.54.9atgl
21,2--EMFv1.179 91.7 b gttaszo 90.3 g0.a] toatass oo o1 gargaso
4.1 EMFvi018 59.5 == tgag6s0 91.6% EMFn017 ’
99, 44 gatt282
104.4 4 tgat258 101.3F caatle?d
68.8 wucaaal9ds 104.0 935140
107.0% tgttds2
113.8 S BPPCT028 gtaa362
73,6 == gttg500 111.7< tggx226
76.1 4 EMEVO10
130.1 LEMFvi018
128. g4 gtttd0l
85.6 = gttt492
Homoeologous Group VII | 134.9] caat1e2
I 137.84 ccaa278
VIiIa-f VIIb-£* VIIc-f  VIId-f |
95, 4 =k gaaab23 146.4-{ EMFv010
0.0 4 ctegzes 0.0 caagl37 0.04gtat188 g gdgtrgaso
2.1+4caagl3s L
153, g 9tta3lox

7.3=REMFvil75
12.0=R gaac630

BFACT033 BFACTO018
18.9-=BFACTO04 21
EMFvi i
22.9-gatg320 22 e I
23 Scar-homeolL

1
o2
.8
28,9 BFACT019
36.6 == gtagd30

S, S 36,74 tgtgl7s
33‘2..gat3226
o "3&;3335 44,44 cCEg322
51.9
25373 % gtaal75gaag23e 4g.24 SC3317€
55,8 T caaglls 50_1-.tcaa172
gtgx590 o eeanao
65.3 ¥ At <o 74 EMEVi079
I sracro2g
67.0 o
2C8ii
76.1 4 gtag58s
85.2 J- gttt328 N [P

88,2 =mcaaalsd

106.3 4 caaaz00 100.0 J gaag33s
102.3 L caaal3s
100.5 . SCAR417 gaac4ss +

113.2 4 gtte3zo [tcaal7s 103.9 T BRSNS

183:3F scarz40 gaaczso 1007 F Gcaa3ss

caatl63 2.7 Xccaa23’

120.0 = 2 109, 34atta3?0 110.77 caaalls
115.2 caaall2
129.5 < gtag22s 117 .2 L EMFv023
119.17gaag320
136.8 4 EMEVi008 121.9Ttgta097

