
Abstract This paper summarizes results from a

decade of collaborative research using advanced

backcross (AB) populations to a) identify quan-

titative trait loci (QTL) associated with improved

performance in rice and to b) clone genes

underlying key QTLs of interest. We demonstrate

that AB-QTL analysis is capable of (1) success-

fully uncovering positive alleles in wild germ-
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plasm that were not obvious based on the phe-

notype of the parent (2) offering an estimation of

the breeding value of exotic germplasm, (3) gen-

erating near isogenic lines that can be used as the

basis for gene isolation and also as parents for

further crossing in a variety development pro-

gram and (4) providing gene-based markers for

targeted introgression of alleles using marker-as-

sisted-selection (MAS). Knowledge gained from

studies examining the population structure and

evolutionary history of rice is helping to illumi-

nate a long-term strategy for exploiting and

simultaneously preserving the well-partitioned

gene pools in rice.

Keywords Inter-specific cross Æ Transgressive

variation Æ Quantitative trait loci (QTL) Æ Rice

(Oryza sativa L.) Æ Marker assisted selection Æ
Molecular breeding

Abbreviations

AB Advanced backcross

QTL Quantitative trait loci

MAS Marker-assisted-selection

NIL Near isogenic line

Introduction

Evolutionary history and population

sub-structure of O. sativa

Rice, Oryza sativa, is a cultivated, inbreeding

species. It is estimated to have been domesticated

in Asia approximately 10,000 years ago from a

complex ancestral species, O. rufipogon, that

inhabits diverse environments throughout Asia

(Oka 1988; Vaughan et al. 2005). Two major sub-

species within O. sativa have been recognized

since ancient times, namely indica and japonica

(Matsuo et al. 1997). The time since divergence of

the indica and japonica gene pools has been

estimated as approximately 0.44 million years

based on comparisons of genome sequence

between Nipponbare (japonica) and cv 9311

(indica) (Ma and Bennetzen 2004). This time

estimate, in conjunction with evidence from

fossilized remains of rice grains found in tombs

in China, India and Vietnam (Matsuo 1997)

suggests that differentiation of the indica and

japonica gene pools pre-dates the domestication

of O. sativa by several hundred thousand years.

This is consistent with the belief that rice was

independently domesticated on at least two

occasions from a pre-differentiated ancestral pool

(Cheng et al. 2003; Garris et al. 2005; Roy 1921;

Second 1991, 1982).

In a recent study by Garris et al. (2005), five

sub-populations were clearly identified in a col-

lection of 234 landrace varieties of O. sativa using

169 simple sequence repeat (SSR) markers and

two chloroplast sequences. The basic number and

identity of the sub-populations identified by

Garris et al. (2005) using 169 SSRs were consis-

tent with those detected by Glaszmann (1987)

using only 15 isozyme markers. The same groups

were also identified by intronic SNP’s assayed at

112 random genetic loci (A. Caicedo, NCSU and

S. Williamson, Cornell Univ, pers. comm.). Con-

sistent with Glaszmann’s earlier study (1987),

nuclear and chloroplast SSR data supported a

close evolutionary relationship between the in-

dica and aus groups, and between the tropical

japonica, temperate japonica and aromatic groups

(Fig. 1). A more complete evaluation of the

population sub-structure of O. sativa is currently

underway as part of the Generation Challenge

Program (McNally pers. comm., IRRI) using a

diverse set of molecular markers and several

thousand accessions. Preliminary results suggest

that the same groups identified by Garris et al.

(2005) and Glaszmann (1987) are emerging in this

study, providing strong support for the underlying

population sub-structure described to date.

Population structure of O. rufipogon

O. rufipogon is considered to be the progenitor of

O. sativa and this is consistent with the fact that it

is genetically more diverse than O. sativa (Sun

et al. 2002). It is found dispersed throughout a

wide range of habitats across most of tropical and

sub-tropical Asia. O. rufipogon, like O. sativa, is

comprised of genetically identifiable sub-popula-

tions that show strong geographical and ecological

differentiation (Edwards 2005; Lu et al. 2002;

Morishima et al. 1984; Oka and Morishima 1967).
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There is recent evidence that the ancestry of

the indica and japonica subgroups of O. sativa

can be traced to specific geographically-defined

O. rufipogon populations (Cheng et al. 2003;

Edwards 2005; Londo et al. 2006). However,

admixture and introgression hybridization among

sub-populations and between cultivated and wild

populations can obscure the picture (Cheng et al.

2003; Edwards 2005). Further, movement of wild

rice seed accompanying that of landrace or elite

O. sativa varieties complicates our understanding

of ancestor–descendent relationships (Lu et al.

2002).

Intra-specific breeding in rice

A majority of the world’s rice is produced from

inbred (pure line) varieties and historically inbred

variety development has focused almost

exclusively on crosses between members of the

same sub-population (indica–indica) or between

related sub-populations (i.e., tropical japonica ·
temperate japonica) (Lu et al. 2004; Ni et al. 2002;

Sano 1993). This is largely due to the prevalence of

sub-population incompatibilities that make it

difficult to obtain a random array of fertile

recombinants from indica–japonica crosses

(Harushima et al. 2002; Oka 1988; Sano 1993).

Breeding programs based on indica–japonica

hybridization boast a few success stories, such as

the Tongil rice in Korea (Choi 1978; Choi et al.

1974) but are inevitably plagued by genome-wide

incompatibilities that lead to hybrid breakdown

and a persistent loss of recombinants in successive

generations (Oka 1988). The phenomenon is

reminiscent of Dobzhansky–Muller incompatibil-

ities (Dobzhansky 1936; Muller 1942) in which

there is a gradual accumulation of mutations that

Aus

Aromatic

Temperate
Japonica

Tropical
Japonica

Indica

Fig. 1 Modified from Garris et al. (2005) showing unroot-
ed Neighbor-joining (NJ) tree (Cavalli-Sforza 1967)
developed using 169 nuclear SSRs and 234 landrace
accessions of O. sativa; the intensity of the grey shading

(color < in the online version of this figure > ) of the
branches of the tree corresponds to the observed chloro-
plast haplotype. Copyright permission granted by the
Genetics Society of America
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cause incompatible epistatic interactions when two

species (or sub-species) are hybridized. The long-

term consequences for rice breeders of restricting

crossing and population development to within

sub-population materials is that there is a limited

pool of genetic variation available for identifying

new and useful combinations of genes. Over time,

this aggravates the genetic bottlenecks that were

initially created during the process of domestica-

tion and leads to a cryptic form of genetic erosion

that dramatically slows the rate of genetic gain.

In contrast to the programs devoted to inbred

variety development, hybrid rice breeders have

explored a much larger portion of the genetic

variability of O. sativa. In China, hundreds of

thousands of inter-sub-population crosses have

been generated, aimed at identifying productive

heterotic combinations (Li and Yuan 2000).

While this has been very productive, hybrid rice

breeding and seed delivery is a difficult, costly and

technology-intensive enterprise, in large part due

to the enclosed floret morphology and the natu-

rally inbreeding habit of the species. It is difficult

to achieve reliable and economically viable levels

of out-crossing during F1 hybrid seed production

and as a result, hybrid rice breeding as a com-

mercial enterprise is still in its infancy. Nonethe-

less, experience in hybrid rice breeding programs

around the world highlights the value of

indica · japonica combinations as a way of

maximizing levels of heterosis, with the caveat

that the associated sterility barriers must be

overcome (Li and Yuan 2000; Zheng et al. 1994).

