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Abstract

Molecular linkage maps representing the rice genome have been an important tool for breeding programs because
they allow the elucidation of polygenic traits and are an efficient tool for monitoring wild introgressions in interspecific
crosses. Common markers among rice genetic maps are important in defining the homology of chromosomes and
the synteny between genomic target regions. We used 148 markers (expressed sequence tags, microsatellites and
single nucleotide polymorphisms) to construct a molecular linkage map based on co-dominant markers for an
interspecific backcross population using a wild rice (Oryza glumaepatula) from Brazil and performed a comparative
analysis with other interspecific maps. The comparative analysis revealed a Spearman correlation index of 0.86 for
marker order conservation to a previous map constructed for an interspecific cross using the same wild parent. Ap-
proximately 90% of markers common to other interspecific maps kept the same order. These results indicate that it
will be possible to generate a unique genetic map using the wild donor and that it may be a helpful tool for breeding
programs because plants derived from different interspecific populations can be rapidly scanned using markers as-

sociated with useful wild traits.
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Introduction

The development of linkage maps covering the whole
rice genome has provided new opportunities for the eluci-
dation of complex polygenic traits, enabling rice geneticists
to identify and manipulate the genetic information neces-
sary to obtain superior genotypes in breeding programs.
Genetic maps from interspecific crosses are efficient at de-
tecting genomic regions associated with the control of
yield-related traits and monitoring wild parental genomic
fragments containing alleles of interest which have been
introgressed into cultivated lines, such maps providing the
basis for the identification of positive effect alleles coming
from the wild parent (Brondani et al., 2001). Wild rice spe-
cies are well-known to be suitable alternatives to the use of
wide crosses for the introduction of new allelic variation in
cultivated rice lines. Previous work using Oryza
glumaepatula, the wild relative of cultivated rice (Oryza
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sativa), as gene donor has demonstrated that O.
glumaepatula has the potential to successfully transfer fa-
vorable yield-related alleles, promoting positive increases
in cultivated rice architecture and grain yield (Brondani e?
al., 2002; Rangel ef al., 2005).

The integration in a linkage map of co-dominant mo-
lecular markers such as microsatellites (also known as sim-
ple sequence repeats or SSRs), expressed sequence tags
(ESTs) and single nucleotide polymorphisms (SNPs) has
allowed the definition of a framework map with “anchor”
loci for rapid genome scanning, the better characterization
and ranking of quantitative trait loci (QTL) alleles and the
evaluation of allele interactions in QTL effects. Micro-
satellite markers are especially attractive for genomic anal-
ysis because hundreds of such markers are already avail-
able for rice and they are co-dominant and multi-allelic,
widely distributed in genomes and easily detectable by
PCR assays (Temnykh et al., 2000; McCouch et al., 2002).
The availability of published rice functional and entire ge-
nome sequences provides an unlimited source of genetic
markers, resulting in extensive public collections of ESTs.
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Rice EST databases can be employed, free of cost, in the
design of locus-specific primers, ESTs having the advan-
tage of being abundant, present in gene rich regions and,
despite being less polymorphic than microsatellites, show-
ing a high frequency of transferability which supports more
extensive comparative analysis than microsatellite markers
because ESTs are based on the conserved coding regions of
the genome (Kota ef al., 2003). Another factor is that mark-
ers derived from ESTs reveal the direct association be-
tween genes and quantitative traits, making EST markers
candidates to aid in the identification of complex traits
through the construction of linkage maps (Cato et al., 2001;
Zhang et al.,2004). In addition, EST databases can be used
in the search for SNPs, which are increasingly being used in
mapping studies because they are very abundant in the ge-
nome, with an average of one SNP every 170 bp in rice
(Hayashi et al., 2004), providing new opportunities for the
association of gene regions to quantitative traits.

