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The role of the ideotype in future
agricultural production

Alonso A. J. Carbajal-Friedrich and Alexandra J. Burgess®

Agriculture and Environmental Sciences, School of Biosciences, University of Nottingham,
Loughborough, United Kingdom

The crop ideotype was first defined by Donald in 1968 as an idealised structural
model of a plant which can theoretically attain maximum yield quantity and
quality within a given environment. Many of the major crop species have
proposed ideotypes. For example, in wheat (Triticum aestivum), suggested
characteristics include a short strong stem, few erect, small leaves and large
ears. Breeding for crop ideotypes is a continuous process as beneficial traits are
updated to match current needs. Government organisations such as the
Agriculture and Horticulture Development Board (AHDB) in the United
Kingdom, publish a recommended list of varieties each year, and so we
hypothesise that these recommended varieties will express traits of the
ideotype. However, through greenhouse experiments, we show that three
recent AHDB recommended wheat varieties differ to that of the ideotype and
to each other. This either indicates that the concept may not be universal, or the
main target for breeding programmes; that traits may not have successfully been
bred yet; or, that other conflicting reasons may be preventing the expression of
the ideotype. To this end, we review the factors that may influence plant
structure before discussing new tools and methods that can aid ideotype
design. Through this paper, we argue that whilst there are benefits to the
concept of the ideotype, the '‘power’ of the concept is lost when integrating
the multitude of factors that, in combination, determine plant structure and
function in a given environment. Nevertheless, regardless of these limitations, we
argue that there is still a role for the ideotype in crop breeding, but that this
concept needs to be expanded to emphasise the genetic and environmental
interactions that influence plant physiology.

KEYWORDS

crop breeding, elite varieties, environment, genetics, ideotype, plant physiology,
yield, cereals

Introduction

Food security continues to be one of the greatest challenges faced by humankind. This
is confounded by the impacts of climate change, the COVID-19 pandemic and states of
war, which have contributed to further instability in food production and export (FAO
etal,, 2022; Albaladejo Roman, 2023). To combat these challenges, both an increase in food
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production and the implementation of local and sustainable food
systems is needed (Albaladejo Roman, 2023).

A crop ideotype is defined as an idealised structural model,
combining both morphological and physiological traits, with the
potential to maximise yield and quality within a defined
environment (Donald, 1968). The ideotype approach was
designed to overcome limitations traditionally experienced by
breeders during selection. Primarily, the ideotype approach relies
on defining a theoretically efficient, or ideal, plant type, and then it
is bred by targeting all of the component traits that define it.
Ideotype breeding can complement traditional breeding
approaches resulting in an increase in genetic variation (Reynolds
et al, 2009). As the end goal is defined for different locations and
situations, characteristics of the ideotype are expected to vary across
different environments, but generally include factors that increase
the survivability of the plant such as drought resistance, resource
use efficiency, root architecture and disease resistance (Arraiano
et al., 2006; Greenland et al., 2017; Rezzouk et al., 2022).

Elite crop varieties have been created that combine relatively
low-frequency alleles which are of known agronomic importance
(Lyu et al,, 2013). These elite varieties can be targeted to different
main objectives, such as yield, product quality, resistance to abiotic
and biotic stresses and agronomic suitability. Elite varieties are often
recommended by government organisations. For example, in the
United Kingdom, the Agriculture and Horticulture Development
Board (AHDB) publishes yearly recommendations for cereal and oil
seed crops (AHDB, 2023), whilst the British Beet Research
Organisation (BBRO) publishes a recommended list for sugar
beet varieties (BBRO, 2023). Over time, new varieties are added
to the list while older varieties are removed. As such, recommended
high yielding elite varieties are expected to exhibit traits of the
ideotype, and thus, for a given environment, varieties should not
display marked differences in appearance and characteristics.

Within this paper, we will first discuss the different traits that
encompass the ideotype for a variety of crop species, with a
predominant focus on cereals. We then present a case study using
UK-recommended varieties to explore whether or not they exhibit
the ideotype traits proposed by Donald (1968). We discuss
conflicting factors that may impact the display of ideotype
characteristics before finally discussing the future of the ideotype
in agricultural production and the tools that can aid
ideotype design.

