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Abstract

Background 1In crop breeding, ‘trait develop-
ment’ is the improvement of specific characteris-
tics, typically using landraces as a source for intro-
duction into elite lines. Trait development exists
upstream of ‘breeding,” which generates new
varieties to be grown by farmers. While both are
active areas of research, trait development is often
overlooked, despite being a critical step in link-
ing upstream research with breeding. The field of
root biology provides many excellent examples of
upstream research that requires further trait devel-
opment to generate new varieties.

Scope Here, we describe the IRRI rice Trait
Development Pipeline which provides a framework
of clear protocols to discover, test and validate
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research outputs and maximize their potential for
impact in mainstream breeding. We recommend
specific steps in the context of further trait devel-
opment for several rice root biology studies based
on the guidelines established in the IRRI rice Trait
Development Pipeline. Common trait development
recommendations for areas such as root biology
include ensuring the relevance of studied traits to
field performance, rigorous testing to ensure reli-
ability of genes and marker systems in elite back-
grounds, and the packaging of those genes into
elite material that can be easily used in breeding.
Conclusion In implementing the Trait Development
Pipeline, it is expected that recurrent selection-based
breeding strategies will benefit more from linkages
with upstream research areas, such as root biology, by
implementing marker-assisted selection to increase
the frequency of large-effect rare alleles that currently
exist outside the elite gene pool without hindering the
genetic improvement that comes from quantitative
breeding methods.

Keywords Rice - Root - Breeding - QTL - GWAS -
Trait development - Population

Abbreviations

TDP  Trait Development Pipeline

CSSL Chromosome segment substitution line
NIL  Near-isogenic line
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Introduction

Development of new, improved varieties of crops
involves optimization and improvement of a wide
variety of traits, including yield, quality, disease
resistance, and stress tolerance. Research enabling
this trait improvement is often captured under the
umbrella of trait development, or pre-breeding, and
includes trait discovery, trait validation, trait engi-
neering, trait integration (of more than one trait), trait
evaluation, and trait deployment and monitoring. By
managing the introduction of novel large-effect alleles
into elite backgrounds useful to breeding programs,
trait development accelerates the breeding process by
generating a step-change in the mean genetic merit of
an elite line. In this manuscript we present the IRRI
rice Trait Development Pipeline (the “Trait Develop-
ment Pipeline”), a systematic, step-by-step process to
identify, develop, and implement desirable traits in
crops (Platten and Henry 2023), which aims to iden-
tify new sources of genetic variation for important
traits, elucidate their genetic control, and make novel
genetic variation available for easy use by breeders.
One area of research that stands to benefit from
trait development is the linking of root biology
with breeding. Root traits confer important adaptive
advantages to many climate-related stresses that are
affecting crop productivity. Given the difficulty of
phenotyping root traits under conditions that are rel-
evant to farmers (i.e. in soil, under field conditions),
the improvement in our understanding of root biology
in the previous decades has been remarkable. How-
ever, the level of adoption of root biology research
outputs by crop improvement programs has been less
than could be desired. Meanwhile, breeding programs
are struggling to achieve the rates of genetic gain
required to meet growing demand (Seck et al. 2023).
Trait discovery studies, including many root biol-
ogy studies, typically involve screening of diversity
panels, physiological dissection of tolerance/resist-
ance mechanisms, and gene/QTL identification.
While the majority of these studies involve manipu-
lation by transgenics or genome editing, a significant
number describe effects from naturally-occurring
variation that could be applied in plant breeding in
a straightforward manner. However success stories
documenting the effective use of these genes in main-
stream breeding (and subsequent deployment in farm-
ers’ fields) are much less common (Khaipho-Burch
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et al. 2023). This lack of uptake limits the potential
progress by breeding programs. Even where genes
are known and characterized, many of these are not
utilized in mainstream breeding (Platten et al. 2019;
Wissuwa et al. 2016). This is particularly notice-
able with disease resistance, where many of the most
effective genes for blast and bacterial blight resist-
ance are completely absent from mainstream breeding
programs (Juma et al. 2021). In the absence of these
genes, breeders are reduced to relying on phenotypic
selection—competing with improvement in yield—
and on genes of lower overall effectiveness.

Possible reasons that many traits/genes/QTLs that
have been identified but are not getting used include
a) lack of sufficient evidence for the reliability of the
gene/QTL under field conditions, b) lack of avail-
able materials necessary for utilization (high-quality
donors, reliable markers) and c) lack of awareness
of the trait discovery research output by breeders.
Understanding what factors are contributing to the
lack of application in mainstream breeding is essen-
tial, and from this, a strategy to address these limiting
elements can be devised to guide the trait develop-
ment efforts.

Key requirements of trait development
for breeding purposes

In considering how to make trait development prod-
ucts, such as root traits and QTLs, more attractive
to breeders, it is necessary to understand a modern
breeding program (i.e. Bhosale, Thathapalli-Prakash
et al. In review), and from there determine where the
usefulness of trait development products is maxi-
mized. In backcross-based breeding programs, genes
are often introgressed into existing popular varieties
to improve those varieties one trait at a time with no
intentional effort to generate genetic gain for quantita-
tive characters. In this case, the ceiling for improve-
ment remains the existing popular variety. However
in forward breeding programs, the focus is on gener-
ating genetic gain for quantitative characters through
the improvement of populations over multiple breed-
ing cycles. At each cycle, superior segregants are
identified, and selected individuals are recycled to
use as parents for the next generation. These progeny
form an “elite” pool of material through the accumu-
lation of valuable polygenic haplotypes over many
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generations. To preserve the integrity of these elite
haplotypic combinations, recurrent selection neces-
sitates a closed pool of parents, drawn solely from
the superior elite segregants of the previous cycles.
Exotic material (such as from landraces and Gen-
ebank accessions) is not typically used directly in
crosses to avoid disrupting the haplotypic combina-
tions that have been meticulously assembled through
generations of breeding. Consequently, some form of
trait development is needed to link upstream work on
Genebank accessions with elite breeding pools.
Qualitative genetic variation is controlled by one
or a small number of loci (oligogenic) with major
effects, such as is commonly seen in disease resist-
ance traits. Most trait development activities aim to
identify such variation. The intent of marker-assisted
selection (MAS) is to replace (or at least supplement)
existing phenotypic/polygenic selection processes for
a certain trait (involving many small-effect loci) with
oligogenic methods (few loci of significant effect).
Breeders therefore need to be confident that marker-
assisted selection will be effective by knowing that:

— the major loci (genes/QTLs) are reliable: they are
being used to replace or supplement phenotypic or
genomic selection for a particular trait. Reliability
of a locus includes both effectiveness in the field,
and in the germplasm a breeder is working with.