Inter-specific breeding in rice

Inter-specific breeding offers a way of expanding

the gene pool of cultivated rice and enlarging the

range of genetic variation available for plant

improvement. Wide-hybridization has been used

for many years to introduce qualitative characters

from wild species into elite breeding material,

such as disease and insect resistance and male

sterility (Brar and Khush 1997; Dalmacio et al.

1995). More recently, quantitative traits have been

targeted in inter-specific crossing programs

(Tanksley and McCouch 1997). Some inter-specific

crosses may present challenges that are

reminiscent of the incompatibilities discussed

for intra-specific crosses; when useful genes are

transferred from genetically distant (non AA-

genome) species, the process is often encumbered

by serious sterility barriers and anomalous patterns

of recombination (Ishii et al. 1994; Jena et al. 1992;

Wang et al. 2005). However, crosses within the AA

genome species are relatively easy to make and

avoid the major problems of sterility encountered

in more divergent crosses. In cases where linkage

drag is a problem, the use of molecular markers to

identify selected recombinant individuals that

retain only a very small piece of wild chromosome

can greatly facilitate the transfer of desirable genes.

A major challenge is the difficulty in identifying

genes from wild or unadapted materials that are

likely to enhance the performance of elite cultivars

without disrupting favorable gene complexes.

Favorable allele combinations have been identified

and painstakingly accumulated in elite varieties

over the last 50–100 years; they provide local

adaptation and help satisfy essential grain quality

and other production requirements. It is under-

standable that breeders are reluctant to lose the

immediate yield and quality advantages of elite

germplasm in efforts to identify rare new genes that

might help expand the genetic base or break an

existing ‘‘yield barrier’’ in the future. Furthermore,

because wild or exotic germplasm is likely to con-

tain many genes that reduce yield and quality and

only a few genes that could improve these traits,

investment in inter-specific crosses has generally

been considered a poor risk by commercial plant

breeders. Thus, the substantial ‘‘pre-breeding’’

effort required to identify and transfer favorable

alleles from wild or unadapted sources into elite

rice varieties has been left to a few national and

international programs focusing on genetics, ge-

nomics and germplasm enhancement.

Exploring the genetic potential of wild

and exotic germplasm for rice improvement

Despite the challenges, plant breeders have long

recognized the value of inter-specific backcross

breeding strategies to harness useful genetic var-

iation (Frey et al. 1975; Harlan 1976, 1975;

Hawkes 1958; Peloquin 1983; Rick 1983; 1967).

These early plant breeders did not have the

advantage of the high quality sequence informa-
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tion, genetic maps and molecular markers that are

now available for many crop species. This made it

difficult to identify and select for favorable alleles

contributing to a quantitative trait. Often, the

genetic potential of an individual was obscured by

the presence of a few deleterious alleles that

confounded the breeder’s ability to accurately

determine its breeding value. Today, we can

identify regions of the genome that are associated

with specific components of a phenotype and

determine which parent contributes the favorable

allele at a particular locus. This critical informa-

tion is required to selectively introduce useful

components of quantitative trait variation from a

wild or exotic gene pool into an elite cultivar. In

doing so, rice breeders are able to easily access

novel forms genetic variation for use in variety

development and simultaneously help expand the

gene pool of O. sativa.

Over the course of this work, we aimed to (a)

identify quantitative trait loci (QTLs) derived

from O. rufipogon that contributed positively to

the performance of O. sativa in both inbred and

hybrid combinations, (b) understand the molec-

ular basis of the O. rufipogon-derived QTLs

associated with domestication and transgressive

variation, (c) utilize the ‘‘wild QTLs’’ in rice

improvement and (d) use information about

genetic diversity and population sub-structure in

both O. sativa and O. rufipogon to make predic-

tions about which parental combinations are

likely to give the maximum genetic gain in a plant

breeding program. The observations summarized

in this paper were obtained from a decade of

research exploring the potential of using low-

performing wild and exotic germplasm as donors

to enhance the performance of elite cultivars of

O. sativa. Details of each study can be found

in (Cho et al. 2003; Moncada 2001; Septiningsih

et al. 2003a; Thomson et al. 2003; Xiao et al.

1998).

Materials and methods

Population development

An inter-specific crossing program was initiated

in the early 1990’s with collaborating institutions

in China, Korea, Indonesia, Colombia, Ivory

Coast and the US (McCouch et al. 2002). One

or two elite cultivars from each collaborating

national or international program were selected

for hybridization with a wild/weedy accession of

O. rufipogon from Malaysia (IRGC 105491)

(Table 1). The inter-specific hybrid plants were

crossed back to the elite, cultivated varieties for

two generations to produce a series of 200–300

BC2F2 families or, in the case of hybrids, a series

of BC2F1 testcross families. A flow diagram out-

lining the basic strategy is presented in Fig. 2. The

approach is a modification of the ‘‘advanced

backcross (AB) QTL strategy as first described by

(Tanksley and Nelson 1996). All of the crossing

and population development was accomplished

by collaborating scientists in the country where

each of the O. sativa varieties was grown com-

mercially, and all of the genotyping and QTL

analysis was performed at Cornell University by

students or visiting scientists from the participat-

ing institutions.

Plant material used for fine-mapping and QTL

cloning

Two BC2F2 populations were used as the basis for

fine-mapping and cloning genes underlying QTLs

for plant stature, flowering time, grain weight

and red-pericarp. One was a BC2F2 population

consisting of 258 families derived from a cross

between an elite U.S. tropical japonica cultivar,

Jefferson, and the O. rufipogon accession,

IRGC105491, from Malaysia (Thomson et al.

2003). This population provided material used

to fine-map flowering time (Thomson et al.

2006, seed size (Li et al. 2004a) and red-pericarp

(Sweeney et al. 2006). The other was a BC2F2

population derived from a cross between the

tropical indica variety, IR64, and the same

O. rufipogon accession described above. This

population was used to clone a gene underlying

plant stature (Septiningsih 2003a) and to confirm

the cloning of the red-pericarp gene, Rc (Sweeney

et al. 2006).

Jefferson is a semi-dwarf, early flowering, high-

yielding cultivar that was developed for produc-

tion in the Southern U.S. It is resistant to multiple

diseases and has good grain quality (McClung
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et al. 1997). The O. rufipogon donor, as described

above, has no agronomic traits of interest but

crosses well to both indica and japonica varieties.

From this population, one BC2F2 family, C126-3,

was selected as the starting material for fine

mapping and near isogenic line (NIL) develop-

ment of the grain weight QTL, gw3.1 (Li et al.

2004a), five BC2 families were selected for fine-

mapping of the complex flowering time QTL,

dth1.1 (Thomson et al. 2006) and 18 BC2F2

families were selected for cloning of the red grain

QTL, rg7.1 (Sweeney et al. 2006).