128, 4 4tgac250

146.6 4 BFACT044
151.2 == caatl59 136,14

| BFACTO31

162.9 == gctgd77

FiGure 1.—Continued.
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B Homoeologous Group I Homoeologous Group II
I Ia-m Id-m I | ITa-m IIb-m* IIc-m IId-m* |
0.0 4 ccaazll 0.0+ cetalss 0.0 $tgacldl 0.0 Q:Eqﬁg 0.04catc079 0.04tgttd2s
: ata
2.4 1 BSOS 2.3T855%168 3.94tgtad20
A EMFn049 6.54 gatc332 7.7 4cttglss 6.5 ¢ BFACT028
113 deanass 13.6 ) BFACTO15
tgte3gg 11.6 ] BFACT028 .
5o 13.8 g 15.7 L tctazas tggx310
EMEv017 193¢ tetazds
| 179 _ 19.3 +tgtgl08 >
19.0 0 o aale7 21.1 4 9atalb 9td 21.7 b ggat203 19.9¢9aac22s
22 23.3§ §2ag23l 23.3%tcaaza 23. 64 toag26o
27.0 4 cctc22? 22.5T 229578 26.14cctc239 :
- 28.3% ¢ 27.7 $ BFACT037 28.3 L Fvill
30.94 tgttl9s -3 T tgaglé2 29.6 % tgtc201 .
31.74 aotgx095 32,14 tgacdel 31.6¢Fvill
ata3ls =t - 32.7¢Fcctal23 .
S 33741 EMFvO19 o423 ca a0 35.3 % gaat3as
36.47 ccaa267 BPrea305 35 3] ggat20s o 35. 6 4 EMEV012
42,5 ¢ tgag3os i1s Cg:;gma
tgtg2s0 43.7 = BFACT037 246.§ g::g%gé 45.8 4 gaaal6d 45.0 4 gatt227
50,64 tggx109 : 50.0 4 gttg3ls 50.44cctazad
tt143 ’ £390
53.879¢ s5.3 b EMEviTag @ 02-0T99°
60.2 & ccaal3g* 60.0 4 cttglol
65.4 & Lcaadlds
68.3 4 EMEVi1d6 68. 4 4 EEECHOSY
g tgtg270
74.8 L 9tgx580 73,0 $+gatt290 - Tgtag32s
78.2 & caagllé
84,5 $Fvill
89,8 4 EMFv022
93.5 $9atgd20
99,1 +gatt250
Homoeologous Group III Homoeologous Group IV
IIIIa—m IIIb-m IIIcl-m IIId-m | [ Iva-m IVb-m IVc-m IVd-m |
UDF001 $ EMFu004 EMFv029 0.04tgac108 0.0 4 gate3so 0.0 4 ccaa22b gtat238
g-0tiety  °° 2l 95e g 2'5 ] Bracroosx 0.0 0.0 Ftgagd00
2 EMFvO016 5.1 8 tcaa3l?
gatt298** o 4 1BFACT008
8.4%gatal6s 11.a[l| ARSFLOOg** °°
12 9B BFACT017 12,94 ARSFL004
14.7 ta310 i
13.6¢tgaad2s 16.7 4 EMEv004 15.0'555@2118 - §5:2 g;:_g"ogg** 16.94 BFACT026
18.5 4 BFACT048% teagd30 17-47 EnEvoo4 18.4 f;?imé 19,1 | — 18.0 T BFACT032 tcaa360
21.64tcag L 22.3 = 21.8 7
22.3¢gtaa33o 5E°3 EMEV007* catc270
26.0¢ EERSIOEE 283 Poeetd, . e 29.3 fgctg308++
29,3 4 EMEV004 30.0 ggggg%g 32.04 BFACTO43 Uffotte273 %%g g;;gm
35.449%29500 ] ioit300 gg.g;gaacggg 33.8plBFACTO08* 38.5F tqraiis 36,8 lfecteaaze
tcac520 37,54 UDF004 B 38.6% EMFvil36 18,64 tggx318 20,7 [RWSSE12#EMFvil02*
42,3} 993t306 2.5 WEMEVi175
BFACT043 43.7§3229243 42.gF90t9109 43¢ ¥oatql3?
42.9 i2' 1¥BFACTO36 gaag328* gttc260* FER] iis
47.47 ggat257 47.3Ml gtt£203* tggx255 47.7 fteag
45.4 $gatc215* -4yggats> 19,44 tgtc272 s0. 1 sEvo08 +3 Ttgtalls
’ 50.9FEMEV020 TITc2- % tgatl65
4 cZ-m 52.6 5222400 52.04 tg
22-0Fgragzic cete550 555 S e acTods 2die ™ Gaktas? tgx380
5 ] 56.64 55.949tgx
55.7UDE004  57.0792at198 o odegrgazo 25 oFguat2as 7.0 RsFLo0a* 59.8 Ttgac408
5 277
62.8 § BFACT036 2 ;gi&uqs 64.2492a9240 63.9 §l tgacl16++ 63,5Fgttazd2
64.9Fceralel  67.14cctczss  9:6 66, 3F carazes3
10.6T BFACT046 69.1¢gaac2s0
71.0+4 BFACT036
16.7? fCcaaa338
75.5 4 gtgx365 19.54cttg23s 75.7¢9tgxl36e
79.149taads? g(}..‘é tgaal2s ol g tata21s
1. tggx273 ¢
81.64gatgl7s 83.4 tg%tlw
85.8 ¢gaaa370 cctc2l0* 86.4F tatg23?
. 91.04 £929332 91.74 UDF00S 93.8 $iggx104
91.6kcaaall3 ggat263 )
96.9 gatg395 95.5 4 tggx350 99.0 *UDF008
97.9F BFACT046 l ccaal0s
100.%9 BFACT045 104.2 4 toacloe
10—,_5] EMFvil36
108-% EMFvi022 110.84 tgtc328+*
112.9 ¢ BFACT045 115.7 4 gttal0s
117.4 4 gatc620
121.94 tgaald0
133.6 & tcaad3o