— the marker systems are reliable: selection will typ-
ically use low-cost marker-assisted technologies.
The marker systems must accurately select for the
desirable and undesirable alleles or haplotypes
across the range of diversity encountered in the
target breeding programs, and possibly much more
widely.

To achieve this integration of oligo- and polygenic
selection, trait development must therefore address
the following issues:

— There should be no reasonable doubt the gene/
QTL is conferring a useful benefit for relevant
traits under field conditions.

— There should be adequate evidence of its effective-
ness across a diverse range of elite genomic back-
grounds.

— Selection methods should be reliable, high
throughput and low cost.

— Validation (phenotyping) protocols must be avail-
able to breeding programs.

— The gene/QTL must be available in diverse, high-
quality elite lines for use as parents in the breed-
ing programs, without yield or genomic penalties
from the original poor-quality donors.

The trait development process can subsequently be
designed to specifically address these requirements.

Structure and operation of the TDP

Trait development is a complex process, involving
numerous activities and steps. To systematically
organize this, a stage-gate system has been adopted.
Stage-gate systems are a common framework
used to formalize product development pipelines
(Covarrubias-Pazaran et al. 2022), whereby the
development process is divided into major stages,
each representing significant milestones along the
product development process. At the conclusion of
activities in a stage, a review process is undergone
against defined advancement criteria (the gate), at
which point a decision is made whether to advance
to the next stage. This process ensures major mile-
stones are met, quality standards are enforced,
and if problems and issues arise that mean fur-
ther development is unlikely to be productive, that
development terminates as soon as possible.

In applying this paradigm to trait development in
rice, a Trait Development Pipeline (TDP) structure
was developed as shown in Fig. 1, with advancement
criteria summarized in Table S1. This organizes trait
development into six stages, beginning with evalua-
tion of demand and proceeding through to delivery of
materials and information to breeding programs. The
structure entails an iterative nature focused on several
cycles of evaluation: stage 1 evaluates whether trait
development is needed, after which stages 2 and 3
are focused on initial discovery, during which evalu-
ation is necessarily crude and preliminary. Promising
loci are refined in stage 4, leading to a more rigor-
ous validation in stage 5. Loci passing the stage 5
evaluation are then scaled up and final confirmation
established in stage 6. Each validation cycle serves
to give a greater level of detail and certainty regard-
ing candidate loci, and hence multiple points at which
development could be halted if it appears the locus is
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Fig. 1 Overview of the
Trait Development Pipeline
process. Each stage is
aimed at addressing one or
more major issues required
for confident application of
MAS in mainstream breed-
ing. The images illustrate an
example implementation of
the Trait Development Pipe-
line from a root/drought
study (from top to bottom):
stagel: field drought screen-
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ing of a diversity panel with
a range of phenotypes and
durations among acces-
sions, stage 2: phenotyping
by root sampling in the field
(left) and an example root
scan from field samples
(right), stage 3: Manhat-
tan plot from GWAS on
the diversity panel root
phenotype results, stage 4:
Deployment of promising
root QTLs identified from
the GWAS by introgression
into an elite background,
stage 5: field drought test-
ing of deployment lines
showing uniform pheno-
types and durations among
lines, stage 6: amplification
and diversification of elite
donor lines

not suitable. Conducting such cycles of validation is
important in providing the confidence in locus effect
that is needed before advocating its use in breeding.
The process is complex and will involve contributions
from multiple expert teams. However the stage-gate
framework and clear quality control targets outlined
in the advancement criteria show each team what
they need to produce to link with the next stage of
development, and hence maximize the chance of
advancement.

Stage 1: project scoping
Stage 1 aims to evaluate whether trait development

is required, to organize existing information about
the trait, and formulate a trait development plan.
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Stage 2

Determination of whether trait development is needed
is a function of demand (market-driven demand,
where possible, and based on known gaps in the elite
breeding material). This may be modified further
based on relative trait priority and available resources.
Assuming demand justifies investment in trait devel-
opment, reviews of literature regarding known donor
varieties, genes, screening protocols, marker systems
etc. helps place prospective activities in relation to
other work done. It is quite common, at least in rice
and including root biology studies, to find previous
studies for many traits that have investigated genetic
variation contributing to phenotypic differences. In
this case the known donors, genes and QTLs etc. can
be evaluated against the same advancement criteria
outlined in the TDP, thereby highlighting strengths
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and weaknesses in the current body of knowledge,
whether it has achieved the major outputs required:

1. Has the gene been validated in relevant elite
backgrounds?

2. Has the gene been validated under relevant field

conditions or against relevant pathotypes?

Are donor materials available (elite or non-elite)?

4. Is the favorable allele already present in elite
materials, particularly at high frequencies?

e

By evaluating literature against the predefined
advancement criteria of the TDP (Table S1), strengths
are noted and gaps are highlighted. Trait development
activities can then be tailored to specifically fill these
gaps. For example, although QTL mapping and even
cloning studies have been carried out, validation in
elite material is rarely conducted. Hence if a gene has
been cloned and has reasonable evidence of efficacy,
but is not available in accessible elite backgrounds,
it may be possible to skip stages 2 and 3 and pro-
ceed directly to deployment of a cloned gene to elite
backgrounds for validation. In another example, if a
cloned gene is already at modest frequencies in cur-
rent elite material, the only trait development work
needed is the design and implementation of reliable
marker systems. This gap analysis informed by the
TDP then forms the basis of a trait development plan.

Stage 2: screening protocol, donor discovery

In the event current knowledge is not sufficient to
meet breeding targets, stage 2 is the initiation of
actual research and development for the target trait,
and is responsible for three critical outputs:

1. Development of a reliable, farmer-relevant
screening protocol

2. Assessment of the variability for a trait in the
current breeding pool

3. Discovery of donor material with substantially
improved trait value, possibly combined with
GWAS

Development of a screening protocol is one of
the most critical outputs of the trait development
process. This protocol will be used at every step of
the way, from identifying donors and QTLs, validat-
ing introgression products and through to validating

breeding products once the trait development process
is complete. It is therefore essential that the screen-
ing protocol be relevant to actual field performance
and that the screening focus on a field-relevant trait
(rather than component traits), since they are how
farmers assess performance. For example with stress
tolerance traits, traits relevant to field performance
may include maintenance of growth and/or health
under stress at the vegetative-stage, while at repro-
ductive stages this would likely be maintenance of
yield under stress. Multiple physiological and genetic
mechanisms (“component traits”) could contribute to
these overarching field-relevant “composite traits”.
For example, Fonta et al. (2022) considered shoot
biomass as the composite trait in a study on vegetative
stage drought stress and rice. They identified multi-
ple “integrated root phenotypes” (Klein et al. 2020)
— combinations of root traits that were related to the
composite trait of shoot biomass. One integrated root
phenotype was comprised of high nodal root number
at depth, large root cross-sectional area, and a high
proportion of root cortical aerenchyma. The other
integrated root phenotype which was equally effective
in contributing to high shoot biomass under drought
was comprised of high nodal root number at depth,
small root cross-sectional area, and small metaxylem
vessels. Therefore, it may be most practical to focus
QTL mapping on the composite traits and to dissect
the related physiological mechanisms once a QTL is
identified.

