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Abstract To facilitate the creation of easily comparable,

low-resolution genetic maps with evenly distributed

markers in rice (Oryza sativa L.), we conceived of and

developed a Universal Core Genetic Map (UCGM). With

this aim, we derived a set of 165 anchors, representing

clusters of three microsatellite or simple sequence repeat

(SSR) markers arranged into non-recombining groups.

Each anchor consists of at least three, closely linked

SSRs, located within a distance below the genetic resolu-

tion provided by common, segregating populations (\500

individuals). We chose anchors that were evenly distrib-

uted across the rice chromosomes, with spacing between 2

and 3.5 Mbp (except in the telomeric regions, where

spacing was 1.5 Mbp). Anchor selection was performed

using in silico tools and data: the O. sativa cv. Nipponbare

rice genome sequence, the CHARM tool, information from

the Gramene database and the OrygenesDB database.

Sixteen AA-genome accessions of the Oryza genus were

used to evaluate polymorphisms for the selected markers,

including accessions from O. sativa, O. glaberrima,

O. barthii, O. rufipogon, O. glumaepatula and O. meridio-

nalis. High levels of polymorphism were found for the

tested O. sativa 9 O. glaberrima or O. sativa 9 wild rice

combinations. We developed Paddy Map, a simple data-

base that is helpful in selecting optimal sets of polymorphic

SSRs for any cross that involves the previously mentioned

species. Validation of the UCGM was done by using it to

develop three interspecific genetic maps and by comparing

genetic SSR locations with their physical positions on

the rice pseudomolecules. In this study, we demonstrate

that the UCGM is a useful tool for the rice genetics and

breeding community, especially in strategies based on

interspecific hybridisation.

Introduction

Integrating information about gene and quantitative trait

locus (QTL) locations on different genetic maps has been a

constant issue since molecular markers were discovered.

One of the main difficulties lies in the fact that maps of the

populations under study do not share the same set of

markers. Hence, mathematical projections are the only

methods of comparing genetic maps that were constructed

using different marker sets. However, this is not an optimal

method, considering the variation of recombination fre-

quency and the difference in marker density between

populations. In the case of rice, the situation has greatly

improved since the genomes of the Nipponbare and 93-11
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cultivars have been sequenced (IRGSP 2005; Wu et al.

2002; Yu et al. 2002). It is now possible to accurately

compare two genetic maps, looking at the physical posi-

tions of the markers in the Nipponbare and 93-11

pseudomolecules. Public databases such as Gramene

(http://www.gramene.org), Oryzabase (http://www.shigen.

nig.ac.jp/rice/oryzabase/top/top.jsp) or Rice-BRCdb (http://

rice-brcdb.cines.fr) are tools that make it easier to compile

QTL/gene location information on the rice physical map.

However, some drawbacks still remain with this approach

when developing a new genetic map: (1) finding a set of

polymorphic markers that are evenly dispersed on the

genome still requires a fair amount of work; (2) direct

comparison between QTL locations on different genetic

maps is still cumbersome.

Microsatellites are repeats of short DNA motifs (1–6 bp

in length) arranged in tandem, exhibiting high variability in

the number of repeats at a given locus. These simple

sequence repeats (SSR) are a valuable source of genetic

markers (Temnykh et al. 2001). They are codominant and

highly polymorphic, making them ideal markers for use in a

wide variety of parental combinations. In rice, a high-den-

sity SSR map with genome coverage of approximately 2

SSRs per centimorgan (cM) was reported by the Interna-

tional Rice Microsatellite Initiative (IRMI) (McCouch et al.

2002). This map can be exploited for developing markers

that are tightly linked to traits of interest. Subsequently, a

total of 18,828 Class 1 (di-, tri- and tetra-nucleotide) SSRs,

representing 47 distinctive motif families, were identified

and annotated from the complete sequence of the rice

genome (IRGSP 2005). More recently, a set of 52,000

SSRs polymorphic between indica/japonica were reported

(Zhang et al. 2007) (however, the URL provided in the

publication does not appear to be functional and we could

not obtain information from the authors). More than 80% of

the primers designed for O. sativa successfully amplify in

other AA-genome species (Lorieux et al. 2000), and find

immediate application in the field of diversity and genomic

studies.

The genomic information gathered about rice during the

past 15 years makes it possible to optimise genetic map-

ping strategies, which in turn facilitates the search for

genes or QTLs that control traits of interest for breeding.

A genetic linkage map is a linear representation of the

positions of various loci (e.g. markers, genes) along chro-

mosomes. Distances between loci depend on the recom-

bination rates observed in a particular segregating

population. Hence, the distance between two specific loci

may vary considerably from one population to another.

This makes it difficult to compare QTL/gene locations

between different genetic linkage maps. Moreover, genetic

maps built on sets of ‘‘core’’ markers frequently suffer

from poor genome saturation, particularly in chromosomal

regions with low recombination frequency. Therefore, it is

desirable to identify a set of well-distributed ‘‘core’’

markers for whole genome mapping based on physical

rather than on genetic position.

The objective of our study was to develop a UCGM for

rice that would be useful in our efforts to simultaneously

develop several sets of chromosome segment substitution

lines (CSSL), where each line carried a single or few

chromosomal fragments of a donor genotype in a common

genetic background (Eshed and Zamir 1995; Jeuken et al.