Proposed crop ideotypes
Wheat (Triticum aestivum)

The first wheat ideotype was proposed by Donald (1968) and
consists of seven main features: 1) a short strong stem, 2) erect
leaves, 3) few and small leaves, 4) large ears, 5) erect ears, 6) the
presence of awns, and 7) a single culm. The short stature of the
proposed wheat and rice ideotypes arises from the introduction of
dwarfing genes during the Green revolution (see section below;
(Hedden, 2003; Pearce et al, 2011). Since the initial ideotype
proposal, multiple studies have corroborated Donald’s previous
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assessment indicating that features such as leaf erectness, or
reduced leaf area and height result in higher yield potential
(Bugbee and Koerner, 1997; Singh et al., 2001; Srinivasan et al.,
2017; Richards et al., 2019). In 2011, the Wheat Yield Consortium
published an updated set of physiological traits to promote yield
improvement. These traits include increased photosynthetic
productivity; maximised spike fertility; improved grain filling and
size; optimised partitioning to the grain and; lodging resistance
(Foulkes and Murchie, 2011; Parry et al., 2011; Reynolds
et al,, 2011).

Rice (Oryza sativa)

Historically, rice breeding has experienced a number of key
yield improvement steps. This firstly arose with the introduction of
dwarfing genes in the 1950s, followed by hybrid crossing between
high-yielding japonica and indica crosses (Peng et al., 2008).
However following these initial breakthroughs, rice yield began to
stagnate. These previous varieties were characterised by high
tillering capacity with mainly unproductive tillers, small panicles
and lodging susceptibility (Khush, 1995; Peng et al., 2008;
Rahangdale et al, 2019). To overcome these limitations, the rice
ideotype arose from the concept of breeding a New Plant Type
(NPT) (Peng et al., 2008). This NPT shared some characteristics in
common with the wheat ideotype including: upright leaves, a low
tiller number and a strong culm, as well as large panicles that sit
below the top three leaves, and a high harvest index.

Ideotypes have also been proposed depending on the type of
rice under cultivation (Parthasarathi et al., 2012; Sharma et al., 2013;
Paleari et al., 2017). For example, aerobic rice should combine the
improved yield performance of lowland varieties, with the increase
drought tolerance of highland varieties. This requires optimisation
of maximum root- length, volume and thickness; weed
competitiveness and seedling vigour; delayed flowering; cold
tolerance; and altered soluble protein and pigment content
(Parthasarathi et al, 2012). Additionally, these new ideotypes
should be tailored according to local environmental conditions
(Paleari et al.,, 2017; Rahangdale et al., 2019).

Maize (Zea mays)

One of the first maize ideotypes was proposed by Mock and
Pearce (1975) targeting optimal growth environments. This
encompasses adequate moisture, temperature, fertility, higher
planting densities and early planting date. Under these
conditions, Mock and Pearce (1975) identified traits such as a
stiff, vertically orientated leaves above the ear but horizontal leaves
below; short interval between pollen shed and silk emergence; small
tassel size; maximised grain filling period; and slow leaf senescence.
They also identified a set of physiological traits including cold
tolerance; photoperiod insensitivity; maximum photosynthetic
efficiency; and efficient conversion of photosynthate to the grain.

The maize ideotype has since been updated to focus both on
production under diverse climates and to account for rooting traits
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(Mi et al., 2010; Cairns et al., 2012; Lynch, 2013; Perego et al., 2014;
Mi et al, 2016; Xiao et al,, 2020). To enhance both water and
nitrogen use efficiency, root traits that permit rapid exploitation of
deep soil levels are expected to be most beneficial. This includes
features such as a large diameter primary root with few but long
lateral roots; abundant branching or long root hairs; a single whorl
of brace roots; and rapid response to localised soil regions of high
nutrient supply (Mi et al, 2010; Lynch, 2013; Mi et al, 2016).
Process-based crop models have also been used to identify beneficial
traits for future climate scenarios (see section below on use of
modelling approaches to aid ideotype design) (Perego et al., 2014;
Xiao et al., 2020). For example, for future maize cultivation in the
North China Plain, ideotypes should have a longer reproductive
growing period, faster grain filling rate, high maximum grain
number and high radiation use efficiency (Xiao et al., 2020).