A common discussion amongst screening proto-
cols is whether screening should be done under con-
trolled conditions, or under natural field conditions—
both of which have strengths and weaknesses (Plessis
2023; Juenger and Verslues 2023; Vadez et al. 2024).
Field conditions represent critical relevance, but they
are often unreliable (i.e. the target conditions do not
occur every season); stresses are not uniform over
plots and between seasons, screening is limited by
seasonal activity and hence slow, and results from
one field might not correlate with those from another
field. Disease screening is limited to pathotypes pre-
sent in those specific locations tested. Controlled
environments have natural advantages in precision,
allowing on-demand, potentially year-round screen-
ing (and hence allow much faster progress), screen-
ing can be carried out at varying stress levels, tim-
ing of incidence, across a broad range of pathotypes,
and lower costs. However, the precision of these
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conditions means eliminating many other environ-
mental factors that might also contribute to the trait
of interest. For example, controlled environments
typically restrict the volume of the root zone and thus
the total amount of resources available for uptake,
typically expose the plants to lower light levels than
under field conditions, often involve substrates very
different from field soils, and result in unavoidable
differences in soil hydraulic conditions (Passioura
2006).

To achieve the best outcomes of trait development,
an effective integration of both types of screening is
required. Controlled environment screening lends
itself to initial discovery efforts due to its higher pre-
cision of results and on-demand nature. This enables
screening of larger panels of material without requir-
ing impractical levels of replication. However, the
controlled screening protocols need to be validated
for their phenotypic representation of field perfor-
mance. Hence the workflow would be to first establish
correlations between controlled environment and field
screens. The controlled environment screen is the
basis for discovery efforts, being applied to GWAS,
biparental mapping activities, and initial validation of
introgression products (stages 3, 4). Shortlisted germ-
plasm is then validated in the field. Final validation of
introgression products (stages 5, 6) then moves back
to multi-location field evaluation to confirm effective-
ness of the QTL in elite germplasm.

Screening protocols are developed for application
to the target material, both potential diverse donors
and elite breeding material. Here, “elite material” is
defined as breeding lines performing equivalent to the
current cohorts of material under early or advanced
yield trials in the breeding programs. Elite material
does not include landraces or very old (15 + years)
varieties. There is always some level of variation in
elite material, and if this is sufficient to meet trait
targets it is possible to short-cut some trait develop-
ment activities. For example high-performing elite
material would be the preferred donor, and so QTL
mapping could be focused on Mendelizing the trait
and simplifying selection through enabling reliable
marker-assisted selection—this still has substantial
value even if the locus is found in elite lines. Once
identified, however, stage 4 activities would be min-
imal since the gene is already in elite backgrounds,
and those elite lines could be used directly by breed-
ers —together with the appropriate marker system.
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Alternatively although some elite lines may per-
form better than others, none may reach the level of
improvement required. In this case the elite variation
gives a target that prospective landrace donors must
exceed; they are less likely to contribute if they can-
not beat current elite lines.

Besides evaluating the elite material, the screening
protocol can also be applied to identifying new donor
material, such as landraces that have substantially
better trait value than seen in elite material. Screen-
ing for new donors could be optimized using the
Focused Identification of Germplasm Strategy (FIGS)
to enrich the pool of potential donors (Street et al.
2016), for example by screening Genebank acces-
sions that were collected in regions where the target
stress frequently occurs. It also lends itself naturally
to GWAS investigation, and hence stage 2 may give
the first indication of loci contributing to the trait.
However GWAS should not be seen as the end of
discovery, as outlined in stage 3. One factor show-
ing promise for traits such as abiotic stress is to iden-
tify donors with diverse backgrounds — geographic
origins, genetic relationship, or even physiological
mechanisms if these are known. These diverse ori-
gins have a better chance of representing independ-
ent evolutionary origins for improved performance,
and hence the possibility of complementary genetic
mechanisms which could be combined to produce
even greater performance, maximizing the output of
trait development activities.

Stage 3: locus discovery

Following GWAS, much more work is necessary
before those research outputs can be used in breeding.
Stage 3 focuses on deriving rigorous evidence for the
genetics contributing to the trait. Donors identified in
stage 2 are used to produce biparental mapping popu-
lations for QTL mapping. Donors may come from
GWAS results (carrying the favorable haplotype)
or may simply have a highly desirable phenotype.
GWAS may indicate where a QTL is likely to be,
however, it is biased towards common, large-effect
loci (Bernardo 2016). Depending on the reference
genome used, GWAS may not detect some important
alleles as they may be absent in certain genetic back-
grounds (Tranchant-Dubreuil et al. 2019). GWAS
also gives no indication on whether a QTL is likely
to work in elite backgrounds, which becomes more
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important as the divergence of the donor from elite
material grows (Juma et al. 2021). Following identi-
fication of GWAS peaks, favorable haplotypes can be
identified based on the phenotypic data, and the fre-
quency of that favorable haplotype in the elite breed-
ing pool can be assessed. GWAS thus requires signifi-
cant follow-up work to address issues related to using
a new locus in mainstream breeding.

For maximum benefit in breeding, a new locus
identified through QTL mapping or GWAS must be:

e Able to confer significant improvement (effect
size) in the trait of interest

e Effective in elite backgrounds (vs. in non-elite
backgrounds)
Stable across elite backgrounds
Effective under field conditions

These criteria reveal two common tradeoffs of
depth vs. breadth: evaluating stability across different
backgrounds versus reducing false discovery through
evaluating a large, rigorous population in one back-
ground; and secondly, evaluating large populations
in one controlled environment vs. evaluating much
smaller panels in numerous locations/environments.
The primary expenses in locus discovery efforts are
typically time (to produce and screen populations)
and genotyping costs, which have driven many efforts
to “optimize” trait development and may lead to com-
promises in data quality and reliability.