F1GURE 1.—Continued.
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Homoeologous Group V
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Homoeologous Group VI

[ va-m Vb-m ve-m || VIa-m
0.0+ EMFvi108 0.04 9tat373 0.04 tgtca20 0.0 4 caaals0
i 3.8 Lgaat440 3.6+ tgttl140
5.6 4 gaat270 5.3 T tgag700
10.0 4 tgat148 9.2 Lgatt203
14.4 £ UDF009
16.94 gtgxl71l
22.4 & catcl92 A ——
29.2 J Rw5G14
31.2+4 caaa33é
33.9
Eggx] 2% 36,74 Rw5G14 36.4 ¢ gttgl2d*
37.6 T BEACI037 39 ¢ ) BFACTO0S 38.94 gtgx570
42.5 L DHF1 4
41.9 4 UDE006 45.3 L qatans 426 tataltd 45.1 4 tgtt320
46.8 4 46.6 aaa . 46.54 gatad70
% T UDF009 4§.B gg{vO%%EMFv;l?itcacz79 -
- t
éq-i tcagl43 gttc269 s2.3 17 70383
o C:;zigg 55.1 ¢ BERGIOND 56,3+ BFACT047
HE 59.84 gaac12e 59,6+ EMEV006
64.2 4 ggat207+ Zi;;‘g;iéié 64.5 4 tgat340
63.7 <~ HEHA0S 69.0T BPPCT028 71.0 4 gatal70
75.7 gatt255
75.8 ¢ tcaa3sy 77.71 EMEviO18 77.9 % gctg26s
BO.G-Ltgacug7 80,7 ¢ 9aaal32
84.2 4 gctgl?? 85.64 tcaale8
86.9 4 gctgl2d 1t 580
89.24cctgl2dg 89.3 gac
92 . g 4 UDF003
tEMFvOZQ 98.0 4 cctall2
100.4 4 gatclés
106.5-ch:.9560
caagldd
114.7-tEMFv1179
122.2-ttgtc340
Homoeologous Group VII M1
[vira-m VIIb-m* VIIc-m  VIId-m | 0.0 egrgzess
ttg520
gaac223* 0.0 4 tgtgll? 0.04 gttt352 0.0 4 3:23157
7:2 [ otax232 BEACTO04 2.4 Sgcci70 1.7 FOERREE)
4. 1flltogx247* caag330 6.4 4 tgrczaa
’ gata230 :
9.1 4 Fat29g
11.7tottle3 12.8 @ q2tga50+ 12.04 caat09%6
s e
17.2ptgat289* . ccaa *
19.5 X BFACTO017 20.1 4, SHEEOE
22.1 ¢ EMFvil75EMEVO18 53 :Bstfggg3
25.3 aacl7O* ‘oT 9 c +££385
9 26.1 4 BFACT029 24.91 Zpacm004 28.3 4 BEACTO29 33.8 92
%?’g gctglo3 29.87 cctealoc 38.7 $ccte340
34, ¢l gattse0 -3 T gaac20é
36.3 1 Il 38.5 4 tcaa3ds 45.7 Ftgac300
¢ tgtgl03 49,0 $gtta3s2
| tgta2ss
46378 48.9 4 BEACTO18 56.0 $gttt530
58.7 $9ttt394
53.4 Y ccaalé6é 62.7 caa%%%g*
56.0 3 EMFvi008 B bt
58.8L cctazs2 66.8 Ftgat231
73.7 dcctg505
67.4 1 tcaald3
gtagl58 3522 Gaaas40
79.8 +cctg500
79.4 X gtgx102
g2.9 J BFACTO048 EMFvo21 897 Ftotg32d
84.0 T2c8ii 93.4 S tcacdd0
86.5 Ttgaal72 95.9 +tgtt500
90.3 $gttalsl 99.6 $gtatd30
103.5 $gtat500
110.9 $+tgagb75
106.6 4 gtats30 114.5 $tgatds50
132.6 $+tggx308
135.6 4 gttt402
159.9 hgtaazz4