2008). A complete set of CSSLs represents the whole

donor genome divided into small overlapping segments,

where interactions between donor alleles are restricted to

those falling within substituted regions within a given line.

This makes CSSL populations useful materials for identi-

fication of QTLs with minor effects (Howell et al. 1996).

Several CSSL populations have been developed for rice

and found to be widely useful (Doi et al. 1997; Ebitani

et al. 2005; Ghesquière et al. 1997; Jena et al. 1992; Kubo

et al. 2002; Li et al. 2005; Lorieux et al. 2000; Sobrizal

et al. 1999; Tian et al. 2006; Wan et al. 2004; Yu et al.

2005; Zhang et al. 2006; Tan et al. 2007).

By developing a UCGM for rice, we aimed to improve

the efficiency of our efforts to develop interspecific rice

CSSL populations within the framework of a collaborative

Generation Challenge Programme project (http://www.

generationcp.org/). By providing a common set of mark-

ers that could be used on multiple populations, we were

able to reliably trace the introgression of chromosomal

fragments in different populations in different laboratories.

In this paper, we explain the concept of Universal Core

Genetic Map (UCGM), and demonstrate its value in a

distributed research program. This tool represents a set of

well-dispersed, polymorphic markers that can be used for

mapping in almost any interspecific combination of

O. sativa 9 wild rice, enhancing the ability to compare

genetic maps developed on different populations, and

facilitating collaboration among research groups. The

concept is valid for intraspecific crosses as well, though

additional markers may be necessary to ensure polymor-

phism in more closely related materials. We also created a

computer program, Paddy Map, which facilitates the

selection of standard, well-distributed and universal marker

sets for any kind of segregating population.

Materials and methods

Concept

The basic concept of Universal Core Genetic Map is the

following: starting from the list of SSRs identified in the

rice genomic sequence (IRGSP 2005), we extracted a set of
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anchors. We defined an anchor as a group of closely linked

SSRs located in a specific genomic position. The distance

that separates the first and last SSRs within an anchor was

chosen to be below the genetic resolution of common

segregating populations (\500 individuals), based on the

mean kbp/cM ratio calculated from the genetic distances of

a saturated genetic map. This allowed us to consider the

anchor as a single, or discrete, locus. Anchors were chosen

to be evenly distributed along the genome, with spacing

between anchors defined by physical distance (in kb).

Taking the high recombination rate in telomeric regions

into account, a higher density of anchors was required to

avoid large gaps between anchors in the subsequently

derived genetic maps. Similarly, the low recombination

rate in most centromeric regions required a lower density

of anchors in those regions.

The main property of an anchor is to be more poly-

morphic than a single SSR. Let us rewrite the event ‘‘At

least one SSR belonging to an anchor is polymorphic’’ as

‘‘An anchor is polymorphic’’, since the two events are

indeed identical. It is plain to see that the probability of

an anchor being polymorphic between two given geno-

types is higher than that of a single SSR being poly-

morphic. The difference between the two probability

values is proportional to the number of SSRs per anchor;

higher the number of SSRs per anchor, greater the

difference.

This polymorphism property of the anchors is exploited

in generating genetic maps that are no longer based on

markers, but on anchors. As we will see in the case of

interspecific crosses between AA-genome rice species,

anchors made of triplets of SSRs make it possible to gen-

erate complete genetic maps that share the same set of

polymorphic anchors, with very few exceptions. In this

way, the maps can be directly compared, without the need

for mathematical projection.

Probabilities of polymorphism

Let P1 be the observed probability of an SSR being poly-

morphic, P2 the probability of an anchor being polymor-

phic, and n the number of SSRs per anchor. Then:

P2 ¼ 1� 1� P1ð Þn

According to our observations, P1 was [0.8 in every

interspecific combination we have tested so far. Taking the

value of P1 at its minimum, 0.8, gives P2 = 0.992 with

n = 3. In the case of an O. sativa 9 O. meridionalis

combination, which we are working on in our laboratory,

we got P1 = 0.976 and P2 & 1.0.

Let P3 be the probability of all anchors being poly-

morphic and Na the total number of anchors along the

genome. Then:

P3 ¼ PNa
2

In the case of O. sativa 9 O. meridionalis, and taking

Na = 165 and n = 3, we get P3 = 0.997 with n = 3,

which is quite a high value.

In Table 1, we show how P1, n and Na modify the P3

value.

Selection of SSR markers

We used the following criteria to include an SSR marker in

the list of candidates for anchor building (1) it has a unique

Table 1 P3 probability that all Na anchors are polymorphic, given n
markers per anchor and P1 the observed probability that a marker is