For example, researchers often phenotype/geno-
type early generation, non-fixed (e.g. F,) populations
to speed up the discovery process. However, F, popu-
lations preclude replication at the level of genotype;
they cannot be re-examined in multiple experiments
or environments, and replication is only possible by
essentially replicating the entire population, with
associated increases in genotyping costs. Thus mini-
mizing time (while holding genotyping cost constant)
sacrifices repeatability and rigor. This may be offset
by increasing population sizes, but to do this rigor-
ously then entails substantially larger genotyping
costs.

Likewise in an attempt to reduce genotyping costs
(Arbelaez et al. 2019), many researchers attempt
some form of bulked segregant analysis by geno-
typing just extreme or selected individuals. How-
ever, this dramatically reduces population size and
leads to overestimation of effect sizes via the Beavis

effect (Xu 2003; King and Long 2017), increasing
the potential for false positive discovery, and result-
ing in larger confidence intervals. While such meth-
ods may work in ideal situations with single genes
of very large effect (such as mutant populations or
some disease resistance cases), they are significantly
underpowered for investigations involving multiple
loci, loci with modest (but still useful) effect, or traits
with high environmental variability. This reduction in
power raises significant issues of false-positive out-
comes, posing significant problems in application of
such QTLs in mainstream breeding.

Although evaluation will always be limited by
resource constraints, all four criteria outlined above
must be addressed to have confidence in using a new
locus. Addressing these criteria can be kick-started by
properly planning population types used in discovery/
confirmation. Essential considerations for biparental
population construction include:

e Use of relevant, elite recipients. Ideally a mod-
est number (3-5) of elite lines from target breed-
ing programs must be identified which will act as
recipient parents in population construction.

e Throughput of screening protocols. If accurate,
high-throughput screening protocols are available,
different population types may be targeted such
as F,-derived RILs, compared to situations where
screening can only handle a few lines at a time,
where chromosome segment substitution lines
(CSSLs) may be more appropriate.

e Replication of genotypic effect: early discovery
efforts are likely to have high levels of noise from
the donor genome, and the time required to pro-
duce fixed populations (e.g. F,) to enable proper,
replicated and repeated trials is usually well spent.

e Appropriate population sizes, considering the
mapping strategy.

e Appropriate genetic structure of populations.
In most cases this means populations must be
genetically random (as in RILs etc.) or systematic
(CSSLs), but it is critical the populations are not
pre-selected in any way, especially for the trait of
interest.

Some common population types are outlined in
Table 1, along with their advantages and disadvan-
tages. In many respects the choice of population
type will depend on factors such as the throughput
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of screening protocols, but it is worth noting some
features of chromosome segment substitution line
(CSSL) populations. CSSL populations have histori-
cally been used only rarely but they present a number
of advantages. They are fixed populations, allowing
unlimited replication and repetition of experiments.
Combined with their relatively high recovery of the
elite genome, this allows confirmation of phenotypic
effect immediately after discovery, and concurrently
with many other aspects of trait development (stage
4), giving substantial benefits for confidence and
saving time. The higher recovery rates of the elite
genome allow more confident inference of QTL effect
in an elite background (compared to an F,-derived
RIL which is still~50% landrace), and importantly,
gives a direct estimate of the absolute effect size of
the locus. The required screening throughput required
is typically much smaller, as the “mapping” strat-
egy in CSSL populations is fundamentally differ-
ent due to this high recipient parent recovery rate.
In an F,-derived population each line is compared
fundamentally against all other lines to help disam-
biguate genotypic signal of a QTL from background
noise, necessitating a large population size (>200 is
a common minimum) to be assessed simultaneously
to control background genotypic noise. In a largely
pure background such as a CSSL, the fundamen-
tal comparison is whether a given line is better than
the recurrent parent and thus the screening could be
limited to one line at a time, compared to the recur-
rent parent. This can be exceptionally useful for traits
with very low throughput, expensive, time-consum-
ing phenotyping protocols. The high recipient parent
recovery rate of a CSSL greatly reduces the time and
expense of deployment (stage 4); once a locus is iden-
tified, most of the background cleanup is done, and
all that remains is recombinant selection to remove
linkage drag. Finally, CSSL populations can typically
cover the donor genome in as few as 40-60 lines. This
both enables screening more populations (or permits
lower-throughput screens), and drastically reduces the
cost of preserving the population. CSSL populations
can then become value-added resources for future
discovery efforts — if a new GWAS study identifies a
favorable haplotype, this may well be captured in an
existing population, thereby saving two years of work
and thousands of dollars to validate QTLs for other
traits of interest.
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QTL effect size

Determination of QTL effect size is one of the most
important parameters in determining the value of
a QTL, and it is typically approximated by the per-
centage variance explained (PVE, 1) determined by
biparental mapping software or the regression coeffi-
cients from GWAS. Other measures of effect that do
not depend on the frequencies are the additive effect,
defined as half the difference between genotypic val-
ues of two homozygotes at the locus, and the average
effect of allele substitution, which is measured by
regression coefficient. However the PVE in the origi-
nal study population is not always a great predictor of
effect size in a different population, and hence is not a
reliable measure of value (Bernardo 2020) — the rea-
sons may include differing allele frequencies between
the populations and differences in the additive effect
of the locus across different backgrounds, amongst
others. A QTL’s effect may be swamped by another
QTL of huge effect in the study population (and
likely to be estimated less precisely) — however if the
larger QTL is fixed (monomorphic) in elite material,
the smaller QTL may still hold significant value in
pushing the trait value above what is currently found
in elite material. Likewise the PVE is specific to the
population and screen assessed. Hence rather than
PVE, trait development needs to aim for a measure of
absolute improvement conferred (i.e. additive effect,
the difference of genotypic values of homozygotes)
in the backgrounds present in target populations.
The additive effect is approximated by average effect
of allele substitution in the inbred case (Falconer
and MacKay 1996). This may be estimated from
biparental mapping populations or GWAS analyses
(estimates are for example available in output files
from QTL ICIMapping, Meng et al. 2015), but this
will require rigorous population sizes and statistical
design of experiments to minimize the Beavis effect
(Xu 2003) and achieve any accuracy. It is simple to
estimate absolute benefit from CSSL populations,
since these are already in a mostly-elite background
and can be compared directly with the original recipi-
ent line. Disease resistance loci require a special con-
sideration; rather than PVE or even absolute effect
size, the spectrum of resistance must be the unit of
evaluation. This information will feed directly into
designing a resistance strategy to promote durability.
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Bringing the above considerations together, it may
be possible to develop a general-purpose mapping
strategy to provide a reasonable first evaluation of
the QC parameters for locus discovery. This approach
would involve generating several populations for
discovery:

1. A substantial population (preferably CSSL) in
the most important elite background. This should
target 100% donor coverage and 85% +recovery
of the elite background, which can be achieved
with BC,-derived fixed lines. The CSSL lines
will answer several critical questions: they are
well suited to estimating absolute effect size, and
once a high-value CSSL line is identified, this
can be screened across multiple environments
(field sites, experimental conditions, pathotypes)
to give an initial evaluation of environmental sta-
bility. They may also form the donor lines used to
generate supplemental biparental populations.

