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Critical considerations for molecular breeding in rice
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ABSTRACT
The last 20 years has seen a tremendous growth in molecular genetics research and breeding rice. While there
have been some outstanding successful examples of rice molecular breeding, there have also been many failures.
Careful analysis of successes and failures indicates several critical factors including parameters of the
quantitative trait loci (QTL) mapping experiment and subsequent testing which is referred to as QTL and
marker validation. In rice, validation research is seldom reported and more activities are needed, as has been
done in other cereals. In order to leverage the wealth of publicly-available genomics resources in rice for
molecular breeding in the future, breeders will need: carefully planned and well-executed QTL mapping
experiments, QTL and marker validation activities, efficient genotyping systems and processes, cheaper
genotyping systems and more breeder-friendly analytical tools. It is imperative that future activities focus on
bridging the disconnection between breeders and molecular geneticists and achieving improved co-ordination
and collaboration. Arguably, the highest priority to achieve success and synergy regarding varietal/germplasm
development in the short-term and the future is the need to integrate breeding with molecular genetics research.

Key words: Rice breeding, marker-assisted selection (MAS), molecular breeding, quantitative trait loci (QTL) mapping,
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Rice breeders have made a large contribution to rice
production and food security by developing new
improved varieties (Peng and Khush 2003). The majority
of inbred varieties have been developed using
conventional breeding methods, such as pedigree or bulk
breeding methods (Khush and Virk 2005; Collard et al.
2013). Rice breeding programs involve a large amount
of work including hybridization, screening segregating
populations (i.e., by eliminating unwanted lines and
promoting desirable ones) and conducting field trials
across several locations and years. In general, tens to
hundreds of crosses are made and each breeding
population usually consists of 1000 to 3000 individual
plants. Therefore, rice breeders work with large plant
populations (i.e., often tens of thousands of plants or
more), which must be screened to eliminate undesirable
plants and retain and promote lines with desirable
genetic combinations.Behind the scenes are

considerable logistical activities involving seed
processing, organization and archiving. Rice breeders
also manage large amounts of data (e.g., using
spreadsheets or in-house or commercial data
management systems), and perform considerable data
analysis using a range of statistical methods. These
activities are critical activities that are critical to develop
new varieties.

DNA markers or molecular markers may be
used as tools by breeders to increase the accuracy or
efficiency of selection (Dwivedi et al. 2007; Xu and
Crouch 2008). Using DNA markers can translate into
benefits of efficiency for plant breeding programs.
These markers have been developed over decades on
research in molecular biology and genetics. They have
numerous applications including DNA fingerprinting,
genetic diversity analysis, parental characterization of
known genes and marker assisted selection
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(MAS)(Collard and Mackill 2008).  DNA markers have
been a powerful tool for plant breeders to select for
major genes or quantitative trait loci (QTLs) with large
effects for critical or important traits, and thus have
enormous potential benefits to breeders. The
development of new genotyping methods and systems
offers even more potential for modern rice breeders
(Thomson 2014).

Some successful examples of rice molecular
breeding (e.g., Sub1 variety development) have been
regarded as case studies for crop species since varieties
were developed, released, disseminated and adopted
on a large scale (Singh et al. 2013). Furthermore,
several large-scale rice molecular breeding projects
have been undertaken and successfully completed
(Singh et al. 2016). However, despite some success
and a large investment of resources in this applied
research area, there are many examples where the use
of markers has not led to the development of new
germplasm in public rice breeding program (Young 1999;
Dwivedi et al. 2007; Collard and Mackill 2008). These
findings are usually anecdotal and reports of
unsuccessful molecular breeding activities are usually
unpublished.In this review, we explore some critical
factors required for QTL mapping and successful MAS
in rice. Importantly, some of these issues are not just
technical ones but are related to how research programs
are designed and managed, and due to the culture of
science research.

Background and context

As discussed above, rice breeders have been very
successful in selecting for a wide range of traits using
only conventional methods. Therefore, it is pertinent to
ask the question "when should a rice breeder use
MAS?" As pointed out by Collard and Mackill (2008),
breeders do not need to use markers for every trait,
even if perfect markers are available. An example of
this is flowering time (or heading date). Many genes/
QTLs have been extensively characterized for this trait
and many actual genes in the flowering pathway have
been cloned. However, this trait is very easy to select
for in the field using visual assessment within a typical
rice breeding program, so in practice, markers are not
needed specifically for this trait by breeders. So
therefore, the answer to the above question is: when
markers provide an advantage of conventional

phenotyping or breeding. In other words, when they
save time, labour, resources or money. The full
advantage of MAS can be realized when markers are
used to do something that cannot be done using
conventional methods such as marker-assisted
backcrossing (MABC) or marker-assisted pyramiding
(Collard and Mackill 2008). The advantages of using
markers compared to conventional phenotypic
screening may be determined by doing a cost-benefit
analysis, although this has rarely been reported by rice
molecular geneticists or breeders.