polymorphic

Na P1 100 150 165 200 250

n = 3

0.5 0.000002 0.000000 0.000000 0.000000 0.000000

0.705 0.074217 0.020219 0.013688 0.005508 0.001501

0.8 0.447886 0.299744 0.265721 0.200602 0.134251

0.85 0.713145 0.602236 0.572457 0.508575 0.429481

0.9 0.904792 0.860643 0.847824 0.818649 0.778703

0.95 0.987577 0.981424 0.979585 0.975308 0.969231

0.99 0.999900 0.999850 0.999835 0.999800 0.999750

n = 4

0.5 0.001574 0.000062 0.000024 0.000002 0.000000

0.705 0.467565 0.319715 0.285259 0.218617 0.149487

0.8 0.852035 0.786477 0.767811 0.725963 0.670105

0.85 0.950623 0.926856 0.919843 0.903684 0.881091

0.9 0.990049 0.985111 0.983635 0.980198 0.975309

0.95 0.999375 0.999063 0.998969 0.998751 0.998439

0.99 0.999999 0.999999 0.999998 0.999998 0.999998

n = 5

0.5 0.041800 0.008546 0.005308 0.001747 0.000357

0.705 0.799584 0.714984 0.691394 0.639334 0.571689

0.8 0.968502 0.953126 0.948562 0.937995 0.923105

0.85 0.992435 0.988674 0.987548 0.984927 0.981194

0.9 0.999000 0.998501 0.998351 0.998002 0.997503

0.95 0.999969 0.999953 0.999948 0.999938 0.999922

0.99 1.000000 1.000000 1.000000 1.000000 1.000000

n = 10

0.5 0.906917 0.863677 0.851112 0.822499 0.783284

0.705 0.999501 0.999252 0.999177 0.999002 0.998753

0.8 0.999990 0.999985 0.999983 0.999980 0.999974

0.85 0.999999 0.999999 0.999999 0.999999 0.999999

0.9 1.000000 1.000000 1.000000 1.000000 1.000000

0.95 1.000000 1.000000 1.000000 1.000000 1.000000

0.99 1.000000 1.000000 1.000000 1.000000 1.000000

The P1 values were chosen to represent different situations. P1 = 0.5:

indica 9 japonica (general case); P1 = 0.705: indica 9 japonica
(our study); P1 = 0.8–0.99: O. sativa 9 wild
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position in the rice genome, (2) it belongs to the Class 1

microsatellite family (McCouch et al. 2002), and (3) it

shows a high polymorphism information content (PIC) in

indica–japonica crosses or in interspecific crosses. In the

event of several equivalent candidates for an anchor

according to the three above-mentioned criteria, we gave

priority to SSRs that were previously used for genotyping

in the literature and/or in our laboratory.

The candidate markers were selected based on the list of

18,828 SSRs published by the International Rice Genome

Sequencing Project (IRGSP 2005). To verify the position

of each SSR on the rice genome sequence, we performed a

Blast alignment of each primer pair against the rice

pseudomolecules (TIGR, v. 5; http://rice.plantbiology.msu.

edu/). The blast searches were carried out using a com-

mand-line version of the Primer Blaster tool available on

the OrygenesDB database Web page (http://orygenesdb.

cirad.fr). The search for anchors was performed using both

the CHARM database (http://sliver.plbr.cornell.edu/ssr)

and a Visual Basic script that we designed for this purpose.

Genetic materials

To evaluate the polymorphism levels of the defined

anchors, parental lines from the populations developed

within the framework of our research projects were selec-

ted. These included three accessions of O. sativa ssp.

indica, four of O. sativa ssp. japonica, three of O. glab-

errima and six wild-rice biotypes of O. meridionalis,

O. rufipogon, O.barthii, and O. glumaepatula (Table 2).

The seeds were provided by the CIAT Rice Product Line

research program, Embrapa-CNPAF (Goiania, Brazil) and

IRD (Montpellier, France). Twenty seeds of each biotype

were sown under greenhouse conditions for subsequent

DNA extraction.

Total genomic DNA extraction

Fresh leaf tissue was collected 16 days after sowing. Total

DNA was extracted on 96-well plates using the cetyltri-

methylammonium bromide (CTAB) method (Murray and

Thompson 1980) with some modifications. The DNA

quality was verified by means of visualization of each

sample in a 0.8% agarose gel stained with ethidium bro-

mide, and then quantified using a DyNA Quant 200 fluo-

rometer (Hoefer). Finally, DNA was diluted to 4 ng/ll and

stored at -20�C.

PCR optimization

The DNAs of four control rice accessions were used as a

template to choose the best amplification conditions for

each primer pair: two O. sativa (accessions IR64 and

Caı́apo) and two O. glaberrima (accessions TOG5681 and

MG12). These accessions correspond to the progenitors of

two CSSL interspecific populations that are being devel-

oped in our laboratory. The PCR conditions were optimised

in varying the annealing temperature of the primers and the

magnesium concentration in the PCR. When no or too faint

an amplification was obtained, the PCR was repeated using

Nipponbare accession as control to discard the possibility

of PCR failing in the control accessions.

Evaluation of SSR primer pairs

PCR was performed in a final volume of 15 ll con-

taining 20 ng of template DNA, 19 buffer (Tris–HCL

100 mM, 500 mM of KCl, Triton X-100 1%), 2 ng/lL

of MgCl2, 0.3 lM d-NTP, 2 pmol of each primer, and

one unit of Taq polymerase. DNA amplification was

performed on an MJ Research PTC-220TM thermocycler,

programmed for an initial 3 min at 94�C, followed by 30

cycles of 30 s at 94�C, 45 s from 50 to 61�C according

to the optimal temperature for each SSR primer, and

1 min at 72�C, with a final extension of 5 min at 72�C.

The amplified products were separated electrophoretically

using PAGE 4% (Sambrook and Rusell 2001) silver

stained and photographed. Molecular weights were esti-

mated using a 10-pb DNA ladder (GibcoBRL, Invitro-

gen). For some primer combinations, the polymorphism

was also evaluated using a Li-cor sequencer 4200. For

this purpose, 0.5 pmol of M13 IRD700 or IRD800

primers was added by reaction.