Common markers for use in different rice linkage
maps are important to define the homology of chromo-
somes, and are particularly useful for the rapid establish-
ment of synteny between genomic target regions, including
those related to QTLs for important agronomic traits. Com-
parative genetic studies between linkage maps generated
using advanced backcross (BC) interspecific populations
(BC,F)) have shown remarkable conservation of QTL al-
leles introduced from wild species to the cultivated rice
gene pool across genetic backgrounds and environments.
The wild parental, Oryza rufipogon, has been extensively
employed as a common donor parent in combination with
different rice cultivars as recurrent parents, and a number of
QTLs have been identified at similar regions of different
linkage maps (Thomson ez al., 2003; Septiningsih et al.,
2003).

The objective of this work was to develop a molecular
map based exclusively on co-dominant markers (micro-
satellites, ESTs and SNPs), using a BC,F; mapping popula-
tion derived from an interspecific cross between a wild rice
Oryza glumaepatula accession collected in a population lo-
cated in the Brazilian Amazon Basin and an Oryza sativa
cultivated rice cultivar. We also tested the hypothesis that
there are enough significantly conserved linkage groups
and marker order arrangement between maps constructed
from interspecific crosses to allow the construction of a
unique BC,F; genetic map when using a common wild do-
nor parent in combination with different cultivars as recur-
rent parents.

Material and Methods

Rice populations

The wild rice Oryza glumaepatula accession RS-16,
selected from an inbred population collected from a Soli-
mdes River population in the Amazon Basin during a germ-
plasm collection expedition (Morishima, 1994), was used
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as the female parent in crosses with the irrigated rice (Oryza
sativa) cultivar Cica-8. The F; plants, whose hybrid nature
was confirmed with RAPD and microsatellite markers
(Brondani et al, 2001), were backcrossed to Cica-8, used as
the recurrent parent, to obtain 186 BC,F; segregating
plants. These plants were genotyped with molecular mark-
ers and the information was used to construct the linkage
map.

Selection of molecular markers

For the linkage analysis, 108 microsatellite markers
developed from rice genome enriched libraries and previ-
ously mapped in the O. glumaepatula (RS-16) x O. sativa
(BG90-2) interspecific cross (Brondani ef al., 2001) were
selected for linkage analysis. Marker selection was per-
formed in order to maximize the rice genome coverage and
was based on the amplification quality of each marker. Of
the 108 markers, 34 were from the O. glumaepatula (OQG)
series (Brondani et al., 2001), 14 from the O. sativa (OS)
series (Akagi et al., 1996), 59 from the rice markers (RM)
series (Chen et al., 1997) and one (0484) from the se-
quence of the rice Waxy gene (Ayres et al., 1997). In addi-
tion, rice genome sequences were searched in GenBank
(NCBI) and Gramene web sites for all tri-nucleotide micro-
satellite motifs and these sequences were used to design
105 primer pairs using the Primer 0.5 software (Lincoln et
al., 1991).

EST-derived markers

Rice functional genome sequencing databases avail-
able at GenBank (NCBI) and Gramene were searched to
develop EST-derived markers. Sequences of enzymes in-
volved in photosynthetic and metabolic pathways, carbo-
hydrate transportation, and grain quality and rice produc-
tion traits were identified and selected. All sequences were
searched for the presence of EST-derived microsatellites
using the Tandem Repeats Finder (TRF) software (Benson,
1999). A total of 152 primers were designed using the
Primer 0.5 software (Lincoln et al., 1991). The EST-deri-
ved markers that produced high-quality amplified products
but which did not detect polymorphism among the genitors
were searched for EST-derived SNPs. The PCR amplified
products from each genitor being sequenced at least three
times in an automated ABI 3100 DNA sequencer (Applied
Biosystems) and the sequences aligned using the BioEdit
Sequence Alignment Editor software (Hall, 1999). All pro-
geny were genotyped using the same strategy described
above for the detection of polymorphisms on the EST-
derived SNP markers.