2. Several additional, perhaps smaller, biparental
populations. These may follow CSSL approaches,
or be F, or BC-derived fixed lines, and hence
suitable for a nested association mapping (NAM)
approach. The primary purpose of these lines is
to provide some evidence of stable QTL effect
across elite backgrounds, but they could also be
used in a NAM approach to help narrow the QTL
interval.

This approach may be more expensive than creat-
ing a single population but these populations can then
be used repeatedly for rigorous, multi-location and
multi-treatment trials to pin down the potential value
of a new locus.

Stage 4: deployment

If promising loci are identified in stage 3, the next
step is to produce more rigorous genetic materials as
a prelude to introducing these loci into mainstream
breeding. The focus of stage 4 is on producing two
major items:

1. Reliable marker systems.
2. High-quality elite lines containing the new locus.

At least some diversity of donor and non-donor
material is now known from stage 2 and 3 results,

and this now is easily supplemented with rese-
quencing data (McNally and Henry 2023). Together
these are a powerful combination for designing
accurate marker systems, even for large QTL inter-
vals, with accuracy metrics can be easily deter-
mined (Platten et al. 2019). These markers will be
used both in the introgression process, and even-
tually as production markers in mainstream breed-
ing. Of note are the peak markers, which must be as
accurate as possible for the target QTL, preferably
across a wide diversity of genetic backgrounds and
targeting the allele that represents the derived state
(i.e. most recently arisen in evolutionary history,
Platten et al. 2019). Flanking markers for recom-
binant selection are better to target the primary
recipient variety that will be used for introgression;
the upgraded recipient will be used as the donor to
introduce the gene to multiple elite backgrounds in
stage 6, so these flanking markers could be re-used
later for further recombinant selection into addi-
tional elite haplotypes.

The creation of high-quality elite lines containing
the new locus is the first step in introduction to the
mainstream breeding program. To achieve this, the
following quality criteria must be considered:

e Recipient: must be highly elite and relevant to tar-
get breeding programs.

e Introgression size: typically recombinants are
targeted <1 cM from the target gene (or flank-
ing a QTL interval), for a total introgression size
of <2 cM to reduce the likelihood of linkage
drag.

e Purity: recipient parent recovery rates>95% is a
typical target; this may be higher for undesirable
backgrounds such as wild species.

Recovery of key genes from recipient.

e Creation of coupled linkages.

If the recipients for stage 4 are the same as used
in discovery population development, positive dis-
covery lines could be used as donors to short-cut
the deployment process; CSSL lines are particularly
suited to this workflow, and deployment could be as
few as three generations of recombinant selection and
fixation. Since deployment is not well-suited to high-
throughput situations, it would normally be focused
on one, or a few, specific recipients rather than large
numbers; the focus is quality not quantity. Any line
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passing these criteria is going to be a near-isogenic
line in the nominated elite background(s). The NILs
thus produced are then excellent for penultimate
stages of validation in stage 5.

In the event that no major loci could be identified
as contributing significant improvement in a particu-
lar trait, phenotypic introgression could be appro-
priate (Bernardo 2009; Gorjanc et al. 2016; Allier
et al. 2019; Han et al. 2017). This would involve
multiple breeding cycles of balancing selection for
trait improvement and yield, until progeny can be
produced having higher trait value but comparable
yield performance. This process is longer and more
expensive than marker-assisted introgression and
loses some of the value of trait development but may
be necessary in certain situations — though its use has
been poorly documented in rice.

Stage 5: validation

By the time materials are ready to enter stage 5, high
quality near-isogenic introgression lines will be avail-
able in a fully-elite background. Stage 5 is focused on
detailed phenotypic validation and characterization
of the elite NILs, to show effectiveness in the elite
background and target environments. Key activities
include:

— Evaluation of elite near-isogenic donor lines for
effectiveness under screening protocols devel-
oped in stage 2. This could include expanding the
characterization to a wider range of conditions, in
a range of stress severities, against additional iso-
lates, and at other locations.

— Evaluation of elite lines under field conditions,
such as hotspot locations, and evaluation of poten-
tial penalties for yield and agronomic performance
traits.

— Characterization of off-target (pleiotropic) effects.
This is important for yield as well as basic agro-
nomic performance traits (plant height, crop dura-
tion, etc.) and interactions with related traits —e.g.,
determining whether drought genes have a penalty
(or advantage) for salinity tolerance.

Most of these activities would be carried out by

phenotyping teams or breeders, but stage 5 also pre-
sents an opportunity to refine the genetics. If there is
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a need to reduce the confidence interval, selection of
recombinants in the elite NIL background allows for
powerful and sensitive tests. In parallel, more detailed
characterization of physiological mechanisms and
cloning of QTLs (transgenic validation; knockout,
overexpression etc.) are feasible at this point. These
are valuable (though not required) in providing defini-
tive proof of a gene’s involvement in the trait of inter-
est, increasing the accuracy of marker design and pro-
filing of presence/absence in new germplasm.

Stage 6: scaling — line augmentation

At this stage, materials are already available that
enable the use of a new locus in mainstream breed-
ing. Elite NILs from deployment can be made avail-
able, along with marker systems to allow selection,
and information to support the usefulness of the new
locus. However there are two disadvantages related to
NILs produced in deployment:

e The recipient background is inevitably from an
earlier breeding cycle, and may represent a com-
promise amongst the target breeding programs/
pipelines.

e It is not desirable to make extensive crosses with
a single background, which would result in rapid
depletion of genetic variance in the breeding pool.

To counter these factors, the availability of a new
locus needs to be scaled up to multiple elite back-
grounds, hence line augmentation is focused on rapid
introgression to multiple backgrounds. Since the donor
material is a NIL in an elite background, concerns
about purity and quality of products are not so promi-
nent. Simulations have shown the augmentation pro-
cess is better to focus on a single backcross, with prog-
eny selected at the BC|F, and BC|F, stages first by
presence of the target genes, and secondly by the esti-
mated breeding value based on genome-wide genotype
(GEBYV; Platten and Fritsche-Neto 2023). The resulting
products maximize breeding value (rather than recov-
ery of a particular parental genome), and are more
useful as parents in subsequent breeding cycles. Once
completed, augmentation products are then phenotyped
using standard protocols to verify their effectiveness,
and materials communicated to breeding programs.
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By the end of stage 6, breeders have access to the
following:

— Effective, relevant screening protocols,

— Well-validated loci, proven in multiple elite
backgrounds and across multiple environments,

— Reliable marker systems to select for these loci
using high-throughput, low-cost genotyping plat-
forms,

— Elite donor material in multiple genetic back-
grounds to use as parents in the crossing pro-
gram.