Table 2 List of the AA-genome Oryza spp. accessions used for

evaluation of SSR polymorphism

Species Accession

O. sativa ssp. indica 93-11

O. sativa ssp. indica IR36

O. sativa ssp. indica IR64

O. sativa ssp. japonica Nipponbare IRGC12731

O. sativa ssp. tropical japonica Azucena

O. sativa ssp. tropical japonica Caı́apo

O. sativa ssp. tropical japonica Curinga

O. glaberrima TOG5681

O. glaberrima IRGC103544 (MG12)

O. glaberrima CG14

O. barthii IRGC105613 (3232)

O. barthii IRCG101937 (3239)

O. rufipogon IRGC105491

O. rufipogon IRGC105890

O. glumaepatula GEN1233

O. meridionalis OR44
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Polymorphism information content

We determined the PIC of 489 SSRs belonging to the

anchor list, using the 16 AA-genome rice accessions listed

in Table 2. Allelic information was compiled in a database,

Paddy Map. The PIC value was calculated with the help of

a small program written in Visual Basic for Applications

running in MS Excel 2003.

Testing the UCGM

The UCGM was used to generate genetic maps of three

interspecific BC1F1 populations derived from the following

crosses: (1) O. sativa ssp. indica cv. IR64 9 O. glaberrima

acc. TOG5681, (2) O. sativa ssp. japonica cv. Curin-

ga 9 O. rufipogon acc. IRGC105491, and (3) O. sativa

BRSMG Curinga 9 O. meridionalis acc. OR44 (or

W2112). The genetic maps were compared both for marker

order and map distances with the expected map based on

the genomic sequence. To get equivalent distance units

between the physical and genetic maps, we used a con-

version rate of 200 kbp/cM, which is a mean value

obtained from the comparison of several rice genetic maps

with the chromosome physical sizes.

Results

Finding anchor sets

A set of 165 well-distributed anchors was identified, each

containing at least three, tightly linked SSR markers and

representing a total of 517 SSR loci. The average distance

covered by each triplet of SSR is 178,501 bp and the mean

genomic distance between two anchors was approximately

2.5 megabases (Mb), except in the telomeric regions,

where it was approximately 1.5 Mb (Fig. 1). Using this

strategy, we were able to cover the whole rice genome with

no significant gap between adjacent anchors.

The precise genomic positions of the 512 SSRs and their

165 anchors, together with the primer sequences, are

available as electronic resources at (http://mapdisto.free.fr/

PaddyMap/UCGM/).

Anchor polymorphism in selected germplasm

Using 16 diverse accessions (described in ‘‘Materials and

methods’’), a total of 3,207 alleles were obtained based on

evaluation of 489 of the 512 SSRs markers. The number of

alleles per locus varied widely, ranging from 2 (RM6233,

RM1063, RM12923, RM15065, RM14327, RM16382,

RM20155, RM6652, RM172, RM5999, RM23769,

RM26001, RM6327) to 16 (RM8131), with an average of

6.55 alleles/locus. As expected, these values are higher

than the values reported in other studies based on isoen-

zymes (Glaszmann 1987; Second 1982) and restriction

fragment length polymorphisms (RFLP) (Zhang et al.

1997). They were similar to the values found in other

studies based on SSR markers (Ni et al. 2001; Garris et al

2005; Blair et al. 2002). Inclusion of wild species in this

study induced the presence of a high number of rare alleles.

Most of the markers produced successful amplification

in all tested accessions, with 98.5 and 98.2% of positive

reactions for japonica and indica accessions, respectively

and 78.9% for O. meridionalis (accession OR44) and

95.7% for O. glaberrima (accession TOG 5681) (Table 3).

These values are similar to those found by (Song et al.

2003), who evaluated the genetic diversity in O. rufipogon

populations with 23 SSR markers, and where all of the

markers did amplify. However, they are higher than those

found in a study of the population structure of O. glum-

aepatula (Brondani et al. 2005).

The observed rate of polymorphic SSRs (RPS) was 85.4

and 70.4% for inter- and intra-specific crosses, respec-

tively. The RPS ranged from 79.8 to 90.5% for O. sati-

va 9 wild rice crosses, with a mean of 85.8%, while RPS

was slightly lower in O. sativa 9 O. glaberrima crosses,

ranging from 83.2 to 88.8%. The average RPS between the

parents of the six CSSL populations under development

was 86.2%, including two O. sativa 9 O. glaberrima,

one O. sativa 9 O. rufipogon, one O. sativa 9 O. barthii,

one O. sativa 9 O. glumaepatula, and one O. sativa 9

O. meridionalis crosses.

The PIC ranged from 0.110 (RM6233, RM15065,

RM16382, RM5999) to 0.908 (RM6738, RM8131), with an

average of 0.691. This is evidence of high mutation fre-

quencies in the tested accessions, confirming the usefulness

of the tested SSRs for diversity analysis and mapping

purposes (Olufowote et al. 1997; Garris et al. 2005).

However, the relation between the number of alleles and

the PIC is not a direct one, an observation that was already

reported in other studies (Huang et al. 2003; Matus and

Hayes 2002).