Selection of families as the basis for fine-map-

ping in all cases was based on (a) confirmation

that each contained an O. rufipogon introgression

in the target region and also showed a phenotype

that was distinguishable from BC2F2 individuals

that did not carry the introgression, and (b) the

fact that these families contained relatively few

non-target background introgressions. NILs were

Recurrent Parent

Donor

BC  F  
Families

    Multi-location
     Field Testing
(200-300 plots/location)

Multi-location
Field Testing

       Improved Inbred Varieti(es)
                           and
Parental Lines for Hybrid Varieti(es)

QTL - NILs

    QTL
Analysis

SSR analysis

(80 / 150) (300 / 1,200-3,000)

X F   BC   BC   211

2 2

Gene discovery

(200 / 300)

Fig. 2 Flow diagram outlining the basic strategy used to develop advanced backcross (AB) populations (BC2F2 families or
BC2F1 testcross families) used for QTL analysis

Table 1 Donor and recurrent parent (RP) lines used in AB QTL studies

Parent References Participating Institution Origin Notes

Donor
O. rufipogon IRRI1 Malaysia (IRGC 105491)

Ancestor of O. sativa
RP
Ce64 Xiao et al. 1998 CNHRRDC2 China Indica (hybrid) (irrigated)
Caiapo Moncada et al. 2001 CIAT3, Embrapa4 Brazil Tropical japonica (upland)
Hwacheong Cho et al. 2004 RDA5, Chungnam Nat’l Univ. Korea Temperate japonica (irrigated)
Jefferson Thomson et al. 2003 USDA-ARS6 USA Tropical japonica (irrigated)
IR64 Septiningsih et al. 2003a, b ICABIOGRAD7 IRRI Indica (irrigated)

1 Internationation Rice Research Institute
2 China National Hybrid Rice Research and Development Center
3 Centro Internacional de Agricultura Tropical
4 Empresa Brasileira de Pesquisa Agropecuária
5 Rural Development Administration
6 United States Department of Agriculture-Agricultural Research Service
7 Indonesian Center for Agricultural Biotechnology and Genetic Resources Research and Development

322 Euphytica (2007) 154:317–339

123



developed by backcrossing to the Jefferson parent

followed by selfing to eliminate non-target geno-

mic regions as described in (Li et al. 2004a;

Sweeney et al. 2006; Thomson et al. 2006).

IR64 is one of the most widely planted rice

varieties in the world. It is grown throughout

tropical Asia and is known for its long, fine grains,

excellent eating quality, semi-dwarf stature, mul-

tiple disease resistance and good combining abil-

ity. From the 285 BC2F2 families used for QTL

analysis (Septiningsih et al. 2003a, b), 15 families

with overlapping O. rufipogon introgressions in

the region defined by a plant height QTL, ph1.1

were selected for fine-mapping. Selected BC2F2

individuals were backcrossed to produce BC3F2

families and a total of 1,300 plants from 25 seg-

regating BC3F2 families were used for cloning the

plant height QTL, ph1.1 (Septiningsih, 2003b).

Phenotypic evaluation and QTL analysis

BC2F2 families were grown in replicated field

trials in each participating program and evaluated

using common protocols for yield and yield

components, grain quality and other traits of

importance to rice production (Table 2). While

trait evaluation was standardized as much as

possible, we consciously sought to maximize the

diversity of both the genetic backgrounds and the

abiotic environments in which our trials were

conducted. In this regard, it is worth noting that

the group in China developed BC2F1-test cross

families, and was the only group evaluating the

impact of O. rufipogon introgressions on hybrid

performance. The groups in Colombia and in the

US both used tropical japonica cultivars, cv Cai-

apo and cv Jefferson, respectively, but Caiapo is a

Brazilian cultivar that was developed as an upland

(non-irrigated) variety for use in low-input envi-

ronments while Jefferson was developed for the

irrigated, high-input conditions appropriate to the

US rice industry. The group in Korea evaluated

their BC2F2 families’ populations in an irrigated

temperate growing environment (using a tem-

perate japonica RP), while the group in Indonesia

evaluated families in an irrigated tropical growing

environment (using an indica RP).

Remnant seed from each of the families was

used for DNA extraction and the DNA was

then subjected to analysis with a common set

of molecular markers (McCouch et al. 2002;

Temnykh et al. 2001). A molecular linkage map

Table 2 Descriptions of the 12 agronomic traits measured in wild QTL populations

Trait Unit Description

Days to heading day Days from sowing in field (greenhouse) to 10% panicles heading averaged
from the whole plot.

Days to maturity day Days from sowing in field (greenhouse) to 80% grains reaching golden yellow
averaged from the whole plot.

Plant height centimeter Averaged from 10 plants measured from ground to the tip of the tallest panicle
(excluding awn).

Panicle length centimeter Averaged from all panicles of the 10 plants measured from panicle neck to panicle
tip (excluding awn).

Panicles per plant No. per plant Averaged panicle number as counted from 10 plants (panicles having less than five
seeds are not counted).

Spikelets per panicle No. per panicle (Number of spikelets from the 10 plants)/(number of panicles from the 10 plants).
Grains per panicle No. per panicle (Number of filled spikelets from the 10 plants)/(number of panicles from the

10 plants).
Seed set rate percent (%) (Number of grains per panicle)/(Number of spikelets per panicle).
Spikelets per plant No. per plant Averaged spikelet number as counted from the 10 plants.
Grains per plant No. per plant Averaged grain number as counted from the 10 plants.
1000-grain weight gram Averaged from three samples of 1000 fully filled grains.
Yield per plant gram per plant (Weight of bulked grains harvested from the 10 plants)/10.
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was constructed for each population. The segre-

gation data from the molecular markers was used

in combination with the phenotypic scores for

each family to identify quantitative trait loci

(QTL) associated with the traits that had been

evaluated in the field (Cho et al. 2003; Moncada

2001; Septiningsih et al. 2003a, b; Thomson et al.

2003; Xiao et al. 1998).

Quantitative trait loci were identified using sin-

gle-point analysis (SPA), interval mapping (IM)

and composite interval mapping (CIM) (Zeng

1994). Automatic cofactor selection using a for-

ward/backward regression (forward P < 0.01,

backward P < 0.01) was performed with QTL

Cartographer v. 1.21 (Basten et al. http://www.-

stat.wisc.edu/biosci/qtlcart/qtlcart.html). To iden-

tify an accurate significance threshold for each

trait, an empirical threshold was determined for IM

using 10,000 permutations and for CIM using 1000

permutations for each trait for each trait across all

12 chromosomes (Churchill and Doerge 1994).

Results and discussion

Transgressive variation

QTL analysis in the diverse BC2F2 populations

described above identified O. rufipogon intro-

gressions (QTLs) that were associated with posi-

tive transgressive variation for days to heading

(dth), yield (yld) and yield components, including

seed size or grain weight (gw) and number of

grains per plant (gpp) in each genetic back-

ground. Transgressive variants are offspring

(segregants) whose performance exceeds that of

either parent (in a positive or negative direction)

and positive transgressives are those whose

performance exceeds that of either parent in a

positive direction. In this study, 30–50% of QTLs

identified in each of the AB (BC2F2) populations

showed improved performance for the target

traits (Table 3) and ‘wild QTLs’ improved RP

performance by 5–20% for most of the characters

examined. QTLs associated with unwanted traits

were also identified in all the RP backgrounds,

including tall plant stature, red pericarp, dor-

mancy and shattering, all of which are associated

with wildness or weediness (Thomson et al. 2003).

A summary of O. rufipogon-derived QTLs with

both positive and negative effects in the different

O. sativa backgrounds is available in the Gramene

database (http://www.gramene.org).

The frequency of positive transgressive varia-

tion was higher than expected and we were

interested to determine whether O. rufipogon

introgressions in the same chromosomal regions

contributed positively to performance in the di-

verse RPs. Because a single accession of O. ruf-

ipogon (IRGC 105491) had been used as a donor

and standard phenotyping procedures were used

in all experiments (Cho et al. 2003; Moncada

2001; Septiningsih et al. 2003a, b; Thomson et al.

2003; Xiao et al. 1998; Xiao et al. 1996), it was

possible to address this question by aligning the

QTL-introgressions reported for each study

(using the CMAP and QTL modules in the

Gramene database, http://www.gramene.org). In

several cases, specific O. rufipogon introgressions

were found to be associated with superior per-

formance across several genetic backgrounds and

environments (Fig. 3) (Lee et al. 2005; Moncada

2001; Septiningsih et al. 2003a, b; Thomson et al.

2003; Xiao et al. 1998). On the other hand, some

yield and flowering time QTLs were associated

with a positive effect in one genetic background

and/or environment, but not in others (Fig. 3a, b).