A brief overview of QTL mapping

Marker-trait associations are identified by QTL mapping
experiments which are usually performed by molecular
geneticists. In brief for classical QTL mapping
experiments, a segregating population (e.g., F2,
recombinant inbred lines) is used as the experimental
population for phenotypic evaluation of traits of interest
(McCouch and Doerge 1995; Yano and Sasaki 1997;
Collard et al. 2005; Semagn et al. 2010). DNA is
extracted from each individual plant and then genotyped
so that the DNA marker information is used to generate
a linkage map. This map is then used to locate genomic
regions associated with the trait using statistical methods
such as 'interval mapping'. The positions of QTLs
controlling the traits are then mapped relative the
markers used in map construction.  The importance of
a QTL is usually indicated by a logarithm of odds (LOD)
score and the R2 value which indicates the effect of
the QTL. The higher the LOD score, the more likely
the presence of a QTL in the region; the larger the R2
value, the greater the effect of the QTL in terms of its
contribution to the trait phenotype. In rice, because full
genome sequences are available, markers can be
correlated to the physical position of the rice genome
sequence.

An alternative approach is called association
mapping or genome wide association study (GWAS) in
which a panel or set of accessions or breeding lines is
used (Zhu et al. 2008; Korte and Farlow 2013). This
method is often used when the objective is to identify
QTLs from a gene bank sample of accession (referred
to as a 'panel'), however breeding material may also be
used (Begum et al. 2015). Instead of interval mapping
methods, association-based methods based on linkage
disequilibrium (LD) are used to detect associations
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between marker and trait (Flint-Garcia et al. 2003).
An important step is to determine the population
structure or relatedness in order to minimize the
detection of false positive QTLs. The main advantages
of this method is the convenience of using a readily-
available set of germplasm ( i.e., a segregating
population does not need to be developed) and the
resolution is higher because a large number of markers
are used. However, this latter point necessitates the
need for high-throughput marker systems (usually single
nucleotide polymorphism or SNPs) to be used (Rafalski
2002).

Critical factors in QTL mapping

It should be emphasized that a QTL map is just a unique
output of the experiment that was performed. There
are many critical factors that determine the accuracy
and relevance of the experiment. Sources of error could
involve trait or phenotypic data, marker or genotypic
data, or analytical errors may occur. Based on review
of the literature, the main factors that determine the
accuracy of QTL mapping are indicated in Table 1.

Based on practical experience, the two most
critical factors are: (1) accuracy of the phenotypic data;
and (2) population size of the mapping populations. The
importance of accurate trait data has long been reported
(Young 1999; Myles et al. 2009). Often, ordinal scales

are used for trait characterization because they are
commonly used by rice breeders (see for example IRRI
standard evaluation system; (IRRI 2014). Furthermore,
scoring scales should not be based on subjective ratings
scales (Poland and Nelson 2010). In order to properly
characterize quantitative traits, reliable phenotyping
methods are required to maximize the detection of
genetic variation (Cobb et al. 2013), but this is not
usually the role of molecular geneticists.

Population size ultimately determines the
precision of the QTL experiment in terms of identifying
the number, location and effects of QTLs (Raghavan
and Collard 2012).  Estimation of QTL effects may be
greatly over-estimated or even underestimate due to
small population sizes.Heritability (e.g., broad-sense)
should be calculated in order to understand the
proportion of genetic variance that has been explained
by the QTLs.

Relevance to breeders and external validity

Like any biological experiment, the rational and
objectives should be clearly defined and ultimately
associated with field conditions. First and foremost, the
trait(s) should be a high priority for rice breeders, and
defined by the breeders. Phenotyping methods should
be highly correlated with field testing. Markers may be
highly reliable for a specific assay (e.g., greenhouse-

Table 1. Important factors in accuracy of QTL mapping

Factor Comments Some relevant references

Population size Typical population sizes used are 100-250 individuals Raghavan and Collard
but more are required to detect QTLs with small effects (2012)
and improve precision. For association mapping, panels Wang et al. (2012)
of >300 are typical.

Accuracy of phenotypic data QTLs can only be reliably mapped with accurate data. Cobb et al. (2013)
Garbage in, garbage out. Poland and Nelson (2010)

Marker order Topic rarely discussed in rice due to ordering based on Collard et al.(2009)
physical map. However, caution should be noted because
there are differences between indica and japonica. Chen et al. 1997

Number and coverage of markers Even chromosome coverage is ideal but can be difficult in
some elite mapping populations in some chromosomal
regions.