Database

We developed a simple database, Paddy Map, to provide

the scientific community with a user-friendly tool for

access to the information described in this paper. Poly-

morphic SSR markers for any cross between the species

analysed in this study can be displayed, as well as their

attached anchor and position in the genome. Several other

features, such as searching for markers within a specific

anchor, or computing various types of statistics, are

implemented. Paddy Map is available for download at

(http://mapdisto.free.fr/PaddyMap/).
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Application to the genetic mapping

of three interspecific crosses

To validate the utility of the UCGM, we used it to derive

genetic maps of three BC1F1 populations representing the

first generation development of CSSL libraries. We built

these maps to validate the SSR positions, keeping in mind

that some of them may be duplicated in certain Oryza

wild species and could potentially tag unexpected and

unknown chromosomal fragments. This would result in

misleading interpretations of chromosomal position of

introgressions and would ultimately lead to confusion when

analyzing the phenotypic performance of a number of

CSSLs. The three crosses we used were O. sativa ssp.

indica cv. IR64 9 O. glaberrima acc. TOG5681, O. sativa

ssp. tropical japonica cv. Curinga 9 O. rufipogon acc.

IRGC105491, and O. sativa BRSMG Curinga 9 O. me-

ridionalis acc. OR44 (or W2112). Backcrosses were made

to the O. sativa parent in the three populations. Population

sizes ranged from 88 to 125 individuals. We used the Paddy

Map database to extract one polymorphic SSR per anchor

for each cross. The populations were then genotyped for the

Chr 1 
RM6464 (1)
RM10018 (1)
RM3252 (1)
RM6470 (1.1)
RM1247 (1.1)
RM8068 (1.1)

RM1329 (2)
RM10209 (2)
RM10218 (2)

RM272 (3)
RM6289 (3)
RM3746 (3)

RM8131 (4)
RM600 (4)
RM8071 (4)
RM292 (4)

RM493 (5)
RM140 (5)
RM10782 (5)

RM7075 (6)
RM595 (6)
RM594 (6)

RM8004 (7)
RM129 (7)
RM8139 (7)

RM3341 (8)
RM7405 (8)
RM1196 (8)

RM11307 (9)
RM5 (9)
RM2318 (9)

RM7341 (10)
RM246 (10)
RM6738 (10)

RM11635 (11)
RM128 (11)
RM1095 (11)

RM11739 (12)
RM3285 (12)
RM212 (12)

RM315 (13)
RM11893 (13)
RM3738 (13)

RM165 (14)
RM8236 (14)
RM104 (14)
RM5794 (14.1)
RM5536 (14.1)
RM5310 (14.1)
RM3362 (15)
RM12276 (15)
RM6840 (15)
RM6831 (15)

Chr 2 
RM6842 (16)
RM7382 (16)
RM7252 (16)
RM6367 (16.1)
RM12363 (16.1)
RM12368 (16.1)
RM12478 (17)
RM6616 (17)
RM279 (17)
RM4355 (18)
RM5622 (18)
RM555 (18)

RM12729 (19)
RM6233 (19)
RM174 (19)

RM12923 (20)
RM12924 (20)
RM6375 (20)
RM452 (20)

RM550 (21)
RM13069 (21)
RM5210 (21)

RM13170 (22)
RM13174 (22)
RM5812 (22)

RM341 (23)
RM6509 (23)
RM6165 (23)

RM5430 (24)
RM13541 (24)
RM13542 (24)

RM6617 (25)
RM1361 1 (25)
RM106 (25)

RM221 (26)
RM3763 (26)
RM573 (26)

RM6 (27)
RM6424 (27)
RM318 (27)

RM425 (28)
RM13999 (28)
RM14001 (28)

RM6307 (29)
RM1063 (29)
RM208 (29)
RM3542 (29)
RM3850 (29.1)
RM5643 (29.1)
RM7337 (29.1)
RM7485 (30)
RM6139 (30)
RM5807 (30)

Chr 3 
RM3654 (31)
RM3265 (31)
RM60 (31)
RM3202 (31.1)
RM14303 (31.1)
RM132 (31.1)
RM3372 (32)
RM14326 (32)
RM14327 (32)
RM22 (32)
RM5474 (33)
RM3392 (33)
RM175 (33)
RM14593 (34)
RM7576 (34)
RM517 (34)

RM1256 (35)
RM7 (35)
RM14765 (35)
RM7197 (35)

RM5748 (36)
RM282 (36)
RM14898 (36)

RM3204 (37)
RM15064 (37)
RM15065 (37)

RM7642 (38)
RM15280 (38)
RM15281 (38)
RM15283 (38)

RM3646 (39)
RM7134 (39)
RM487 (39)

RM5626 (40)
RM15565 (40)
RM15567 (40)

RM426 (41)
RM15721 (41)
RM15741 (41)
RM168 (41)

RM3525 (42)
RM3199 (42)
RM5172 (42)

RM422 (43)
RM1373 (43)
RM7000 (43)
RM16140 (43.1)
RM3684 (43.1)
RM16147 (43.1)
RM3585 (44)
RM7389 (44)
RM85 (44)

Chr 4 
RM551 (45)
RM537 (45)
RM7585 (45)
RM16323 (45.1)
RM16333 (45.1)
RM16335 (45.1)
RM16368 (46)
RM6770 (46)
RM16382 (46)