This therefore addresses the primary needs of
breeders to confidently adopt pre-breeding products.
Although such a detailed process involves additional
time and cost, this protocol will facilitate continuation
of the work after discovery (stage 3), to improve uptake
and impact of pre-breeding products. Much of this work
can be centralized (achieving economies of scale, e.g.
deployment and augmentation) or leveraged off existing
activities (field validation, conducted alongside exist-
ing breeding trials). This requires a close collaboration
between the trait development teams and breeding and
seed systems teams, but would allow substantial exten-
sion of results for less expense, and also helps to com-
municate these results to the downstream teams.

Application of TDP outputs in breeding programs

The outputs of trait development can be most effec-
tively applied in breeding activities and can be uti-
lized in breeding at multiple points:

— Validation data from stage 5 can be used to inform
areas of optimal impact (geographic areas, and
environmental conditions), allowing breeders to
design a selection target;

— Elite donor material from stages 4 and 6 of the
TDP can be used as parents to introduce new
genes to breeding populations;

— Marker systems from stage 4 can be used to fix
target genes in breeding populations;

— Screening protocols can be used to confirm
improved performance for the target trait

Major-gene selection is typically integrated into
the early (e.g. line fixation) stages and will require

appropriate planning of population sizes, and con-
sistent application of selection pressure for target
genes.

Required population sizes depend on several
factors: generation at which selection is applied
and the selection target in terms of fixation (both
of which influence the expected segregation ratio),
the number of loci to be fixed, the required num-
ber of positive segregants identified (R), and the
acceptable failure rate of not finding R positive
segregants (F). This can be calculated as outlined
in Cobb et al. (2019), notably in Table 1, which
indicates that it is difficult to handle more than 2-3
major genes through determinate MAS with reason-
able population sizes. The efficiency of this process
can be improved by implementing a 2-stage MAS
selection, for example at the F, and F, generations
(Table 2) by eliminating any segregant negative for
any of the target loci in the F, generation to enrich
the target loci. Since one locus (any one of the
target loci) is fixed-positive, there is no benefit in
retaining fully-heterozygous progeny, as these are
functionally no better than the F; generation that
precedes it, and are highly unlikely to contribute
fully-fixed segregants in the final fixation.

Besides population sizes, consistency in genes
targeted for MAS is also important. Positive seg-
regants must be recycled as parents for determinate
fixation of a gene via MAS. Some incorporation of
major gene value needs to be included in parental
selection algorithms. For consistent improvement
in the breeding pool, the same gene must be con-
sistently selected in all populations where it is seg-
regating; inconsistent selection will lead to greater
stochastic variation in prospective parents, and
hence greater drift. This effect will be magnified if
the target gene is otherwise very rare in the breed-
ing pool, as would be expected for most loci coming
out of trait development. A consistent prioritization
of genes is required across families in a breeding
program: each gene is assigned a priority by the
breeder, taking into account the need for the trait,
and the value of the gene for improving that trait.
In any given population, the 2 or 3 highest-prior-
ity loci that are segregating are targeted for selec-
tion, ensuring a consistent application of selection
pressure, eventually driving the favorable allele to
fixation. Fixation then frees up additional selection
pressure for the next priority gene.
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Table 1 Common types of discovery populations', with strengths, weaknesses and requirements for success. The required popula-
tion size indicates the number of lines or individuals required in the described populations

Population |Effect Stability Required [Mapping |Challenges and Suitability
Type estimate |across elite population [resolution |comments
backgrounds |size
GWAS r/PVE  |No (non-elite) |300 Very high [No indication of Initial discovery
panel effectiveness in elite |from landraces
backgrounds
Extremely high
background
variation
BSA Little No (1x elite) |50 Very low |Prone to false- Single major-
estimate positive/negative gene, high
heritability
traits
F» r/PVE  |No (1xelite) |200 Moderate |Unreplicated on the [High
individual plant/ heritability
genotype level traits
Fa3 r/PVE  [No (1x elite) [200 Moderate | Genotype replication | High
is implied F2 - F3 heritability
generation traits
F>-derived |r/PVE No (1x elite) [200 Moderate | Significant Screening
RIL population size, throughput
must be phenotyped [accommodates
in same experiment |600+ trial
entries
BC-F, r/PVE  |No (1x elite) |200 Moderate |Unreplicated on the
individual plant/
genotype level
BC-derived |r/PVE  |No (Ix elite) (200 Moderate |Less genomic noise, |Screening
RIL but still significant | throughput
population size, accommodates
takes time to 600+ trial
produce entries
NAM r/PVE Yes 4x100 Moderate |Provides some
estimate of stability
but still requires a
large # entries
CSSL Absolute [No (1x elite) |50 Very low [Low-resolution map, | Low-
takes time to throughput and
produce highly-
replicated
screens, field
screening, re-
usable
populations

IGWAS: Genome-wide association study, BSA: Bulked segregant analysis, RIL: Recombinant inbred line, NAM: Nested association
mapping, CSSL: Chromosome segment substitution line, PVE: Percentage variation explained
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Table 2 Population sizes required (number of lines) for fixing variable numbers of genes under 1- or 2-stage MAS

Q 1-stage . 2 F4 fixation,
) . enrichment,
(# Loci) F4 fixation fixi 1 gene fixed
ixing 1 gene
1 60 107
2 142 85 43
3 329 90 77
4 757 106 137
5 1738 131 237

Population sizes assume R =20 positive segregants and F =5% acceptable failure rate

Segregation ratios (P) are given by:
1-stage F4: 0.4375"Q

2-stage F2 enrichment: 0.75°Q — 0.52Q
2-stage F4 fixation: 0.5833(Q-1)