Molecular marker analysis

The amplification reactions were performed in a final
volume of 15 UL containing 15 ng of DNA, 0.3 uM of each
primer, 0.25 mM of each dNTP, 5% (v/v) dimethyl sul-
foxide, 10 mM of Tris-HCI (pH 8.3), 50 mM of KClI,
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1.5 mM of MgCl, and one unit of Taq DNA polymerase.
The reactions were conducted in a 96-well PT-100 Thermal
Controller (MJ Research) with a pre-cycle of 94 °C for
5 min followed by 30 cycles of 94 °C for 1 min, specific
primer annealing temperature (48 °C to 56 °C) for 1 min
and 72 °C for 1 min, with a final extension at 72 °C for
7 min. Amplification products were separated by electro-
phoresis on 5% (w/v) agarose gels stained with ethidium
bromide (0.1 pg/uL) or, when more resolution was needed
to detect allele differences 6% (w/v) denaturing acrylamide
gels stained with silver nitrate (Bassam et al., 1991).

Linkage analysis

A chi-square test () was performed for each marker
to test for deviation of genotypic classes from the expected
Mendelian inheritance ratios of 1:1 (p < 0.05). The false
discovery rate (FDR) was determined from the observed
p-value distribution and was used to correct multiple com-
parisons by controlling the probability of false positives
(Benjamin & Hocheberg, 1995). Linkage analysis was per-
formed using the Mapmaker 2.0 software for Macintosh
(Lander et al., 1987). Markers were placed into linkage
groups using the “group” command with a minimum loga-
rithm of the odds (LOD) score of 3.0 and a maximum re-
combination fraction (theta) of 0.40. The “first-order” and
“compare” commands were used to identify the most prob-
able marker order within a linkage group. The “try” com-
mand was used to place unlinked individual markers in the
framework followed by the “ripple” command that was
used to verify the order and establish a log likelihood sup-
port. Recombination fractions were transformed to esti-
mate map distances by the Kosambi mapping function.

Comparative analysis

Comparative mapping analysis was carried out be-
tween the developed linkage map and the previous map ob-
tained for the O. glumaepatula (RS-16) x O. sativa
(BG90-2) interspecific cross (Brondani et al., 2001). A to-
tal of 108 markers, common to both maps, were evaluated
for the conservation of linkage groups and locus order ar-
rangement. The markers order conservation was tested
using a Spearman correlation test using Excel®. The differ-
ence between recombination fractions on the two maps was
analyzed using Mantel’s test for correlation between matri-
ces (Mantel, 1967). The recombination fraction matrices
were obtained for each population and a correlation coeffi-
cient was calculated according to Mantel. This test is a ran-
domization procedure that compares the correlation
between two matrices with the correlation between one of
these and randomizations of the other. The pairwise com-
parison was carried out with 9999 permutations using the
Ntsys software version 2.0 (Rohlf, 1989). A visual compar-
ative analysis was performed against the Cornell Univer-
sity indica x japonica reference map (Temnykh et al.,
2001; Cheng et al., 2001; Temnykh et al., 2000; Singh et
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al., 1996) and the Cornell University O. sativa V20A x O.
glaberrima map (Li et al., 2004) using the comparative
map tools comparative map viewer (Cmap) available at
Gramene. In addition, two reference maps constructed for
interspecific crosses with the wild relative O. rufipogon
were also used for comparative analysis (Thomson et al.,
2003; Septiningsih et al., 2003.

Results and Discussion

Molecular marker polymorphism

Of the 365 markers analyzed, 109 (29.8%) either did
not amplify or resulted in multiple banding patterns but the
other 255 (69.8%) markers produced easily interpretable
amplification products, with 157 (61.6%) displaying poly-
morphism. From the polymorphic markers, 120 (76.4%)
were detected on high-resolution acrylamide gels. All 108
previously mapped microsatellite markers (Brondani et al.,
2001), were submitted to linkage analysis. From the 105
newly developed tri-nucleotide microsatellite markers, 59
(56.2%) produced amplified products, 36 (34.3%) showed
polymorphism between the parents and 28 (32.5%) were
selected for linkage analysis based on their broad distribu-
tion on the rice chromosomes (Table 1). Of the 152 EST
markers, 55 (36.2%) were EST-derived microsatellites and
3 (1.97%) were EST-derived SNPs, the remaining 94
(61.8%) were derived from expressed sequences without
tandem repeats (Table 2). The 152 EST markers produced
89 (58.5%) amplified products and these were searched for
polymorphism between the genitors and 10 (11.2%) useful
markers for linkage analysis were detected, 5 of which
(50%) were EST-derived microsatellite markers. In the
screening for EST-derived SNPs, out of a set of 29 markers
that produced high quality amplified products, but were ini-
tially classified as monomorphic, sequencing analysis
showed three markers with single nucleotide polymor-
phism, indicating that more polymorphic markers could
still be derived (Table 2). Only one SNP (an adenosine to
cytosine (A/C) substitution) was found along the 470 bp
fragment corresponding to EST 90. Four SNPs were found
for EST 26 (470 bp) and three SNPs for EST 111 (370 bp),
all due to transitions.