RM16493 (47)
RM6659 (47)
RM261 (47)

RM16559 (48)
RM5953 (48)
RM16564 (48)

RM5633 (49)
RM401 (49)
RM16643 (49)

RM16705 (50)

RM16717 (50)
RM16720 (50)

RM6314 (51)
RM16825 (51)
RM185 (51)

RM142 (52)
RM5979 (52)
RM3708 (52)

RM273 (53)
RM17143 (53)
RM3839 (53)

RM1018 (54)
RM241 (54)
RM17303 (54)

RM17377 (55)
RM317 (55)
RM17388 (55)

RM349 (56)
RM348 (56)
RM8217 (56)
RM17604 (56.1)
RM3466 (56.1)
RM17616 (56.1)
RM559 (57)
RM5608 (57)
RM3531 (57)

Chr 5 
RM507 (58)
RM3529 (58)
RM153 (58)
RM1024 (58.1)
RM17804 (58.1)
RM5374 (58.1)
RM17863 (59)
RM17879 (59)
RM17886 (59)
RM17959 (60)
RM17960 (60)
RM17962 (60)

RM169 (61)
RM7293 (61)
RM289 (61)

RM7588 (62)
RM3381 (62)

RM249 (62)

RM5140 (63)
RM6229 (63)
RM18349 (63)

RM18451 (64)
RM18452 (64)
RM18457 (64)

RM18614 (65)
RM163 (65)
RM164 (65)

RM188 (66)
RM6841 (66)
RM6054 (66)

RM3486 (67)
RM538 (67)
RM3790 (67)

RM3664 (67.1)
RM3170 (67.1)
RM7423 (67.1)

RM5907 (68)
RM19218 (68)
RM5818 (68)

Chr 6 
RM6775 (69)
RM7158 (69)
RM6467 (69)
RM1369 (69.1) 
RM190 (69.1)
RM19344 (69.1)
RM510 (70)
RM3805 (70)
RM3414 (70)

RM19620 (71)
RM276 (71)
RM19623 (71)
RM402 (71)

RM3431 (72)
RM136 (72)
RM5963 (72)

RM3183 (73)
RM7583 (73)
RM5745 (73)
RM19976 (74)
RM1161 (74)
RM19983 (74)

RM20069 (75)
RM6818 (75)
RM20071 (75)

RM30 (76)
RM20152 (76)
RM20155 (76)

RM7434 (77)
RM20352 (77)
RM162 (77)

RM1370 (78)
RM20630 (78)
RM340 (78)
RM3343 (78.1) 
RM3765 (78.1) 
RM5814 (78.1) 
RM103 (79)
RM5753 (79)
RM5463 (79)

(a)Fig. 1 a Distribution of SSR

markers that form the Universal

Core Genetic Map, arranged in

anchors throughout the rice

genome (chromosomes 1–6).

Graphical map obtained with

Mapdisto v 1.7. b Distribution

of SSR markers that form the

Universal Core Genetic Map,

arranged in anchors throughout

the rice genome (chromosomes

7–12)
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selected markers, and the genetic maps were built using the

MapDisto v. 1.7 software (Lorieux 2007) (http://mapdisto.

free.fr/). The obtained genetic maps were compared with

the expected map using the ‘‘Compare Maps’’ tool imple-

mented in MapDisto. All maps showed a strong colinearity

with the expected map, except in the centromeric regions,

where a few inversions were observed due to the poor

precision of the estimation of the map distances in these low

recombining regions. The total map sizes were well corre-

lated with the predicted sizes (Table 4).

Discussion

On the concept of UCGM

The strategy used to develop the UCGM and the particular

marker sets utilized in this study make it possible for dif-

ferent laboratories to readily generate genetic maps on

different populations using a common set of markers. This

avoids many of the problems encountered by collaborative

projects where different sets of markers are used and

comparisons among subsequently generated maps can be

difficult. The concept behind the UCGM is that by

arranging a series of SSR markers into anchors that are

represented by triplets of closely linked SSRs, the proba-

bility of at least one SSR being polymorphic within a given

anchor is much higher than that of a single SSR being

polymorphic. By comparing anchor positions instead of

marker positions, the UCGM enables a direct comparison

of any objects (genes, QTLs, introgressed fragments, etc.)

that are positioned on any map generated from the set of

anchors.

Table 3 Percentages of successful amplification in the cultivated and

wild species, calculated on the 489 SSRs used in this study

Accession

groups

Percentage of

positive PCR (%)

Cultivated species

O. sativa ssp. indica 98.2

O. sativa ssp. japonica 98.5

O. glaberrima 95.7

O. sativa ? O. glaberrima 97.5

Wild species

O. barthii 95.7

O. rufipogon 94.6

O. glumaepatula 87.7

O. meridionalis 78.9

All wild 89.2

Chr 7 
RM295 (80)
RM6652 (80)
RM3394 (80)
RM20882 (80.1)
RM20891 (80.1)
RM20897 (80.1)
RM5752 (81)
RM5055 (81)
RM427 (81)
RM20973 (81)
RM8009 (82)
RM3224 (82)
RM3484 (82)
RM21238 (83)
RM21242 (83)
RM6776 (83)

RM21323 (84)
RM21328 (84)
RM3859 (84)

RM3456 (85)
RM542 (85)
RM214 (85)

RM5543 (86)
RM500 (86)
RM5875 (86)