FIGURE 1.—Continued.

VIb-m
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16.1
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64.7
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FIGURE 2.—An integrated linkage map of the octoploid F X ananassa, based on an F; segregating population, and its comparison
with the diploid Fragaria F reference map generated from the cross between F vesca “815” and F. bucharica “601.” Only microsatellite
(SSR) and SCAR markers that anchored at least two linkage groups (LGs) are shown. LGs were integrated using JoinMap software. The
names of the LGs of the diploid map are those used by SARGENT et al. (2006) (from I to VII, chromosome bars shaded). Integrated
homoeologous groups (HG) for the octoploid map are notated with the same number (from I to VII) of the corresponding diploid LG.
Four pairs of linkage groups identified as homologs were not integrated due to the limited number of anchor common markers and are
arranged in a rectangle. Linkage group names for the octoploid consist of the number of the HG to which they belong followed by a
letter (a, b, ¢, or d). The name of the two linkage groups (male and female) that merged to constitute the integrated linkage group is
given in parentheses. These groups are named with the same name of the LG followed by a dash and a letter that indicates their origin
(f for the female and m for the male maps). An asterisk is added when the LG included only markers in coupling phase.

constitutes a great improvement compared to the previous
octoploid strawberry map (LERCETEAU-KOHLER et al. 2003),
which included mostly AFLP markers.

The strawberry comparative map reveals a high level
of colinearity between diploid and octoploid Fragaria
species: Comparative mapping between species with
different levels of ploidy is a powerful tool for studying
macrorearrangement events after the formation of poly-
ploid species (LAGERCRANTZ and LyDIATE 1996). In this
study we developed a comparative genetic map between
species showing two extreme levels of ploidy in the
Fragaria genus to study the evolution of macrostuctural
organization in the Fragaria genome along the species
evolution and polyploidization. The comparison was

performed between the cultivated octoploid strawberry,
E Xananassa and the diploid interspecific cross between
I vesca with F bucharica. The cultivated octoploid F
Xananassa results from the interspecific hybridization
between two octoploid species, I virginiana and F. chiloensis
(DArRrROW 1966). Therefore, the macrostructure of the
genomes analyzed in this study derives from two successive
polyploid contexts. First, the genomes evolved separately
within two distinct highly polyploid species, i.e., I virgin-
iana and F. chiloensis, which are both of monophyletic or-
igin and have different geographical repartition (POTTER
et al. 2000). Then, two and half centuries ago, these ge-
nomes were juxtaposed within the actual cultivated
strawberry, £ X ananassa through interspecific hybridiza-
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Ficure 2.—Continued.

tion. Regarding the cytological formula of the Fragaria
octoploids, AAA’A’BBB'B’ (BRINGHURST 1990), it is clear
that at least two genomes are involved in their origin. The
A genome is thought to have been contributed by F vesca
(2x = 14) or its ancestor (BRINGHURST and GiLL 1970),
and the B genome is thought to be F itnumae (2x = 14) or
its ancestor (M. ROUSSEAU-GUEUTIN, unpublished results).
As a consequence, the study of the macrosynteny and
colinearity between homoeologous linkage groups within
homoeologous groups of the octoploid Fragaria map can
be regarded as the study of the colinearity between diploid
genomes involved in the origin of the Fragaria octoploids.