Reliability of marker systems used More relevant to older marker systems such as random Parsons et al. (1997)
amplified polymorphic DNA (RAPDs). Markers often need
to be converted or new ones developed going from
"maps to MAS"

QTL mapping methods used There are inherent limitations of the methods. There are also Li et al. (2007)
unreported differences between software programs methods.

False positive QTL results Possible in any experiment, but less likely in larger Raghavan and Collard
population sizes. Population structure needs to be (2012)
accounted for in GWAS. Wang et al. (2012)
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based disease or abiotic stress tolerance test) but there
would be little value using these markers if this assay
was not an effective predictor of field resistance or
tolerance. In practice, information regarding the trait
under investigation is lacking and can undermine the
effectiveness of subsequent marker-based selection.

Of equal importance are critical factors
regarding the validity of the experiment for actual
breeding in field conditions. QTL experiments often do
not consider genotype by environment (G x E)
interactions. Breeders are well aware that G x E
interactions that may complicate traits phenotyping.
Variation in phenotypic data exists within and between
greenhouse and field trials. For field trials, there are
usually large variance components for locations and
years within multi-environment trials (Atlin et al. 2011).

The relevance of parents used to develop the
mapping populations should be considered for breeders.
Often mapping populations are derived from parents
that show a large contrast for the trait being
investigated. While this has some advantages for QTL
mapping, the extremes being may not provide an
accurate picture of the value of the QTL alleles being
identified when they are introgressed into elite genetic
backgrounds. In other words, breeders develop elite
material that often have "good" alleles for many traits,
although they may not be the "best alleles". For example,
a cross could be made between a very resistant (VR)
and a very susceptible (VS) parent. Large effect QTLs
may be detected from this study, however the effect of
allelic substitution may be less than expected because
moderate effect QTL alleles may already be present
at this locus in elite breeding material. Finally, the effect
of genetic background must be considered. Genes and
QTLs may behave differently in different recipient
parents due to interactions or epistasis (Hayes et al.
2008; Islam et al. 2011).

Some molecular geneticists claim in
publications that MAS can proceed directly after QTL
mapping research. However in our experience, this is
certainly not the case. Due to all of the potential pitfalls
described above, it has been previously advised that
performing QTL and marker validation activities are
critical prior to MAS in breeding programs (Collard and
Mackill 2008; Collard et al. 2008). Breeders must know
several details about the markers tools they are using
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Surprisingly this is not often reported in rice, although
there are more examples of these research activities in
wheat and barley (Eagles et al. 2001; Hayes et al.
2008).  The need to perform QTL and marker validation
activities is one of the main take-home messages from
this paper.

What limits the use of MAS in actual rice
breeding programs?

There are literally thousands of QTLs that have been
previously published and characterized, which implies
that there are thousands of markers available for
breeders used in selection. Interestingly, surveying or
discussions with current rice breeders indicates that
this is not the case (i.e., today rice breeders only have
a very limited number of validated markers ready to
use). For arguments sake, let's assume that all QTLs
that have been published are real and accurate. The
question then posed is "why have there been relatively
few published examples of rice varieties that have been
developed using successful MAS?" Although breeders
do not usually prioritize publishing their activities, we
believe that there are several factors (discussed below)
that explain this observation.

The cost of marker genotyping is surely one of
the biggest obstacles to wider implementation of
molecular markers. The majority of public sector rice
breeding programs have extremely limited funds for
genotyping and there is simply no scope to implement
routine MAS. In practice, options are extremely limited,
complicated and risky to substitute a component of the
conventional breeding program for a new technology,
because there are a suit of essential processes that
breeders must do to develop a new variety. Although
there are many promising SNP marker platforms, there
are still considerable initial challenges to establishing
routine marker genotyping systems, via in-house labs
or outsourcing (Thomson 2014).

Access to routine marker labs is another
problem. Some public sector breeding programs in
some Asian countries lack the funds to establish a
molecular breeding labs which require a significant
initial investment and sufficient human expertise ( i.e.,

(i.e., reliability in terms of selection accuracy for trait,
effectiveness in different genetic backgrounds) and this
information should be provided by molecular geneticists.
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dedicated staff with specialized training). While several
central breeding institutes have access to a
biotechnology lab, regional satellites rarely have a well-
defined pathway for routine marker screening. Although
out-sourcing options provided by commercial genotyping
service laboratories are becoming more common and
accessible, in practice there are still several important
bottlenecks such as the logistics of sample collection
and processing, and high throughput DNA extraction.

In contrast, some of the larger private breeding
companies have highly-efficient and effective molecular
breeding support teams and pipelines that are fully
integrated with breeding objectives (Eathington et al.
2007).  Consequently these molecular breeding support
systems generate large amounts of molecular data
which is directly used in molecular breeding.
Unfortunately the public sector and many smaller rice
breeding companies in Asia do not have the initial
resources or organizational structure to establish
equivalent molecular breeding support teams.