RM11 (87)
RM3743 (87)
RM5420 (87)

RM6403 (88)
RM455 (88)
RM2752 (88)

RM234 (89)
RM21976 (89)
RM18 (89)
RM118 (90)
RM1364 (90)
RM429 (90)
RM22105 (90.1)
RM22106 (90.1)
RM6389 (90.1)
RM248 (91)
RM420 (91)
RM172 (91)

Chr 8 
RM408 (92)
RM7034 (92)
RM337 (92)
RM3702 (92.1)
RM1789 (92.1)
RM3309 (92.1)
RM1376 (93)
RM5428 (93)
RM22418 (93)

RM310 (94)
RM22529 (94)
RM547 (94)

RM8243 (95)
RM22694 (95)
RM22696 (95)
RM3481 (95)

RM22837 (96)
RM6471 (96)
RM22839 (96)

RM22883 (97)
RM5999 (97)
RM6990 (97)

RM6193 (98)
RM22997 (98)
RM23001 (98)

RM23174 (99)
RM23175 (99)
RM284 (99)
RM3262 (100)
RM210 (100)
RM23251 (100)

RM149 (101)
RM3845 (101)
RM3452 (101)

RM502 (102)
RM447 (102)
RM23502 (102)
RM6948 (102.1)
RM7631 (102.1)
RM3480 (102.1)
RM264 (103)
RM477 (103)
RM4153 (103)

Chr 9 
RM23654 (104)
RM23661 (104)
RM23662 (104)

RM23736 (104.1)
RM23742 (104.1)
RM23743 (104.1)
RM23769 (105)
RM5799 (105)
RM23779 (105)

RM23914 (106)
RM23916 (106)
RM5526 (106)

RM296 (107)
RM24085 (107)
RM3912 (107)

RM409 (108)
RM6854 (108)
RM24271 (108)
RM6839 (108)

RM410 (109)
RM257 (109)
RM6543 (109)

RM3249 (110)
RM6491 (110)
RM160 (110)
RM215 (110.1)
RM24718 (110.1)
RM24740 (110.1)
RM1026 (111)
RM6797 (111)
RM205 (111)

Chr 10 
RM5095 (112)
RM7492 (112)
RM6364 (112)

RM474 (112.1)
RM7361 (112.1)
RM24952 (112.1)
RM6404 (113)
RM6179 (113)
RM3882 (113)

RM216 (114)
RM6646 (114)
RM25104 (114)

RM25149 (115)
RM2504 (115)
RM25152 (115)

RM239 (116)
RM1126 (116)
RM311 (116)

RM25365 (117)
RM25366 (117)
RM5689 (117)

RM184 (118)
RM2433 (118)
RM1375 (118)

RM25663 (119)
RM25664 (119)
RM171 (119)
RM3510 (119)
RM147 (120)
RM25788 (120)
RM25794 (120)
RM3563 (120.1)
RM3834 (120.1)
RM228 (120.1)
RM6673 (121)
RM4771 (121)
RM590 (121)

Chr 11
RM6327 (122)
RM286 (122)
RM7173 (122)
RM26001 (122)
RM26062 (122.1)
RM26063 (122.1)
RM2459 (122.1)
RM26105 (123)
RM332 (123)
RM26108 (123)

RM26249 (124)
RM116 (124)
RM6894 (124)

RM536 (125)
RM202 (125)
RM26406 (125)

RM26513 (126)
RM5590 (126)
RM7120 (126)

RM26643 (127)
RM26646 (127)
RM26652 (127)

RM209 (128)
RM26796 (128)
RM26797 (128)

RM206 (129)
RM26998 (129)
RM26999 (129)

RM27154 (130)
RM27167 (130)
RM27172 (130)

RM27318 (130.1)
RM27326 (130.1)
RM3577 (130.1)
RM2136 (131)
RM7443 (131)
RM5926 (131)

Chr 12

RM5568 (132)
RM1880 (132)
RM2851 (132)
RM3323 (132)
RM7315 (132.1)
RM5927 (132.1)
RM3747 (132.1)
RM27542 (133)
RM27564 (133)
RM247 (133)
RM6296 (133)
RM27706 (134)
RM5746 (134)
RM512 (134)

RM1036 (135)
RM101 (135)
RM102 (135)
RM27877 (135)

RM27962 (136)
RM27970 (136)
RM27973 (136)

RM28118 (137) 
RM28130 (137)
RM465 (137)

RM6022 (138)
RM519 (138)
RM3448 (138)

RM28404 (139)
RM463 (139)
RM7018 (139)

RM28607 (140)
RM6265 (140)
RM6396 (140)
RM1159 (140.1)
RM6411 (140.1)
RM1300 (140.1)
RM6306 (141)
RM5313 (141)
RM1227 (141)

(b)Fig. 1 continued
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Another common issue in the construction of genetic

maps is the choice of sets of ‘‘core’’ markers that are evenly

distributed along a reference genetic map. Due to the

uneven distribution of recombination events along the

chromosomes, the use of genetic map as the reference

results in poor distribution of the markers along the phys-

ical genome, leading to a lower number of markers per

gene in genomic regions with a low recombination rate. To

address this issue, we chose the positions of the UCGM

anchors on the basis of the physical map of rice.