From a total of 257 GenBank rice-sequences markers,
consisting of 105 microsatellite markers derived from tri-
nucleotide repeats and 152 EST-derived markers, we found
148 (57.6%) produced amplification. The low marker out-
put of these sequences, especially for those related to ESTs,
was probably due to primer extension across splice site,
presence of large introns in genomic DNA sequence and
primers derived form chimerical sequences (Varshney et
al., 2005).

Our search for microsatellite markers from EST se-
quences produced a higher rate of useful markers, as shown
by the fact that of 55 EST-derived microsatellite markers
36 (65.5%) produced amplified fragments. The EST-
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Table 1 - Microsatellite markers based on tri-nucleotide repeats obtained from sequences available on public databases that showed polymorphism
between the Oryza glumaepatula and Oryza sativa parents.

Marker GenBank Flanking primer sequences Annealing Linkage group
number (F = forward, R = reverse) temperature (°C) map position

4599 AY 022274 : AGAGGCGGTAGTGAATCAAC 50 11
R: GTCAGCGTGGTGAATGTGTT

4611 AY 022286 F: CAACTTAACCACCAAGCCAC 52 4
R: CACGCCTGACGATGATTAGT

4614 AY 022289 F: TCTCTCCGGACCAAGAAG 50 2
R: TCACTCCACCATTCCACC

4635 AY022310 F: CGCGTCGTAGCTGAACACTG 52 4
R: GCGACGTGCTCGGTAGCTAA

4653 AY022328 F: CTCGGACAAGCATGATCT 52 12
R: AACCGATGCAGATCAGAG

4689 AY 022364 F: ATGCACATGGTGAGACGTCC 50 10
R: AGTAGGTCACACCGACGGTT

4712 AY 022387 F: ACAGGCTCGTGAATGGTA 48 1
R: CTCATCTTCGCCTTCTTG

4749 AY 022424 F: CGCCGTGACCACATCTAT 52 4
R: GGCAAGGTTGGATCAGTC

4752 AY022427 F: TCCTGACCATCTCAACCTGC 50 7
R: GCCGGAGAGATGATCGAGTA

4756 AY022431 F: CAGACCGATGAACTGATACG 52 10
R: GGAAGAAGAGGAGCTACCAT

4770 AY 022445 F: CCTTCACAGCATCCATCGTC 48 5
R: GCGTGCTGCAGGATAGTTCT

4771 AY 022446 F: GAGAGGAAGGAGTCGTAGGA 52 4
R: GGCTCCTCCTCCTATATGTC

4797 AY 022472 F: GGAGAAGGCAATGCAACACG 52 4
R: GCCATTGCCGCCAAGTACTA

4814 AY 022489 F: ACTCACAGCTCATCACTCCA 50 6
R: CTACATCAAGGCTCGCTACT

4879 AY022554 F: CAGAGATCGATTGGTAGC 52 4
R: CCTTGTACTCAGCTCCAT

4914 AY022589 F: GACTCACGGACGCTATCAAT 54 1
R: TTGGCCTCCATCTCTCTAAC

4950 AY 022625 F: CGGAAGAAGGCCATCGAGGT 52 4
R: TGCTCGTGGTGGTGGTGTTG

4961 AY 022636 F: CCACTTGTCTCCTGTATGCT 56 11
R: GTGATGTGAACGCCTCTACT

4968 AY 022643 F: ACTACGGCATCGGCGTCACT 52 5
R: GCAGCAGCAGTGGTGGTGAA

5023 AY 022698 F: CGAAGGAAGCAGCGATGTGA 48 2
R: AGAGATCACCTGGCGCATCA

5094 AY022769 F: GGTGATGCATGCTTGATCTG 52 11
R: TAGCAAGCATTAGCAGCACC

5132 AY 022807 F: CGCCATCTCTCTTCAGTTCC 52 10
R: GGAGAGGACGAGGAGAAGAA

5274 AY 022949 F: CTCGACCTCCATGGCGAACT 48 6
R: ATTGCAGACGCTCGGAGAGG

5335 AY023010 F: TTACGGCAGCTAGGCAAGAG 52 11
R: GTCGAGTGGAGCACAAGGAA