In other cases, O. rufipogon-derived QTLs with

opposing effects (i.e., one contributing to large

seed size and another contributing to small seed

Table 3 Percent of favorable QTLs from O. rufipogon detected in BC2F2 populations derived from crosses between diverse
recurrent parents (RPs) and O. rufipogon (IRGC 105491)

RP Sub-population Country where
evaluated

Percent favorable
QTLs from O. rufipogon

Ref

Ce64 Indica (hybrid) China 51% Xiao et al. 1998
Caiapo Tropical japonica (inbred) Colombia 56% Moncada et al. 2001
Jefferson Tropical japonica (inbred) USA 53% Thomson et al. 2003
IR64 Indica (inbred) Indonesia 33% Septiningsih et al. 2003
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size) were identified in the same elite genetic

background, with similar allele effects evident in

multiple RPs (Fig. 3c, d).

Choice of donor

This project clearly demonstrated that selected

introgressions from one O. rufipogon accession

could confer a consistent and agronomically rel-

evant advantage in multiple genetic backgrounds

grown in diverse environments. Furthermore, the

O. rufipogon donor crossed readily with the di-

verse array of RPs (representing temperate

japonica, tropical japonica and indica sub-popu-

lations) (Table 1) as summarized by (Xiao et al.

1998). What was not clear from this work was

whether these results were specific to the partic-

ular accession of O. rufipogon that we happened

to select at the beginning of the project, or

whether other, randomly selected accessions of

O. rufipogon or other species would produce

similar results.

To address this question, we first looked at

independent work undertaken by other resea-

rchers using different O. rufipogon donors. In

parallel experiments using RPs from India, Kor-

ea, China and the Philippines and with similar

crossing and population development schemes, all

reported essentially identical results, with similar

levels of transgressive variation and comparative

percentages of ‘‘favorable wild QTLs’’ coming

from other wild/weedy accessions of O. rufipogon

(Lee et al. 2005; Marri et al. 2005; Nguyen et al.

2003; Xiong et al. 1999). These results confirm

that AB-QTL analysis using diverse O. sativa ·
O. rufipogon crosses offers an effective strategy

Fig. 3 Alignment of QTLs from different AB-QTL
studies along the rice pseudomolecules. Numbers to left
of chromosomes indicated Mb position on pseudomole-
cules; greyed ovals represent centromeres. (A) Chromo-
some 1 showing co-localization of QTLs for days to
heading on the short arm, where the wild allele was
transgressive for earliness in the Jefferson/O. rufipogon
population evaluated in the US (Thomson et al. 2003) but
conferred lateness in the V20/O. rufipogon population
evaluated in China (Xiao et al. 1998) and in the Taichung
65/O. rufipogon population evaluated in Japan (Doi et al.
1998). On the long arm of chromosome 1, this figure also
shows co-localization of two QTLs for yield where the wild
allele was transgressive for yield enhancement in the
V20A/O. rufipogon in China (Xiao et al. 1998) and in the
Caiapo/O. rufipogon population in Colombia (Moncada
et al. 2001); (B) Chromosome 2 showing a yield QTL
where the effect of the wild O. rufipogon allele was
positive and transgressive in the V20/O. rufipogon popu-

lation evaluated in China (Xiao et al. 1998) and in the
Caiapo/O. rufipogon population evaluated in Colombia,
but was associated with decreased yield in the IR64/O.
rufipogon population evaluated in Indonesia (Septiningsih
et al. 2003); (C) Chromosome 3 near the centromere
showing a seed size QTL where the wild allele was
dominant for small seed size detected in four different
studies: V20/O. glaberrima (Li et al. 2004); V20/O.
rufipogon (Xiao et al. 1998); Caiapo/O. glaberrima (Aluko
et al. 2004) and Jefferson/O. rufipogon (Thomson et al.
2003 and Li et al. 2004a); and (D) Chromosome 9 showing
a yield and seed size QTL where the wild allele was
dominant for yield and/or large seed size in the
Hwaseongbyeo/O. rufipogon population evaluated in
Korea (Cho et al. 2003), the V20/O. rufipogon population
evaluated in China (Xiao et al. 1998), the IR58025/O.
rufipogon population evaluated in India (Marri et al. 2005)
and the Jefferson/O. rufipogon population evaluated in the
US (Thomson et al. 2003)
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for broadening the genetic base of O. sativa and

enhancing the performance of a wide array of

elite cultivars. We thus conclude that it was not

simply a ‘lucky’ choice of donor in the first in-

stance, but that almost any accession of O. ruf-

ipogon can be as a donor with similar results.

We did, however, note that the accession of O.

rufipogon used in our work (IRGC 105491, from

Malaysia) was genetically more similar to the Aus

sub-population than to other O. sativa sub-popu-

lations (Edwards 2005). This may provide an

explanation why a lower proportion of positive

transgressive QTLs were identified in the cross

between the indica cultivar, IR64, and this

accession of O. rufipogon (Septiningsih et al.

2003a) than in crosses involving any of the tem-

perate or tropical japonica RPs. It would be con-

sistent with the studies by Glaszmann (1987) and

Garris et al. (2005) that clearly demonstrate that

the aus cultivar group is genetically more similar

to indica than to japonica. This suggests that

knowing something about the population sub-

structure of O. rufipogon might offer predictive

value in selecting wild/weedy parents for crossing

with particular elite O. sativa varieties.

Genetic distance and breeding value

At what genetic distance would it be most

advantageous to look for useful variation in rice?

Should we focus on O. sativa landrace relatives,

closely related species such as O. rufipogon or

O. nivara or more distantly related species such

as O. glaberrima or O. barthii from Africa, or

O. glumaepatula from Brazil? Does the degree of

genetic divergence provide any prediction about

the likelihood of identifying positive transgressive

variation in the offspring? Such questions are

highly relevant to plant breeders who seek to

identify the most productive materials to use as

parents before investing in AB-QTL analysis.

To consider these questions, we studied the

results of projects that involved crosses bet-

ween elite O. sativa parents and the more diverse

accessions of O. glaberrima or O. glumaepatula

using the AB-QTL strategy (Aluko et al. 2004;

Brondani et al. 2002; Li et al. 2004a). In these

crosses, there were considerably higher rates of

sterility and a lower proportion of detected QTL

were associated with positive effects than in the

crosses with O. rufipogon. This suggests that

crosses between O. sativa and its immediate

ancestor(s), O. rufipogon (and/or O. nivara) are

more likely to generate useful variation for plant

breeding than are more genetically divergent

crosses, but further experiments are needed to

confirm these early reports.

Finally, we were interested to determine whe-

ther a breeder would be more likely to find useful

genetic variability in domesticated cultivars which

have undergone human selection for favorable

alleles (i.e., landraces of O. sativa or O. glaberr-

ima) than in wild relatives that are the result of

natural selection. Work initiated at IRRI has re-

ported success using AB QTL analysis with intra-

specific populations derived from crosses between

elite cultivars and divergent landraces of O. sativa

(Li et al. 2005). Numerous transgressive segre-

gants with favorable phenotypes were identified in

that study, but the experimental design did not

allow us to compare the frequency of detecting

favorable transgressive QTLs or the magnitude of

the allele effects with our work using O. rufipogon.

It is counter-intuitive but empirically demon-

strated that in several cases, fewer crossing

barriers are encountered in O. rufipogon ·
O. sativa crosses than in crosses between the in-

dica and japonica sub-populations of O. sativa.