The marker alignment between diploid and octoploid
Fragaria species reveals extremely high levels of macro-
synteny and colinearity between these genomes with the
exception of two putative inversions (identified through
the mapping of single SSR loci). This result supports the
hypothesis that major chromosomal rearrangements
have not been frequent throughout the evolution of

species in the Fragaria genus. Therefore, the higher
genetic value of the octoploid species compared to their
diploid relatives should arise from intergenomic hetero-
sis or epigenetic phenomena such as neofunctionaliza-
tion rather than major chromosomal rearrangements
(Apams and WENDEL 2005; Comar 2005). Similar obser-
vations have also been made between the allotetraploid
cotton and its diploid relatives (BRUBAKER et al. 1999) or
between the allotetraploid Brassica napus and the diploid
B. oleracea (CHEUNG et al. 1997). Moreover, comparative
mapping between the sugarcane cultivars of high ploidy
levels and Sorghum bicolor, which can be considered as
their diploid relative in the absence of known extant taxa
(GUIMARAES et al. 1997), revealed a high level of co-
linearity between these species (MING et al. 1998), later
confirmed by microsynteny analyses (JANNOO ¢t al. 2007).

The discrepancies of colinearity observed between
homo(eo)logous linkage groups in two HGs of the F
X ananassa map can be due either to chromosomal
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structural polymorphism of the different genomes
within the cultivated strawberry, as observed in the
polyploid Saccharum (MING et al. 1998) or to the
evolution within the octoploid species after the initial
hybridization of the ancestral genomes, as observed in

0
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—BFACTO031
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scale rearrangements

H-BFACTO4
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cotton (BRUBAKER et al. 1999; DEsATI et al. 2006). Due to
the relative low covering of the comparative map, large-
could be readily detected,
whereas those involving small chromosomal segments
are likely to go undetected (BURKE et al. 2004).
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TABLE 4

Number of integrated linkage groups according to the phase (coupling/repulsion or coupling alone) of their
markers and to the homoeology group (HG) to which they belong

No. of integrated linkage groups”

One coupling:

HG Both coupling/repulsion ~ Both coupling  one coupling/repulsion ~ Undetermined
I 2 — 2

II 2 1

111 4 — —

v 3 1 —

\Y 2 1 1

VI 2 1 1

VII 3 — —

Total observed 18 3 5
Expected’ 15.00 7.29 4.86

“The integrated linkage groups were obtained by merging the female and male homologous linkage groups

using JoinMap software.
* Assuming random distribution.

The high level of colinearity between linkage groups
of the octoploid with their corresponding diploid homo-
logs suggests a close relationship between genomes in
Fragaria. This hypothesis is supported by the difficulty
to separate clearly Fragaria species in phylogenetic
analyses using cpDNA and rDNA (HaRrrisoN and Lusy
1997; POTTER ef al. 2000). The elucidation of the rela-
tionships between the diploid strawberry genomes and
further insights into how they have been involved in the
construction of the different Fragaria polyploids will
probably await phylogenetic studies of nuclear genes.

Markers exhibiting distorted segregation ratios are
preferentially distributed on homoeologous regions:
Markers exhibiting distorted segregation ratios on the
current octoploid maps were preferentially distributed in
only two HGs grouping a total of five male groups, IVa-m,
IVb-m, IVd-m, VIlam, and VIIb-m* (Figure 1). The
clustering of genetic markers showing distorted segrega-
tion ratios suggests that they may be linked to viability
genes that would affect embryonic development or
fitness (TaNT1 et al. 2003; SLEDGE et al. 2005). Such genes
could be located on the characterized homoeologous
regions HGs IV or VII, which can be further studied by
adding markers in these regions. The level of inbreeding,
which is likely to be present in the cultivated strawberry
(SyjuLiN and DALE 1987; DALE and SyuLiN 1990; LuBy
et al. 1991), may have played a role in the exposure of
deleterious alleles (REMINGTON and O’MALLEY 2000).