5370 AY 023045 F: AGTCTTGACAAGCCACACAC 56 10
R: AGTGCCTAGTGCTCTTCTTC

5371 AY 023046 F: GTACGGTCTCAGCGACGAAG 56 12
R: AGCCTCTCCACCTCCTCCTT

5411 AY 023086 F: GGTATTGTCGGTGTTCAGG 52 12
R: GTGAAGGCTGTACCATCCA

5623 AY023298 F: CATCTCCTGCCACTGCACAC 48 6
R

: GGAGGAGGAGGTGTCGATCT
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Table 2 - Expressed sequence tag (EST) markers showing polymorphism between the Oryza glumaepatula and Oryza sativa parents. The annealing tem-
perature was 56 °C for EST 30 and EST 69 but 48 °C for all the other markers. An asterisk indicates EST-derived single nucleotide (SNP) markers.

Marker GenBank Primer (F = forward, R = reverse) Linkage group ~ Sequence protein Protein identification
number map position
EST 12 AF378184 F: CCGCCTCGAGAACATGTGCT 1 Stejaree45 sucrose phos- Protein for transmembrane
R: GCTGTGCCAATTCACCGACG phate synthase mRNA sucrose transportation
membrane protein
EST 20 AF443603  F: GTACGACTATTGCGCCGA 4 Xyloglucan endotrans- Enzyme from the cell wall
R: TTCACACTCCATTCTTTAAATCT glycosylase mRNA growth
EST 21 AF467731 F: GGAGGAATCGACCGATCAAT 9 Putative drought protein Protein putatively expressed
R: CTTCATCGACACGGTGGCTA mRNA during water stress
EST 26* AF288196  F: CCAGAGGTGGTATCAGCA - mRNA violaxanthin de- Enzyme from photosynthe-
R: CACTCGTTGAACTCATCG epoxidase precursor, a nu-  sis pathway
clear gene for the chloro-
plast
EST 30 E09636 F: TTCAAGCGCACCGTTCAC 5 Pyruvate orthophosphate Enzyme from carbohydrates
R: CACGATTCTGCGGCTCA dikinase (PPDK) gene metabolism pathway
EST 41 AC097278  F: AGGTCCTTAGCTTCTGAG 1 Sequence related to rice Unidentified protein related
R: AGACTTCACTGGTGGAG protein quality (unidenti- to grain protein quality
fied)
EST 69 AB037664  F: TCTGCTGATCACGATCAC 2 Gene for cytosolic gluta- Enzyme from the glutamine
R: GCAATTCACCAGATCGTC mine synthetase synthesis pathway
EST 85 E09408 F: GTCTCCATCGGCACTGTT 10 Alpha-Amylase gene Enzyme from carbohydrates
R: GGCATCAGGTTCCTGTTG metabolism pathway
EST 88 AB053295  F: GCCACCAGCAATCGTATC 10 mRNA for NADP depend-  Enzyme from photosynthe-
R: AAGGACCACGGAAGCTGT ent malic enzyme sis pathway
EST 90* AB041773  F: GTTGTCACCGTCTCACCA 12 Adk-a gene for adenylate Enzyme from ADP to ATP
R: CGAGGAGAGCGGAAGAA kinase conversion pathway
EST 94 AF136268 F: CCGCAATGCTGTGTCTCA 2 Starch-branching enzyme I  Enzyme from carbohydrates
R: TTGTGGCACCATCAACTG (Rbel) mRNA metabolism pathway
EST 111* L18914 F: CAGCGACAAGCCTTGATG 12 Calmodulin gene Protein, from diverse meta-
R: CATGACGTGACGCAATTC bolic pathways, which asso-
ciates with a Ca>* molecule
and activates other proteins
EST 144 AP004395 F: GGTTCACCTTCTCCTTCC 12 Hexokinase Enzyme from glucose me-