Trait development pipeline case studies in root
biology

In terms of potential for contribution to breeding via the
Trait Development Pipeline, the field of root biology
stands out for its prolific efforts to identify QTLs related
to specific traits that have been proposed to affect crop
yield. In the case of rice, more than 900 root-related
QTLs have been reported (Courtois et al. 2009; Dary-
ani et al. 2022). Unfortunately, to date only very few of
these identified root QTLs have been actively taken up
by breeding programs. Birsa Vikas Dhan 111 was devel-
oped by introgressing root QTLs from Azucena into the
background of Kalinga III and released as a variety for
drought-prone areas in India (Steele et al. 2013). DRR
dhan 60, DRR Dhan 66, and WGL 1487 were released
in India (Anila et al. 2018; Mahadevaswamy et al.
2020), and FyVary32 was released in Madagascar (M.
Wissuwa, personal communication)—all of which were
developed by introgression of the Pupl QTL for low
phosphorus tolerance into the background of popular
varieties. Pupl was found to be due to a protein kinase,
Pstoll, that promotes early root growth in tolerant lines,
which in turn facilitates greater phosphorous uptake
(Gamuyao et al. 2012). Of these varieties with Pupl
introgressed, DRR dhan 60 appears to be the most resil-
ient and widely adopted thus far with yields recorded
at 4.8 t ha~!' under 50% application of phosphorus and
5.5 t ha! under 100% phosphorus application, and has
recently been requested by the government of Bangla-
desh for immediate release in their country (R.M. Sund-
aram and Anantha M.S., personal communication). One

of the most extensively-characterized rice root QTLs,
drol (Uga et al. 2013) promoting a deeper root angle,
has thus far mainly been restricted to use in the IR64
background, since the favorable allele is already present
in many other genetic backgrounds of current varieties
and breeding lines (e.g. Pandit et al. 2020; Singh et al.
2021). However, a set of multiple root QTLs including
drol have recently been reported to confer yield advan-
tage under drought in the background of Colombian
variety FEDEARROZ 60 (Deshmukh et al. 2024). In
reference to the Trait Development Pipeline, most of
the rice root work to date has focused heavily on devel-
opment of phenotyping protocols (which requires deep
understanding of which component root traits are most
critical for the desired composite phenotype, e.g. yield
or biomass under stress; Kuijken et al. 2015), and locus
identification. More efforts on the deployment, valida-
tion, and scaling stages of the Trait Development Pipe-
line are necessary for more research outputs from root
biology to move forward in breeding pipelines (Fig. 2).
Here we provide several examples of root biology stud-
ies from IRRI, and considerations to guide researchers
in how those studies could be further advanced in the
context of the Trait Development Pipeline.

The first example was a study to identify potential
QTLs for seedling stage drought tolerance under dry-
direct seeding that could be contributed by traditional
variety Aus 276. Two bi-parental mapping populations
were evaluated over two field seasons (Sandhu et al.
2015). Of note were QTLs co-locating for root hair den-
sity and nutrient uptake (shown in Sandhu et al. 2015
Fig. 5), which were concluded to be a main result from
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* Introgressroot QTL into elite background(s)
* Conduct phenotypic evaluation of NILs under

* Assess QTL effect on a field-relevant composite

target environmental conditions
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Fig.2 A potential trait development strategy for identi-
fied root traits and QTLs. The majority of root biology stud-
ies have focused on the early stages of the Trait Development
Pipeline, typically ending with locus discovery. An increased

this study that could contribute to breeding. With this
output as a starting point and based on the Trait Devel-
opment Pipeline principles outlined above, the QTL of
interest would require further validation due to the rela-
tively low LOD score (~4.0), the presence of a poten-
tially faulty marker (as indicated by the steep dropoff
in LOD score between the 2 QTLs), and the additive
effect values which do not clearly indicate that the locus
was contributed by Aus 276. As next steps, it is recom-
mended to repeat the phenotyping and QTL analysis.
If it will be necessary to regenerate a population, it is
advisable to use an elite/more recently developed back-
ground rather than IR64 or MTU 1010 as previously
used, as these are no longer competitive with the current
elite material and one key aim of the Trait Development
Pipeline is to produce such “elite donor lines”.

In a second example, Siangliw et al. (2022) evalu-
ated a Southeast Asian panel that had been selected
from the 3,000 rice genomes (3 K RG; Wang et al.
2018) with the aim to identify drought tolerance
donors that might already possess some adaptation to
conditions in Southeast Asia. The panel was grown
under two field seasons, with root crown, root anatomy
and root architecture traits characterized under both
transplanted lowland and direct seeded conditions and
GWAS conducted on all traits. In this study, biomass
under drought was correlated with yield under drought,
as well as high crown root number and smaller stele
and metaxylem vessels. GWAS co-locations between
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effort to link these root biology studies with breeding pipelines
is needed, especially in terms of introgression into elite back-
grounds and validation under target environmental conditions

seasons were identified, as well as candidate genes and
favorable alleles in terms of SNP effect from among
the three most promising co-locating loci. Subsequent
to this publication, it was determined that the same six
accessions were the donors of the favorable alleles for
all three loci. To further advance the favorable alleles
identified by Siangliw et al. (2022) via the Trait Devel-
opment Pipeline, it will be necessary to address con-
cerns about the low significance level of the GWAS
peaks and the consideration of peaks represented by
LD outliers, the probability that the phenotypic effects
were not likely due to single SNPs, and the possibil-
ity of population structure as suggested by the same
donors being listed for all three candidate loci. It is
recommended that since there is high confidence in
the relevant component root traits contributing to bio-
mass under drought in this study, the panel could be
re-phenotyped under more controlled conditions to
reduce the error as compared to the results generated in
the field, with the aim to improve the significance level
of the GWAS peaks. If the GWAS loci appear promis-
ing/reproducible, further confirmation may be derived
from biparental populations. This would also be a first
step to demonstrating these QTLs are effective in elite
genomic backgrounds. It is also recommended to check
the frequency of the haplotypes in the elite breeding
pool. Those favorable haplotypes that are rare in the
current elite breeding pool would be prioritized for
introgression into an elite background in stage 4.
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A final rice root biology example is an extensive
field yield/root architecture screening (Liao et al. 2022)
of a panel of accessions from the aus subgroup, which
was expected to provide promising sources for breed-
ing since it originated in stress-prone regions. Follow-
ing characterization of about 250 aus accessions over
four field seasons, the yield stability was determined
to be correlated with stable deep root growth. A path
analysis including the root dry weight at depth results
from the field together with root length and diameter
class results from a greenhouse lysimeter study, root
number and angle results from a seedling stage basket
study, and root depth-related herbicide damage score
from an herbicide-at-depth experiment indicated that
it was the nodal root diameter class that linked vegeta-
tive stage with reproductive stage root traits. GWAS
conducted for grain yield and each root trait yielded
very few significant peaks; therefore the approach of
identifying multi-trait co-locations of non-significant
peaks (-log,,(P)=3, window of 1 kb) between root
traits and grain yield was used while demonstrating
the low likelihood of false positives. Consistent with
the phenotypic correlations, nodal root diameter class
showed the most co-locations with grain yield under
drought. Favorable haplotypes from among the co-
locating loci were identified based on the proportion
of accessions with high grain yield under drought per
haplotype. Following this publication, donor acces-
sions with the favorable haplotypes were listed (which
ranged from one to nine accessions), and the fre-
quency of the favorable haplotypes in the current elite
breeding pool was determined (some were rare, some
were present in~30% of the elite lines). Suggestions
about these results in the context of the Trait Devel-
opment Pipeline are that it is preferable to see a sig-
nificant GWAS peak—there are concerns whether the
identified loci are real, and that it would be good to
narrow down the window size of the favorable hap-
lotypes. To confirm the QTLs identified, a biparental
population segregating for the favorable haplotype
could be screened, which may already be available in
the collection of trait deployment populations at IRRI.
In addition, elite breeding lines with rare favorable
haplotypes might be prioritized for crossing.