A question that we have often pondered is "why
is the research carried out by molecular geneticists so
disconnected with what breeders need?" Collard and
Mackill (2008) described two critical gaps that limit the
implementation of MAS in breeding: 'knowledge gap'
and 'application gaps'.  The knowledge gap was
described as the two-way lack of understanding of
essential concepts required in molecular and
conventional breeding. Many breeders may not
understand topics in molecular breeding in sufficient
detail and molecular geneticists often do not understand
breeding processes well enough to identify the most
strategic stage to apply markers. This also prevents
integration between breeding and molecular geneticists
including sharing of germplasm such as mapping
populations or sharing of information or trait data.

The 'application gap' refers to the different
motivations of breeders and molecular geneticists.
Breeders are usually focused on developing new
varieties whereas molecular geneticists are focused
more on gene/QTL discovery and ultimately
publications. This has been attributed to the culture of
scientific research community (Van Sanford et al. 2001;
Collard and Mackill 2008). Molecular geneticists may
also be more interested in trying to go to the gene level
or investigate gene expression. While these are valid

endeavours from a basic science perspective, they may
detract from goals of molecular-assisted germplasm
development. This situation could change if
management of molecular geneticists in the public sector
could place more emphasis on applied outputs and
outcomes as in done in private breeding companies.
Furthermore, the location of breeding and molecular
genetics research is often separate, and may occur at
different institutions (i.e., regional breeding station and
university or central government headquarters) which
can undermine effective integration.

Funding for molecular genetics and/or breeding
research can also be sub-optimal. Some funding
agencies can fund molecular breeding projects that are
imbalanced towards molecular genetics research and
fail to provide adequate resources for applying results
in breeding programs. Breeders may be attached to
projects as a 'token' gesture, rather than by the genuine
need to integrate. The opposite situation may also be
true where large scale breeding programs do not provide
enough 'wet lab' resources for QTL mapping
experiments, highlighting the need for careful
management of project activities and allocation of
resources. The bridging of all of the above-mentioned
gaps in the public sector would ensure efficient use of
resources and that outputs lead to positive outcomes
for rice breeding programs.

Future prospects and conclusion

Recently, there have been encouraging developments
in options to outsource genotyping (Thomson 2014) and
in new molecular support tools, although the lack of
open-source, publicly available tools is still an obvious
gap (Varshney et al. 2015).There have been some
encouraging developments in new molecular breeding
schemes in rice such as 'genomic selection' (Heffner
et al. 2010; Nakaya and Isobe 2012; Desta and Ortiz
2014; Heslot et al. 2015). This method is based on using
very large numbers of markers (usually SNPs) to predict
trait phenotypes based on the detailed phenotypic and
genotypic characterization of a 'training set'. This
method generally uses very large numbers of markers
(e.g., 1000 to >10,000 markers) located all over the
genome rather than markers which are specifically
associated with genes or QTLs. Recent research has
indicated that including known genes or QTLs from
QTL mapping experiments can increase the accuracy

Critical considerations for molecular breeding Collard et al
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of prediction (Spindel et al. 2016). However cost per
sample, rather than cost per marker data point and open-
source breeder-friendly software tools are still huge
obstacles to overcome for this scheme to be routinely
applied. Considerable further empirical testing is still
needed in rice.

In conclusion, QTL mapping experiments are
the first step in identifying loci controlling traits using
conventional interval mapping or association mapping-
based methods. There are many subsequent steps
required before the ultimate use of associated markers
in actual rice molecular breeding. Currently, most rice
breeders do not have a large arsenal of marker kits to
select for their high priority traits. Molecular geneticists
and breeders must work closely together on common
objectives and research needs to be integrated. Highly
efficient and cheap genotyping systems are desperately
needed for routine MAS to serve rice breeders, because
it is likely that MAS will focus on major genes or large-
effect QTLs in the short to medium term.

In order to leverage the wealth of publicly-
available genomics resources in rice for molecular
breeding in the future, breeders will need: carefully
planned and well-executed QTL mapping experiments,
QTL and marker validation activities, efficient
genotyping systems and processes, cheaper genotyping
systems and more breeder-friendly analytical tools.
Integration between breeders and molecular geneticists
will be critical to develop new germplasm using
markers. With the continual and rapid developments in
rice genomics (The 3 2014; Matsumoto et al. 2016), it
cannot be emphasized enough that breeders and
molecular geneticists will need to work more closely
than before in order to effectively integrate activities.
Improved co-ordination and collaboration regarding
germplasm development between breeders and
molecular geneticists and some fresh thinking will also
be important to achieve synergy.

Disclaimer

The opinions expressed in this article are those of the
authors and do not reflect the view of IRRI.
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