This is consistent with the idea that the genetic

isolation and differentiation between these sub-

groups has been accentuated over the course of

domestication. The value of using O. rufipogon as

a donor is further underscored by the fact that it

harbors a higher level of genetic variation than O.

sativa (Sun et al. 2002). Thus, the use of inter-

specific crosses can be expected to increase the

rate at which useful, novel allelic variation (i.e.,

variation not formerly present in the cultivated

gene pool) is discovered and used to expand the

genetic base of cultivated rice. On the other hand,

it could be argued that O. sativa landraces might

contain fewer deleterious ‘‘wild’’ alleles and thus

might be expected to generate less linkage drag in

crosses with elite O. sativa cultivars than would

O. rufipogon. They also might be less disruptive

of gene complexes that plant breeders seek

to maintain. However, since elite varieties of

O. sativa originate as selections from landrace
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varieties (Dilday 1990; Lu et al. 2004) they

tend to be genetically more similar than either is

to O. rufipogon, making it theoretically less

likely to identify transgressive segregants among

the offspring. Opportunities to quantify genetic

differences between sub-populations of both

O. sativa and O. rufipogon and empirical obser-

vations about the relative value of each as a donor

in an introgression breeding strategy await further

research.

Identifying genes underlying QTLs

While the body of work summarized above

demonstrates that useful levels of positive trans-

gressive variation are observed among the off-

spring of divergent crosses and that QTLs

associated with the transgressive segregants can

be readily identified, the identity of most of the

genes underlying these QTLs has not yet been

determined and only a few of the O. rufipogon-

derived QTLs have been incorporated into com-

mercial varieties (Deng et al. 2004). We were

interested in developing near isogenic lines

(NILs) for several of these QTLs as the basis for

releasing pre-breeding lines to interested plant

breeders and also as the basis for cloning some of

the genes underlying the QTL. To develop NILs,

we undertook a backcrossing program that

allowed us to fine-map and positionally clone

some of the target genes.

Fine mapping provides an opportunity to

identify key recombination events that break

linkage drag, separating favorable from deleteri-

ous alleles along a chromosome and to deliver

high quality NILs for applications in plant

breeding. Cloning of genes underlying QTL pro-

vides essential information that is needed to

effectively link QTL analysis with gene-based

studies in other organisms. The cloning of target

genes simultaneously provides the basis for

developing gene-based, or ‘perfect’ markers for

use in marker-assisted breeding and provides the

basis for understanding how these genes interact

in biochemical and regulatory pathways. Once the

identity of genes underlying complex traits is

known, reverse genetics strategies can be em-

ployed to more efficiently predict how certain

genotypes are likely to perform and to select

parents and offspring in an applied breeding

program.

To date, we have isolated several genes

underlying ‘‘wild QTLs’’. In the next section we

will review three examples related to grain

weight, plant stature and red pericarp.

Grain size

Seed and grain weight are important components

of yield in the cereals, and in rice, grain length

and shape are especially valuable because the

physical appearance of the grain is important to

consumers and it affects the cooking quality. Seed

size or weight is also important in the evolution of

cereal crops because humans have tended to se-

lect for large seed size during domestication while

small seeds that are easily dispersed are impor-

tant in the wild (Harlan 1992). Several indepen-

dent studies in rice have identified QTL

associated with grain weight or grain shape

(length/width).

As reported by Thomson et al. (2003), O. ruf-

ipogon introgressions in the cv Jefferson (tropical

japonica) background decreased grain weight

(gw) at six QTL locations on chromosomes 2, 3, 9,

10, 12, whereas two QTL on chromosomes 1 and

5 increased grain weight. In a follow-up study, we

aimed to refine the position of the, gw3.1, a QTL

that had been mapped to the peri-centromeric

region of rice chromosome 3, and to develop a set

of NILs that would provide the foundation for

map-based isolation of the gene underlying this

QTL. We developed large, segregating popula-

tions to identify informative recombinants in the

target region and subsequently developed NILs to

characterize the magnitude and behavior of the

O. rufipogon-derived allele in a domesticated

tropical japonica background. As can be seen in

Fig. 4, the range of phenotypes observed among

BC3 segregants shows transgressive variation for

grain size, C126-3-6-4 contains an O. rufipogon

introgression in the gw3.1 target region while

C133-1-1-5 does not. At gw3.1, the O. rufipogon

allele was completely dominant over the Jeffer-

son allele, and the dominant allele conferred

small grain weight. The fact that multiple QTLs

with opposing effects originally resided in the
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same parental line explains why ‘‘mendelizing’’

the trait using NILs can give rise to lines that

show a more extreme phenotype than either

parent. Additional details are described in Li

et al. (2004a).

The gw3.1 gene was recently cloned and found

to encode a protein consisting of 232 amino acids

with a putative phosphatidylethanolamine-bind-

ing protein (PEBP)-like domain, a trans-mem-

brane region and a Von Willebrand Factor, type

C (VWFC) module (Fan et al. 2006) that behaves

as a dominant-negative regulator of grain size. A

single nucleotide polymorphism (SNP) that cau-

ses a pre-mature stop in the gene gives rise to a

non-functional allele which is associated with

longer, heavier grains.

Now that the functional nucleotide polymor-

phism is known, it can be used to determine

whether the same allele confers a similar

phenotype in different genetic background.

QTLs for grain size and grain shape have been

reported in the same location on rice chromo-

some 3 in at least ten different inter and intra-

specific populations (Brondani et al. 2002; Kubo

T. et al. 2001; Li et al. 1997; Moncada 2001;

Redona 1998; Thomson et al. 2003; Xiao et al.

1998; Xing et al. 2002; Xing et al. 2001; Yu et al.

1997). Yet the seed size and shape characteristics

varied widely among the varieties used in these

different studies. Thus, it can be concluded that

allelic variation at multiple loci in the seed size

pathway, in addition to gw3.1, determines the

specific size and shape of rice grains. None-

theless, the information at hand already pro-

vides plant breeders with a new tool for

selecting seed size and seed shape in variety

development programs. From our own observa-

tions of the NILs in our study, we infer that the

gw3.1 gene is likely to represent an early actor in

the gene network controlling seed size in rice,

this conclusion is based on the fact that the

functional allele has the power to depress grain

weight/seed size, even when combined with 5

QTL alleles from Jefferson at other loci that

contribute to increased grain weight/seed size.

Plant stature

Using the IR64 · O. rufipogon population, a

major plant height QTL, ph1.1, was identified on

the long arm of chromosome 1 (Septiningsih et al.

2003a). The QTL co-localized with the semi dwarf

1 (sd1) locus that was associated with increased

harvest index during the Green Revolution

(Aquino 1966; Jennings 1964). In our study, a

total of 1300 plants from 25 segregating BC3F2

families were used in a positional cloning exper-

iment in which the target region was narrowed

from 47 cM to 7 cM in the first round of marker

screening and then to 100 kb when additional

markers were used to improve the mapping res-

olution (Septiningsih, 2003b). Once the QTL had

been narrowed down to 100 kb, the region was

searched for candidate genes and gene models in

rice were BLASTED against all known genes

associated with plant height in Arabidopsis,

including the gibberellin biosynthesis and

C133-1-1-5

Jefferson

O. rufipogon

C126-3-6-4

27.30 g

25.62 g
21.66 g

20.62 g

28

20
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Fig. 4 Modified from Li et al. (2004a) showing transgres-
sive variation for grain size and grain weight in two rice
lines derived from the same BC3 backcross generation.
C133-1-1-5 is an individual with Jefferson DNA across the
QTL region on chromosome 3 (illustrated in Fig. 3); C126-
3-6-48 is an NIL with an O. rufipogon introgression across
the grain weight QTL region on chromosome 3 where the
wild allele is dominant for small seed size; O. rufipo-
gon = wild donor parent (IRGC 105491); Jefferson =
cultivated recurrent parent. Copyright permission granted
by the Genetics Society of America
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gibberellin signal transduction genes. The only hit

in the target region was weakly associated with

the Arabidopsis gene GA5 (56% amino acid

similarity to the gibberellin (GA) 20-oxidase

gene). A stronger hit to GA5 was identified at a

locus on rice chromosome 3 (72% amino acid

similarity to (GA) 20-oxidase).