Case of interspecific crosses

The polymorphism observed in 16 accessions representing

6 AA-genome Oryza species showed high to very high

levels of allelic variation between the cultivated Asian rice,

O. sativa, and its relatives O. glaberrima, O. meridionalis,

O. rufipogon, O. barthii, and O. glumaepatula. This

allowed us to successfully apply the concept of a universal

map, which is based on the polymorphism probability of a

set of anchors (Table 1), to the case of three interspecific

crosses. The three genetic maps that we generated were

validated for both the marker orders/positions and the total

map sizes. We therefore continued the development of

CSSL libraries with the same anchor set applied to the BC2

and BC3 generations. This way, it will be possible to locate

all QTLs or major genes identified using these libraries on

the virtually same genetic map.

Case of intrasubspecific crosses

We see from Table 1 that, for a value of 0.5 of the observed

probability of an SSR being polymorphic, P1, which is

close to the commonly observed value in the case of

intrasubspecific indica 9 japonica crosses, it is necessary

to increase the number of SSRs per anchor to about

n = 10, to obtain a fair probability P3 of all anchors being

polymorphic. This objective is feasible, due to the avail-

ability of increasing amounts of sequence information on

diverse genomes. Moreover, the present study revealed a

significant polymorphism level in indica 9 japonica

crosses (70.4%). We see from Table 1 that a new set of

anchors made of five SSR loci, an easily reachable goal,

should produce a very useable framework, at least for the

accessions we tested.

Conclusion

Usefulness of the UCGM

AA-genome Oryza species represent an invaluable genetic

reservoir. The development of introgression line libraries is

a powerful means of taking advantage of this genetic

diversity. The UCGM represents an efficient way to build

directly comparable genetic maps and graphical genotyp-

ing representations, which will eventually allow us to

project all genes and QTLs detected using these popula-

tions in the same framework of physically located anchors.

We are currently applying this strategy to the development

and analysis of six CSSL libraries.

The UCGM is also valuable for marker-assisted back-

crossing (MAB) in a breeding program. In a separate study,

we are using 108 of the 165 anchors to detect and intro-

gress three QTLs for tolerance to the Rice Hoja Blanca

Virus (RHBV) and its insect vector, Tagosodes orizicolus,

in two intrasubspecific populations (O. sativa spp. indica

acc. Fedearroz 50 and acc. Fedearroz 2000 9 O. sativa

spp. indica acc. WC366).

Widespread use of the UCGM for genotyping enables

us to integrate all of the gene discovery outcomes in a

centralized database (Laboratory Information Manage-

ment System), facilitating the breeders’ work in choosing

appropriate donors in their selection schemes. This

integration will also help us in drastically reducing the

time spent in polymorphism screening and it will allow

us to make our gene discovery and breeding programs

more cost-efficient, as the same set of primers can then

be shared by the various rice genetics and breeding

projects.

Applicability to other crops

Now that sequencing a whole genome has become a rela-

tively economical and easy task, developing UCGM for

other crops can be envisioned.

Table 4 Comparisons of physical and genetic maps sizes in three BC1F1 interspecific populations

O. sativa ssp. indica acc.

IR64 9 O. glaberrima acc.

TOG5681

O. sativa ssp. japonica acc.

curinga 9 O. rufipogon acc.

IRGC105491

O. sativa ssp. japonica acc.

curinga 9 O. meridionalis acc.

OR44

Genetic map 1,838 1,884 1,886

Physical map 1,932 1,839 1,843

Genetic distances were computed using Mapdisto v 1.7. Physical distances were converted to centimorgans (cM) using the conversion rate of

200 kbp/cM

570 Theor Appl Genet (2010) 120:563–572

123



Acknowledgments We are grateful to the Generation Challenge

Programme for their financial support through the project No

G3005.10 ‘‘Exploring natural genetic variation: Developing genomic

resources and introgression lines for four AA-genome rice relatives’’.

References

Blair MW, Hedetale V, McCouch SR (2002) Fluorescent-labeled

microsatellite panels useful for detecting allelic diversity in

cultivated rice (Oryza sativa L.). Theor Appl Genet 105:449–457

Brondani RPV, Zucchi MI, Brondani C, Rangel PHN, Borba T, Rangel

PN, Magalhaes MR, Vencovsky R (2005) Genetic structure of wild

rice Oryza glumaepatula populations in three Brazilian biomes

using microsatellite markers. Genetica 125:115–123

Doi K, Iwata N, Yoshimura A (1997) The construction of chromo-

some substitution lines of African rice (Oryza glaberrima Steud.)

in the background of japonica rice (Oryza sativa L.). Rice Genet

News 14:39–41

Ebitani T, Takeuchi Y, Nonoue Y, Yamamoto T, Takeuchi K, Yano

M (2005) Construction and evaluation of chromosome segment

substitution lines carrying overlapping chromosome segments of

indica rice cultivar ‘‘Kasalath’’ in a genetic background of

japonica elite cultivar ‘‘Koshihikari’’. Breed Sci 48:395–399

Eshed Y, Zamir D (1995) An introgression line population of

Lycopersicon pennellii in the cultivated tomato enables the

identification and fine mapping of yield-associated QTL.

Genetics 141:1147–1162

Garris AJ, Tai TH, Coburn J, Kresovich S, McCouch S (2005)

Genetic structure and diversity in Oryza sativa L. Genetics

169:1631–1638
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