R: AACTTGCCGTAGTGCTCG

tabolism pathway

derived microsatellite markers were less polymorphic than
those derived from genomic regions, in accordance with a
previous report (Thiel et al., 2003). Intra-genic derived
markers should be less variable than markers obtained from
non-coding genomic regions, as described in rice by Cho et
al. (2000). Coding regions of the genome tend to be highly
conserved due to the fact that deleterious and/or non-favo-
rable mutations that occur on alleles of such regions are
usually naturally or artificially eliminated by selection.
This is true especially for cultivated crops such as rice
where high selective pressure is exerted on the coding re-
gions through selective breeding (Fraser ef al., 2004). Con-
sequently, mutated alleles are usually not fixed in such
populations, making the coding regions more conserved.
However, despite the low level of polymorphism, EST-
derived markers can be used to sample different portions of
the genomes, particularly those that could not be repre-
sented using the highly polymorphic microsatellite markers
derived from enriched genomic libraries, thus enriching the
map with transcriptional information and opening up the

perspective of co-localization of QTLs and candidate genes
in regions of higher recombination.

Other strategies to detect EST marker polymorphisms
are available, such as hybridization methodologies using
probes obtained from the cDNA library (Zhang et al., 2004)
and other methodologies such as the use of cleaved ampli-
fied polymorphic sequences (CAPS) and single-strand con-
formation polymorphism (SSCP) (Schneider et al., 2002).
Additionally, microsatellites and SNPs derived from EST
sequences are valuable alternatives for enhancing EST
polymorphism (Scott et al., 2000; Fraser et al., 2004). The
large-scale EST sequencing projects that have been con-
ducted for several species have resulted in extensive data-
bases which can be used for in silico identification and the
development of non-redundant EST-derived microsatellite
markers (Thiel et al., 2003) and EST-derived SNP markers
(Hayashi et al., 2004). Markers derived from EST se-
quences are attractive because they present higher levels of
transferability to related species, making them useful for
assaying the functional diversity in natural populations or
germplasm collections (Gupta ef al., 2003). Additionally,
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markers derived from genes allow the target genome region
to be efficiently explored during the detection of allelic
variation, especially if such markers are related to the ex-
pression of important agronomic traits used in QTL map-
ping. In this case, the sampled region can be used in QTL
mapping experiments, potentially applied to marker-assis-
ted selection and dissected in fine mapping or association
studies.

Linkage map construction and map colinearity

The linkage analysis data set had 149 molecular mar-
kers, consisting of 108 microsatellite markers derived from
genomic libraries, 28 microsatellite markers derived from
GenBank sequences, 10 EST-derived markers and 3 EST-
derived SNP markers. The EST-derived SNP marker
EST26 could not be placed on the map using the standard
parameters for linkage analysis. The remaining 148 mark-
ers were distributed over 13 linkage groups, out of the 12
existing rice chromosomes, covering 1656.9 cM of the rice
genome, with an average marker distance of 11.2 cM (Fig-
ure 1). The average number of markers on each group was
11.38, ranging from 4 (group 12a) to 22 (group 2). Overall,
marker distributions on the linkage groups were in agree-
ment with previous maps (Temnykh et al., 2000; Brondani
etal.,2001) and also were in accordance with their chromo-
somal location. As expected, the 0484 marker, derived
from the sequence of the rice Waxy gene, mapped at chro-
mosome 6 (Ayres et al., 1997). The extra linkage group
(chromosome 12b) represents part of chromosome 12 that
was fragmented into two groups at a minimum LOD score
of 3.0. The inclusion of an additional set of markers would
probably help to reduce unlinked markers and fragmented
groups. It is also probable that the high level of linkage in-
formation available for rice could be used as a guide to
identify and select strategic markers to be mapped on less
saturated genomic regions and thus improve the accuracy
of the linkage map.