To test whether the GA 20-oxidase gene

identified in the QTL region on chromosome 1

was the causative locus underlying ph1.1, addi-

tional markers were added to increase the map

resolution. In the BC3F2 population of 1,300

individuals, 13 recombinants were identified in

the 100 kb region and when single nucleotide

polymorphism (SNP) markers were designed

within and around the candidate GA 20-oxidase

locus, two recombination breakpoints, defining a

2,157 bp interval, were identified within the GA

20-oxidase candidate. These recombinants

confirmed that GA 20-oxidase was the gene

underlying the ph1.1 QTL and when the gene was

sequenced, the IR64 allele differed from O. ruf-

ipogon by a 382 bp deletion that eliminated parts

of the first and second exons (280 bp coding se-

quence and a 102 bp intron). The deletion causes

a frame-shift, resulting in a novel termination

codon (TGA) and effectively knocks out gene

activity, resulting in the semi-dwarf phenotype

(Septiningsih 2003a,b). The cloning of the sd1

gene was simultaneously reported by multiple

groups (Ashikari et al. 2002; Monna et al. 2002;

Sasaki et al. 2002; Spielmeyer et al. 2002).

Despite the fact that the sd1 locus has been

reported to be a simple recessive mutation, results

of our study are consistent with a previous report

by (Foster and Rutger 1978) in which the locus

was reported to be partially recessive. This sug-

gests that either the phenotype is sensitive to the

level of GA-20 oxidase in the system (dosage

response) or that the recessive allele retains some

level of activity, possibly promoting interaction(s)

with other genes in the gibberellin biosynthesis

pathway. In the BC2F2 segregating population

between IR64 and O. rufipogon, plant height was

normally distributed. If the phenotype were con-

trolled by a single gene, we would expect to see a

bi or tri-modal distribution with clearly differen-

tiated peaks. Understanding how sd1 interacts

with other genes in the GA pathway(s) deter-

mining plant stature is critical for plant breeders

interested in altering plant stature in a plant

breeding program. Though the ph1.1 QTL had a

large effect on this trait (explaining up to 74% of

the variance in one environment), four other loci

in the genome were significantly associated with

plant height in this population (Septiningsih et al.

2003a).

QTL studies such as those summarized here

provide the opportunity to directly test for epis-

tasis among interacting loci. In our study, we were

interested in understanding the interactions and

roles of the different GA biosynthesis and signal

transduction genes involved in determining plant

height in rice. In Arabidopsis, GA1, GA2, and

GA3 are known to be single-copy genes, and the

loss-of-function alleles for these mutants cause

severe dwarfism. On the other hand, GA5 (GA

20-oxidase) and GA4 (GA 3b-hydroxylase) are

known to be encoded by at least four genes each

in Arabidopsis; consequently, a knockout muta-

tion at any one locus only causes semi-dwarfism,

presumably due to the enzyme activity of other

members of the gene family (Hedden and Phillips

2000). A test for digenic interactions for the plant

height trait in the IR64 by O. rufipogon popula-

tion identified nine loci that showed a significant

two-way interaction with the sd1 locus in a field

environment in Bogor, Indonesia, and two other

loci showed interaction in the Sukamandi field

environment. Two other QTL studies have also

identified potential digenic interactions between a

plant height QTL located in the sd1 region and

other loci across the rice genome: one in a cross

between IR64 and Azucena (Cao et al. 2001) and

another in a cross between Zhenshan 97 and

Minghui 93 (Yu et al. 2002). These networks of

interactions can be further characterized by

comparing the phenotypes of NILs or transgenics

lines containing different alleles at each of these

loci, as well as by crossing different NILs or

transgenics in different combinatorial experi-

ments and evaluating them in multiple environ-

ments to help unravel the genetic pathways

affecting plant height in rice.

It was of interest to determine whether the

underlying genetic cause of the semi-dwarf phe-

notype was associated with the same gene in rice

and wheat, given that semi-dwarf varieties of both
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cereals were associated with the higher yields of the

Green Revolution (Hedden 2003; Khush 2001).

Cloning of the Rht gene in wheat was reported by

Peng et al. (1999). When sd1 was aligned with Rht,

there was no sequence similarity, demonstrating

that breeders had not selected for mutations at the

same locus in the two crops. However, when the

genes were positioned on the biochemical pathway

associated with plant height in Arabidopsis, it was

obvious that they were both members of the same

pathway (Fig. 5). The fact that different genes in

the same pathway were associated with the semi-

dwarf phenotype in rice and wheat suggests that

comparative genome analysis may offer new can-

didates for allele mining. In cases where a gene is

responsible for phenotypic variation in one species

but no natural variation is known for that gene in

another, scientists can use reverse genetics to

search for novel alleles in exotic germplasm and, if

they discover something useful, it can be harnessed

immediately.

Red pericarp

Most modern rice varieties have white grain, but

red pericarp is ubiquitous among the wild ances-

tors of cultivated rice (Oryza rufipogon). White

grain is associated with domestication and is a

target of strong selection in most rice breeding

programs today. The red pigment in wild rice

grains, proanthocyanidin (Oki et al. 2002), has

been shown to have important deterrent effects
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Fig. 5 (A) Photo of young O. rufipogon (Parent A) and
the semi-dwarf IR64 (Parent B); (B) Pathway for Arabid-
opsis plant stature adopted from (Hedden and Phillips
2000) showing the GA20 oxidase gene (sd1 = GA5)
responsible for the Green Revolution semi-dwarf pheno-
type in rice and the GA regulatory protein (Rht = GAI)
responsible for the semi-dwarf phenotype in wheat; (C)
Concentric circles adapted from (Gale and Devos 1998)
showing the comparative chromosome alignments and

relative genome sizes of seven grass species, where rice is
the smallest (innermost) circle and oats is the largest
(outermost) circle (note: maize is depicted with two rings
to illustrate the recent polyploidy of its genome). Positions
of the two semi-dwarf genes on the comparative map show
no relationship, but positioning them on the GA biosyn-
thesis pathway does illustrate a meaningful functional
relationship between them
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on pathogens and predators (Shirley 1998), mak-

ing the pigmented pericarp a favorable attribute

in the wild. Pigmented rices are also associated

with nutritional and medicinal benefits (Ling

et al. 2001), and are gaining in popularity as a

specialty market. However, red rice is most

familiar as a pernicious weed and represents the

most economically important pest and grain

quality problem in direct seeded rice systems

throughout the US and Asia (Gealy et al. 2002).

Weedy rices interbreed freely with cultivated,

white-grained types and exhibit increased dor-

mancy and shattering, making them difficult to

eradicate from farmer’s fields.

Two loci have been identified with red pericarp

using classical genetic analysis, Rc (brown peri-

carp and seed coat) and Rd (red pericarp and

seed coat). When present together, these loci

produce red seed color (Kato et al. 1928). Both

loci have been mapped using standard two-point

analysis on the morphological map of rice; Rc

on chromosome 7 and Rd on chromosome 1

(Kinoshita 1998). QTL mapping in several BC2F2

populations identified a single, significant QTL

associated with red grain (rg7.1) near the cen-

tromere on chromosome 7. The LOD score

associated with the rg7.1 QTL peaks was 99 and

33, respectively, in two of the populations and the

QTL was consistently detected in multiple envi-

ronments (Lee et al. 2005; Septiningsih et al.