Low levels of segregation distortion have been ob-
served to date in the construction of the octoploid
linkage maps. However, by selecting only single-dose
markers for use in the mapping procedure, we may have
underestimated the extent of segregation distortion
(JULIER et al. 2003). In our study, by excluding markers
that did not clearly segregate 1:1, as expected for single-
dose markers, we may have excluded distorted markers
that segregate 3:1 and proposed that they were double-

dose alleles. This hypothesis could be confirmed through
the mapping of these potential double-dose markers, as
described by DA SiLva et al. (1995).

Disomic behavior is predominant in the cultivated
strawberry F. X ananassa: The determination of the type
of inheritance displayed by I X ananassa is critical for
genetic analyses, such as elucidating the phylogeny in
the Fragaria genus to clarify the origin of the cultivated
strawberry and developing molecular-assisted breeding
strategies. Bivalents are usually observed in Fragaria
during meiosis (IcHIJIMA 1926; LONGLEY 1926; POWERS
1944), with the exception of multivalents mentioned by
Mok and Evans (1971) but rejected by IBRAHIM et al.
(1981) since chromosomes have been observed during
diakinesis. Finally, the type of segregation that occurs
in octoploid Fragaria (i.e., disomic or polysomic) has
remained unclear.

On the basis of the majority of linkage groups seg-
regated in coupling/repulsion, we were able to demon-
strate that disomic behavior is predominant in the
cultivated strawberry F Xananassa. The discrepancy
with previous results that suggested a mixed behavior
with disomy and partial polysomy (LERCETEAU-KOHLER
et al. 2003) can be attributed to the use in this study of
codominant microsatellite markers, the higher number
of progeny used here, and the greater marker coverage
of the octoploid maps. Microsatellite markers allow
finer genetic analyses to be performed compared to the
almost exclusive use of dominant AFLPs in the study of
LERCETEAU-KOHLER el al. (2003). This is the first report
of genetic analyses of genomewide meiotic behavior of
the octoploid Fragaria since previous works reported
segregation of a limited number of markers (ASHLEY
et al. 2003, KuN1HISA et al. 2005).

However, the observation of large LGs, i.e., IIb-f*/IIb-
m*, and VIIb-f*/VIIb-m*, which were composed exclu-
sively of markers in the coupling phase, is inconsistent
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with normal disomy and may suggest that partial residual
polysomic behavior occurs. Preliminary results from a
comparison between the octoploid genetic map presented
here with another one (A. MONFORT, unpublished results)
has shown that this other map contains the same LGs
segregating only in coupling. Therefore, residual poly-
somic behavior is likely to suggest that diploidization is
currently an ongoing process in the cultivated strawberry.

Establishing Fragaria as a model system: Extensive
conservation of longrange genome organization in Fra-
garia supports the use of the diploid Fragaria as a model
system for studying genomics and molecular dissection of
the much more complex octoploid I X ananassa genome
(Davis and YU 1997; SARGENT et al. 2004). Complementary
to the use of diploid Fragaria, the dense and reliable
parental maps of the octoploid cultivated strawberry
presented here provide a valuable reference tool for
further genetic analysis in the octoploid strawberry. They
will facilitate QTL analyses by identifying QTL located on
homo(eo)logous linkage groups that were duplicated
through polyploidization (PATERsON 2005). Moreover, it
will also facilitate the information transfer for gene cloning
in either the diploid or the octoploid Fragaria species and,
beyond, in other Rosaceae species. Finally, considering the
small size of diploid Fragaria genomes (164 Mbp/C), and
the high level of synteny with the cultivated octoploid
strawberry, it would be timely to sequence the genome of a
species such as one progenitor of the cultivated strawberry
genome. Such a sequence would provide a scaffold for fine
mapping and positional cloning in the cultivated octo-
ploid strawberry and in other Rosaceae species.
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