With the inclusion of a new set of microsatellite and
EST markers in the interspecific O. glumaepatula x O.
sativa linkage map, the total map length increased by
11.3% as compared to the previous map constructed for the
same interspecific cross (1500.4 c¢M; Brondani et al.,
2001). Several factors could have contributed for the in-
creased map distance seen in our analysis. The integration
of molecular markers of different types, such as EST-
derived markers, could have resulted in a larger area of the
genome being sampled as previously described in rice by
Maheswaran et al. (1997). The new set of tri and tetra
microsatellites allowed better coverage of genomic regions
on chromosomes 4, 10 and 12. However, some gaps re-
mained, including nine gaps of more than 30 cM, consider-
ing all chromosomes. In addition, the linkage of some
markers to distal regions of the linkage groups and the in-
clusion of skewed markers (reported below) probably con-
tributed to the increase in map length. These variations in
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Figure 1 - Molecular linkage map of the Oyza glumaepatula x Oryza
sativa interspecific population. Marker distances are expressed in centi-
morgans. The Kosambi mapping function was used to adjust recombina-
tion values. Distorted markers are indicated with an asterisk. Micro-
satellite markers based on tri-nucleotide repeats derived from the
GenBank database are in bold and expressed sequence tag (EST) markers
are in italics. The EST-derived SNP markers are in italics and underlined.
Marker O484 (Waxy gene) is underlined.]



620

the estimation of genome size could also be due to the size
of the mapping population. Distances between adjacent
markers can be significantly reduced with increasing popu-
lation size and the higher the number of specimens sampled
the more precise is the map (Ferreira et al., 2006). Our map
was constructed with 147 markers and 186 plants, while the
previous map was constructed with 162 molecular markers
in a population of 93 plants (Brondani et al., 2001). Despite
the occurrence of map inflation even with a higher number
of plants in our mapping population, we have strong sup-
port to believe that the incorporation of a new set of mark-
ers with a wider distribution in the genome resulted in an
increase of map length.

Deviations from the expected 1:1 segregation ratio
for Cica-8 homozygotes:Cica-8/0. glumaepatula heterozy-
gotes (75% Cica-8 alleles/25% O. glumaepatula alleles)
were observed for 33 markers (22.76%) with the FDR test
(p < 0.05), which was very similar to the results for the
chi-squared test performed alone. The p-value for most dis-
torted markers was close to zero, indicating that the null hy-
pothesis of marker segregation at the expected Mendelian
inheritance ratios was false and that, therefore, distortion
was probable. Most of the skewed markers were located on
chromosomes 1, 4 and 8 (Figure 1), of which 21 markers
(63.64%) were skewed towards Cica-8 and 12 (36.36%)
were skewed towards O. glumaepatula. All skewed mark-
ers were retained for the linkage analysis and tended to be
clustered on chromosomes 1, 4, 8 and 12 (Figure 1), which
may have contributed to altering the distance and the linear
order of the other markers in the linkage groups. When the
skewed markers were removed from the linkage analysis,
there was a decrease in the number of linked markers and in
the total length of some chromosomes, resulting in a lower
coverage of the genome. Marker segregation distortions
have been frequently observed in rice mapping studies us-
ing interspecific populations (Causse et al., 1994; Lorieux
at al., 2000; Brondani et al., 2001). Segregation distortions
may be the result of reduced recombination due to the ge-
netic distance between the parental lines, gamete competi-
tion or abortion of gametes and zygotes (Causse et al.,
1994; Thomson ef al., 2003). In our study, most markers
were skewed toward the cultivated rice parent, showing an
over-representation of Cica-8 alleles. Frequently, some
plants from interspecific backcrosses are discarded due to
an excess of the wild-type phenotype (e.g. excessive height,
long cycle, etc.) Consequently, it could be expected that
Cica-8 alleles would be over-represented in the population.
Marker deviations toward O. glumaepatula can be inter-
preted as a consequence of linkage drag in some regions,
possibly influenced by sterility genes.