2003a; Thomson et al. 2003). QTL peaks corre-

sponded to the previously mapped position of the

mutant locus, brown pericarp, Rc (Kinoshita

1998). All of the BC2F1 plants in our population

had red seeds, indicating that the rg7.1 locus was

dominant for red color, with the dominant allele

donated by the O. rufipogon parent.

We have recently reported the cloning of a

basic domain Helix-Loop-Helix (bHLH) gene

underlying the QTL rg7.1 for rice pericarp color

(Sweeney et al. 2006). The QTL co-localizes

with the mutant Rc. The functional allele con-

ferring red pericarp was found in O. rufipogon,

and a frame shift deletion before the bHLH

domain in cv Jefferson resulted in a knockout

of proanthocyanidin production, leading to

white rice.

Red pericarp has long been used as marker for

the cluster of domestication traits associated with

weedy rice, including dormancy and shattering

(Gu et al. 2005a; Gu et al. 2005b). Several studies

have placed QTLs for dormancy and shattering in

the pericentromeric region of chromosome 7

encompassing the Rc locus (Gu et al. 2005b).

Now that Rc has been cloned, it is possible to ask

if this association is the result of linkage or

pleiotrophy. Given the reduced rate of recombi-

nation within the rg7.1 QTL reported by Sweeney

et al. (2006), it is logical to assume that genes for

shattering, dormancy and pericarp color have

hitchhiked together in a linkage block. It is also

possible that Rc acts pleiotropically, as do many

other bHLH proteins associated with pigmenta-

tion (Payne et al. 2000; Spelt et al. 2002). The

NILs generated as part of this work will allow us

to test these different hypotheses and, if the

association among these weedy characters is the

result of linkage, to provide recombinant lines to

plant breeders interested in the possibility of

breeding specialty rices with red pericarp but

avoiding alleles that would increase dormancy

and shattering.

The cloning of this gene in rice makes it pos-

sible to ask whether the same gene controls red

pericarp in maize or wheat. Comparative map-

ping shows no homoeology between the position

of the Rc gene in rice and the R gene controlling

red pericarp in wheat. A reverse genetics ap-

proach also failed to locate any ESTs from wheat

that show sequence similarity to the Rc locus in

rice. Although the phenotypes are similar,

molecular genetics experiments suggest that the

mutation leading to white pericarp in the two

genera probably occurred at different points in

the pathway. Phylogenetic comparisons suggest

that Rc is in a different clade than other bHLH

proteins from rice that are known to regulate

anthocyanin but that it is orthologous to In1 in

maize and to tt8 in Arabidopsis (Sweeney et al.

2006). Despite the putative orthology inferred

from sequence analysis, these proteins appear to

have evolved different functions (Sweeney et al.

2006). In1 is known to be a negative regulator of

anthocyanin, with mutations leading to an intense

purple color (Burr et al. 1996), while Rc is a

positive regulator of proanthocyanidin synthe-

sis, leading to no color when function is lost

(Sweeney et al. 2006).
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An immediate application of this work involves

the use of ‘functional markers’ that specifically

target the 14 bp functional nucleotide polymor-

phism (FNP) within the bHLH gene. FNP markers

will facilitate screening for red rice contamination

within certified seed lots, but more importantly,

they can be used to help catch contaminants before

plants set seed. Because the red pericarp is not

visible until after harvest when grains are dehulled,

it is difficult to eradicate in the field. The fact that

the pericarp is maternal tissue, so that its color is

dependent on the maternal genotype, means that

seeds pollinated by red rice can be white (if the

maternal plant carries the rc allele), but plants

grown from these seeds will produce red seeds.

Thus, the ability to detect carriers of the red allele

long before the phenotype is visible will facilitate

the utilization of wild relatives by allowing

breeders to conclusively select against progeny

carrying Rc.

Discussion

A decade of collaborative AB-QTL analysis in

rice has demonstrated that this approach is pro-

ductive in terms of both breeding applications

and scientific discovery. Lines containing wild

introgressions have been used as parents in the

development of new hybrid varieties in China and

are being tested in variety trials in Korea,

Colombia and India. Many of the same lines have

been used as the basis for isolating genes under-

lying QTLs, providing information about gene

function, allelic variation, genetic systems and

serving as the template for the development of

functional markers.

Functional markers are a valuable tool for

implementing marker-assisted breeding strate-

gies. They increase the power and reliability of

marker assisted selection by eliminating the pos-

sibility that recombination will separate a favor-

able allele from its marker and by ensuring that

the target allele is, in fact, present in a breeder’s

lines. Functional markers are being used to select

for several major genes in rice breeding programs,

including the Pi-ta gene conferring blast resis-

tance (Jia et al. 2000; 2004), the waxy gene for

amylose content (Bergman et al. 2001; Sato and

Nishio 2003; Yamanaka et al. 2004), the BAD2

gene for aroma (Bradbury et al. 2005) and the xa5

gene for bacterial blight resistance (Iyer-

Pascuzzi), and as genes underlying QTLs are

cloned, allele-specific markers can also be used to

select for favorable components of quantitative

variation. The development of these markers

depends on knowing the specific functional

nucleotide polymophism(s) that distinguishes al-

leles at a particular locus. In many cases, such as

for the sd1 or waxy genes, multiple alleles are

available in germplasm resources and breeders

will want markers that allow them to distinguish

which of several alleles are present in a given line.

Thus, cloning genes underlying QTLs is not

merely a scientifically motivated activity; it pro-

vides information that is increasingly important to

plant breeders.

AB-QTL analysis has been used productively

by researchers working on a variety of crop spe-

cies. These include the pioneering work in tomato

(Bernacchi et al. 1998), as well as reports in

pepper (Rao et al. 2003), wheat (Huang et al.

2003) and barley (Pillen et al. 2003), among oth-

ers. When AB-QTL analysis is used in maize or

other out-crossing species, it does not identify the

same frequency of positive transgressive QTLs

that is seen in the inbreeding species (M. Smith,

Cornell Univ, pers. comm.). Presumably, this is

because breeders have already accessed most of

the favorable alleles present in Teosinte relatives,

faciliated by the outcrossing habit of maize,

making it less likely that useful novel variation

will be discovered through this approach. How-

ever, as a basic introgression breeding strategy,

AB-QTL analysis is capable of identifying and

selectively introgressing useful components of

quantitative variation from any source, and thus is

relevant as a molecular breeding strategy in many

plant breeding programs.

AB populations consist of lines that are gen-

erally around 85–95% recurrent parent DNA,

making it relatively efficient to select BC2F2 lines

of interest, backcross them for one or two

generations, and create NILs containing only one

or two selected QTLs (QTL-NILs). QTL-NILs

(or testcross hybrids produced from QTL-NILs)

are useful to breeders as parents for further

crossing, or as candidates for new varieties
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containing one or more enhanced attributes. This

approach is in contrast to two-step strategies that

first identify a QTL in a population derived from

a set of divergent mapping parents and then seek

to introgress favorable QTL alleles into an en-

tirely different parental background (Steele et al.

2005). The two-step approach requires many

more generations of marker assisted backcross

selection and often generates lines where the

target QTL does not behave as expected in the

new genetic background. This is due to the fact

that QTLs interact epistatically with other genes

in the genetic background and without a good

understanding of the identity of the interacting

alleles in critical pathways, it is difficult to pre-

dict what impact a QTL introgression will have.

Thus, the fact that QTL discovery is accom-

plished in a genetic background that is of

immediate use to plant breeders is part of what

makes this approach so valuable. Further,

information about pedigrees and population

sub-structure can help a breeder determine the

likelihood that a QTL introgression will have the

desired phenotypic impact in a varietal back-

ground that is not the one in which the QTL was

discovered.