In summary, while these examples present con-
siderable advances in characterizing the diversity in
rice root response to drought, there is still a lot of
work required to validate the identified loci before
an elite donor to be used in breeding is developed.

Between the inherent heterogeneity of the soil in
which roots are growing and the variable nature
of root growth, root biology studies tend to have a
high degree of phenotypic noise which may affect
the ability to detect reliable QTLs for important
root traits. Approaches to reduce the degree of phe-
notypic noise include the use of more controlled
environments as complementary studies, evaluation
of candidate loci in cleaner genetic material (i.e.
NILs as opposed to landraces), and increasing the
number of experimental replicates.

The recommendations in the context of the Trait
Development Pipeline point to the potential value of
using controlled environment conditions to validate
target component trait results, which may be of interest
in better linking upstream and applied programs which
typically flow only in the direction of controlled envi-
ronment to field. Phenotypic and genetic characteriza-
tion of the breeding pool (or at least existing varieties)
is a critical part of the Trait Development Pipeline, in
order to know which gaps should be filled by the trait
development work. The observed limitation in progres-
sion through validation to application is not restricted
to root biology: surveys across most traits show a bot-
tleneck in validation/deployment between discovery
(stages 2 and 3) and application (stage 6). It is recom-
mended that the populations for QTL discovery should
involve at least one elite parent, typically the recipient,
so that those introgression lines can directly demon-
strate the value of a new QTL and serve directly as an
elite donor in breeding. Finally, given the vast num-
ber of rice root QTLs that have been identified and
reported in the literature, there will have to be some
prioritization of what to move forward into the Trait
Development Pipeline from these and other studies. At
IRRI, validation by screening of existing populations
that are segregating for the favorable haplotypes that
are rare or absent in the elite breeding pool will be pri-
oritized, to avoid the need to generate new populations.

Ways for upstream researchers to contribute
to the TDP

Part of the bottleneck in validation/deployment may be
due to the resources required in meeting these objec-
tives (time, space, availability of current elite material,
field screening capacity). Meeting breeder’s require-
ments is likely to require a collaborative approach;
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research groups with better capacity in upstream areas
(mapping, bioinformatics, cloning) will need to partner
with others working more downstream (field screening,
population development, genetic studies) to deliver on
the required outputs. The Trait Development Pipeline
provides a framework to guide this teamwork in order
to take advantage of the value of diverse specialists
(geneticists, pathologists, physiologists, grain quality
scientists, etc.), all the while guiding these contribu-
tions by the outputs required for impact in breeding.
This in turn allows breeders to focus on making the
right crosses, multi-environment testing, and linking
with national testing systems to get varieties released.
Together this produces higher-quality outputs from
both upstream and downstream activities.

The Trait Development Pipeline facilitates move-
ment of information both upstream and downstream.
While identified QTLs are an important milestone in
trait development, they can also be starting points for
further research such as validation of candidate genes,
expression studies, and advanced physiological inves-
tigations. Candidate genes can be cloned and vali-
dated, and their effectiveness on the target phenotype
in different genetic backgrounds can be assessed and
further characterized. If a gene is found to be ineffec-
tive in some genetic backgrounds, upstream research-
ers could investigate what causes this unfavorable
epistasis, which would further improve the predict-
ability of breeding. In the case of root traits, their dis-
tribution in the elite breeding pool (or target variety)
can be assessed to define phenotypes or associated
haplotypes that are likely to fill gaps in the breed-
ing pool. In the case of rare root traits/genes/QTLs,
these can be validated in an elite background. In sum-
mary, there are many ways that upstream research can
contribute to the Trait Development Pipeline, and a
number of stages in the Trait Development Pipeline
offer opportunities for basic science questions to be
addressed. Finally, the multiple iterations of testing
and refinement inherent in the TDP go a long way
towards addressing the reproducibility crisis that has
hit many areas of biology (Baker 2016).

Conclusions
The Trait Development Pipeline is designed to maxi-

mize the likelihood of uptake and impact of upstream
genetic research in mainstream breeding programs.
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By understanding breeders’ needs and concerns, the
pipeline is specifically designed to explicitly address
these factors and produce the knowledge and materi-
als to make it as easy as possible to use these in the
breeding process. Although it is designed primar-
ily for rice with its rich store of large-effect loci, the
same principles (and many of the same activities)
apply to other species; it should be directly applicable
to any species possessing active elite breeding pro-
grams and where useful naturally-occurring variation
exists outside these programs. The principles can also
be adapted easily to other situations such as de novo
variation created by genome editing or mutagenesis.
As such, the Trait Development Pipeline is a dynamic
framework and will change as breeding progresses.
Given the large number of root traits and QTLs
that have been reported in the literature as potentially
useful for breeding, advancement of these research
outputs in the Trait Development Pipeline is urgently
needed. Prioritization should be given to those traits/
genes/QTLs that are rare in the elite breeding pool
(which necessitates genotyping the elite pool and
assessing allele frequencies of major loci), that address
the most urgent needs of the breeding program (i.e.
in terms of stress tolerance or adaptation), and that
can be quickly validated in an elite background. This
process can be facilitated by aligning new discovery
efforts (such as biparental populations) to the princi-
ples described in the Trait Development Pipeline.
Despite all efforts to make them attractive, it is still
necessary for breeding programs to adopt the mate-
rials produced. However further steps are needed:
results need to be communicated to target breeding
programs. Online repositories of curated data will be
exceptionally helpful in achieving this, but ultimately
a close working relationship is needed between the
upstream pre-breeding teams and mainstream breed-
ing programs. Frequent two-way communication
from up- and downstream work and an openness to
improving the current status quo are needed on both
sides, but if this can be achieved both sides stand to
benefit from more sustained and rigorous application
of trait development products in crop improvement.
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