Comparative analysis

The Spearman correlation analysis performed using
the map data from this study and the data from the map pre-
viously constructed using O. glumaepatula (Brondani et
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al., 2001) was limited to the common DNA sequences of
the rice genome on both maps and revealed a correlation in-
dex of 0.86, indicating high marker order conservation. The
Mantel test revealed a correlation index of 0.79 between re-
combination fraction matrices. These results indicate that
markers distances and orders were well-conserved between
the two maps with only slight differences. Out of 108
microsatellite markers common to both maps, 96 (88.9%)
kept the same order, 12 (11.1%) showed order inversions
and only one marker (OG32) mapped to different linkage
groups (Chromosome 5 in the present work; Chromosome
6 in the previous work by Brondani et al. (2001) (Figure 2).
The lack of conservation found for some marker orders and
distances was most probably due to the different population
sizes used in map construction in the two studies. The
higher number of meiotic events sampled in our study pro-
duced more robust recombination fraction estimates, a lar-
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Figure 2 - Comparative map of the two populations derived from the O.
glumaepatula x O. sativa crosses. The open bars are the RS-16 (O.
glumaepatula) x Cica-8 (O. sativa) linkage groups and the filled bars are
the RS-16 (O. glumaepatula) x BG90-2 (O. sativa) linkage groups. All
markers in the groups were common to both populations. The discontinu-
ous lines show the markers that had their orders inverted between the two
maps. The OG32 marker that mapped to different linkage groups is in
bold.
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ger mapping population being more appropriate for order-
ing closely spaced markers with a higher confidence level.
In general, the order and distance conservation of markers
between the two maps were high in our study, indicating
that our map may be used as a reference for future QTL
studies involving the wild O. glumaepatula as genitor in
interspecific crosses with cultivated rice.

The comparative analysis performed between our
map and four other maps showed the following number of
common markers: 33 for the Cornell University indica X ja-
ponica map (Temnykh et al., 2001), 6 for the Cornell Uni-
versity O. sativa V20A x O. glaberrima map (Li et al.,
2004), and 29 and 26, respectively, for the maps con-
structed by Thomson et al. (2003) and Septiningsih et al.
(2003) for interspecific crosses with the wild relative O.
rufipogon. The analyses were done by visually comparing
marker orders on linkage groups with more than three com-
mon markers. In general, marker orders were well con-
served when comparing the present map and the other four
maps, demonstrating that rice microsatellite marker posi-
tions are well established and that anchor markers can be
selected for mapping studies using different types of popu-
lations for purposes of comparative studies with other
grasses or with different rice populations.

In conclusion, our results indicate that it will be possi-
ble to align and generate a unique genetic BC;F; map when
using a common wild donor parent in combination with dif-
ferent cultivars as recurrent parent. However, it is impor-
tant to point out that our comparative analysis was per-
formed at the macro level, with markers spaced at millions
of DNA base pairs in the genome. Thus, our analysis does
not provide precise information about genomic regions re-
lated to traits of economical interest or whether the QTLs
detected in different populations will be present at the same
regions considering different backgrounds and environ-
mental conditions under which the crosses are performed.
However, the consensus map can be used to rapidly con-
struct a genome framework using a set of anchor loci that
will be useful for predicting the location of key regions and
exploring the genome variation at this level. Furthermore,
since our study established map distances it will be possible
to explore the utilization of the wild genitor O.
glumaepatula in a wide range of crosses with cultivated
rice and at a lower cost and in less time. In addition, our
map will be highly useful for the rice breeding program in
Brazil, since the information obtained from this map has
been used to guide the development of lines containing
introgressed regions of the genome from the wild species
O. glumaepatula that will be used as genitors in the pro-
gram or directly as new cultivars.
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