Perspectives and outlook

Gene-based approaches to plant improvement

QTL studies, association analysis and the use of

large mutant populations as the basis for gene

identification are providing plant breeders and

biologists with new opportunities to link genotype

with phenotype and to understand the genetic

causes of superior or inferior performance in a

plant breeding program. Information about

functional Nucleotide polymorphisms opens the

door to exploring new types of genetic variation

and using that variation to construct varieties that

offer a range of novel traits. Understanding what

genes and alleles underlie the traits most impor-

tant to plant improvement shifts the paradigm

that plant breeders use when searching for novel

sources of useful genetic variation. It is increas-

ingly feasible to use gene-based rather than phe-

notype-based approaches for selecting parents or

superior offspring in a breeding program

(Tanksley and McCouch 1997).

To increase the power of the gene-based ap-

proach, favorable alleles and allele combinations

must be mapped onto the pathways that drive a

plant’s metabolism and responses to environment

so that the consequences of variation at any one

locus can be predicted in the context of the other

genes in the pathway (European-Plant-Science-

Organization-(EPSO) 2005). To predict the phe-

notypic consequences of allelic variation at a

particular QTL, it is helpful to understand what

regulatory or biosynthetic pathway is affected,

how the regulation of the various genes in the

pathway is coordinated and how the gene prod-

uct(s) interacts with other genes or gene products

(protein–protein or protein–DNA interactions) to

confer a phenotype. Knowing what other genes

are likely to be affected by an allele substitution

at one locus offers a plant breeder powerful in-

sight regarding the phenotypic consequences of a

particular genetic change. All of the bits of

information currently being generated by evolu-

tionary studies, pathway analysis and systems

biology are beginning to intersect with gene-

based information derived from studies linking

regions of the genome to components of quanti-

tative trait variation for numerous species.

Linking bits of information using ontologies

and controlled vocabularies

QTL analysis in agricultural crops is generally

conducted in a field environment that is relevant

to commercial production and therefore offers

critical information about gene or trait expression

in a context that needs no further translation.

However, to make inferences about trait expres-

sion across environments requires that the envi-

ronment as well as the phenotype be described

and quantified in a way that everyone can

understand. What is often missing from reports

describing QTL experiments is the use of ontol-

ogies or standard controlled vocabulary terms to

quantify variables related to the environment

(i.e., day and night temperature, relative humidity

and moisture regime, soil type and pH, nutrient

availability, biotic stress factors, etc.) and the

phenotype of the plant (description of how a trait
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is assayed and, in particular, the anatomical part

of the plant and developmental stage when the

assay is conducted).

The development of ontologies and controlled

vocabularies is a rapidly evolving science (Clark

et al. 2005; Jaiswal et al. 2005; Pujar et al. 2006)

requiring interdisciplinary collaboration among

biologists, agriculturalists, computer scientists and

software engineers. The objective is to develop

vocabularies (sets of terms with defined relation-

ships to each other) that reflect essential biologi-

cal relationships in a clear and logical way and to

use the vocabularies to annotate observations

when entering data into a database. The

requirement is that the computer must be able to

‘‘read’’ the terms used for annotation and then

use those terms to flag bits of information from

among the millions of data points stored in the

database to identify meaningful relationships.

The development and use of ontologies and

appropriate controlled vocabularies is thus an

essential component of modern biological inquiry

that must go hand in hand with the development

of genome databases.

Genome databases and plant improvement

From the perspective of the plant breeder or

biologist, a genome database makes it possible to

efficiently leverage information from an experi-

ment conducted on one genome or in one envi-

ronment to make inferences about traits, genes

and pathways in another genome evaluated in a

different environment. This helps narrow down

the range of hypotheses that need to be tested.

Genome databases offer sophisticated tools for

data mining and data browsing that make it pos-

sible to find and bring together disparate pieces of

information that have not necessarily been

brought together before. This is only possible if

the computer is able to accurately identify and

catalogue the bits of information entered. The

rapid accumulation of biological information to-

day means that our understanding of the living

world is changing quickly, and with it comes the

requirement to constantly update and refine the

ontologies that underlie our annotation efforts.

While many database users will not choose to

participate in this endeavor, it is imperative that

they understand the importance of using appro-

priate terminologies and controlled vocabularies

when reporting data. These vocabularies provide

the essential infrastructure that allows the com-

puter to link information about traits, environ-

ments, pathways, genes and alleles from diverse

organisms and experiments and offers the breeder

and the biologists insight about what genes do,

how they interact, how they have evolved and

how they are inherited in the context of pheno-

types and plant performance (Bruskiewich et al.

2003; Jaiswal et al. 2006b).

Assembling the pipeline of information

linking genotype and phenotype

Numerous genes and QTLs associated with traits

of interest have been identified over the last

15 years in diverse species. In rice, the availability

of genome sequence and the ability to clone genes

underlying QTL makes it possible to identify

genes that are critical to agricultural performance

and map them to biochemical and regulatory

pathways. Information about the specific genes

and alleles that contribute favorably to the per-

formance of a variety also make it possible for

plant breeders and geneticists to implement a

reverse genetics approach to the selection of

parents for use in crosses. Understanding the

natural sub-population structure of O. sativa of-

fers a framework for investigating how specific

alleles are distributed among the different gene

pools of rice, and offers a guide to more efficient

use of exotic germplasm in plant improvement. It

also allows us to start to make predictions about

which combinations of parents are most likely to

give rise to positive transgressive variation and to

begin to harness that variation in a breeding

program.

Getting the pipeline to deliver new varieties

There is still a gap between our ability to generate

information about which genes and alleles are

associated with phenotypic variation of interest

and a plant breeder’s ability to utilize that infor-

mation to develop a new variety. To help bridge

this gap, we need an efficient system for targeted

allele replacement that does not introduce addi-
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tional copies of genes, does not require selectable

markers and does not disrupt the genome beyond

the minor change that is needed to alter an allele.

With current approaches to genetic transforma-

tion, we are altering the genome in ways that are

ultimately destabilizing. Allele modification based

on site-specific base conversion (Iida and Terada

2005) looks promising when very small changes are

needed to modify a target gene. This is essentially

‘gene therapy’ for plants. Homologous recombi-

nation in plants (Terada et al. 2002) is still ineffi-

cient and costly, but offers promise as a possible

mechanism for allele replacement. New ways of

enhancing and directing the natural process of

meiotic recombination would be an alternative

strategy that would facilitate the introgression of

favorable alleles and would minimize the current

requirement for screening large populations.

Additional approaches that this author has not

thought of are likely to emerge in response to the

need to bridge the gap between our ability to

generate information about genes and gene func-

tion, and the ability to generate productive new

varieties that are an essential component of a sus-

tainable food supply for the future.

This paper has focused on a molecular

breeding strategy that is capable of generating

lines with enhanced performance for use in

breeding and simultaneously for identifying

genes and alleles that underlie the variation of

interest. While our work is focused on exploring

and utilizing natural diversity found in O. ruf-

ipogon as a donor for rice improvement, the

power of this approach is currently limited by our

dependence on meiotic recombination as the

mechanism by which novel alleles are introduced

into our breeding material. New technologies

that allow us to harness the process of recombi-

nation and direct it more efficiently, or that allow

us to target allele modification directly would

greatly enhance the power of this approach. As

we learn more about the diversity of genes and

alleles found in our germplasm resources, we will

find ourselves increasingly limited in our ability

to realize the potential of that information to

drive variety development unless we find efficient

ways to replace alleles. Enhancing the effective

utilization of that variation in plant improvement

is an essential objective of breeding programs

around the world.
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