Oilseed Brassica species

Oilseed Brassica breeding has been confounded by the
complexity of polygenic inheritance of yield traits, strong
genotype — environment interactions, and disparity in yield when
grown under different planting densities (Thurling, 1991).
Therefore, the ideotype concept provided means to focus on
morphological features that confer yield improvement. Early
proposed ideotypes for spring oilseed rape (OSR; Brassica napus)
grown in Western Australia and Tasmania were targeted at known
heritable traits including optimised flowering time, apetalous
flowers, long upright pods and pod shattering resistance
(Thurling, 1991). Seed number per pod (SNPP), pod number and
seed weight are considered critical components of yield in OSR
(Yang et al., 2017). Therefore a more recent study indicates
additional ideotype traits including a limited number of
inflorescences but with a good number of ovules and pods on the
main inflorescence; long valves with high SNPP; and increased
flower number for winter OSR varieties (Siles et al., 2020).

For late sown Indian mustard (Brassica juncea), the ideotype
was proposed to consist of dark green leaves with high chlorophyll
content and low proline content, large overall plant height and a
high number of primary branches with moderate seed weight

(Kumar and Srivastava, 2003).

Do recommended elite varieties
represent the ideotype?

Case study: UK elite wheat varieties

Wheat accounts for around 8% of all global food production and
consumption (FAO, 2022), therefore presents an important target for
yield improvement and ideotype breeding. In the UK, wheat is the
largest land user of any crop with approximately 1.8 million hectares
under cultivation in 2021 (FAOSTAT, 2023). For UK production, both
spring and winter wheat varieties are often chosen based on the
recommended list produced by the AHDB, which features lists for
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all cereal and oilseed species (AHDB, 2023). The AHDB recommended
list for Spring wheat features up to 10 varieties per year grouped into
nabim group 1, nabim group 2 and Group 4 based upon their end use:
designated for milling and baking or primarily for feed. Therefore, to
test whether the recommended elite varieties exhibit morphological
traits that are representative to that of the ideotype, three varieties were
chosen based on accessibility to seed, previous experience of cultivation
at the University of Nottingham, and period that they were featured on
the recommended list. Paragon, was first recommended in 1999 and
last recommended for the 2015 to 2016 period, KWS Willow, was first
recommended in 2011 and last recommended for the 2019 to 2020
period, and KWS Cochise, was first recommended in 2017 and remains
on the recommended for the 2024 to 2025 period (AHDB, 2023). Non-
destructive measurements were taken from the above ground structure
of each variety including: main shoot height, ear count, leaf and tiller
count, leaf area, leaf erectness, leaf chlorophyll content and
photosynthetic efficiency (see below for full methods).

There was no significant differences in average heights of the
three varieties, with values ranging between ~ 63 (for Paragon) - 68
cm (for Cochise) (Figure 1). Short height (i.e. ~70 cm) is a feature of
the wheat ideotype to prevent against lodging; the displacement of
plant stems from their vertical orientation (Donald, 1968; Berry
et al.,, 2007; Pinera-Chavez et al., 2016), and the heights of the three
varieties of this study fall within the range recommended by the
AHDB (AHDB, 2023). Similarly to plant height, there was no
significant difference between the ear number of the three
varieties with approximately four ears per plant on average.

In contrast with plant height and ear number, leaf count and tiller
count were significantly different between varieties, with Willow
exhibiting higher counts for both leaves and tillers relative to the
other varieties (P<0.01; Figure 2). According to the wheat ideotype
presented by Donald (1968), plants should have fewer leaves to
maximise light interception. Whilst tiller count is not explicitly
mentioned as part of the wheat ideotype, it has been proposed as a
desired characteristic for other cereals including rice (Jiao et al., 2010).
Furthermore, tiller number is directly proportional to the leaf number,
and a reduced tiller count is expected to be beneficial within drier
environments so as to maximise yield, thus a reduced tiller count is
expected to be more desirable. Out of the three varieties studied here,
Cochise and Paragon are closer to the wheat ideotype in terms of leaf
and tiller count.

The wheat ideotype of Donald (1968) recommended that leaf area
should be relatively small. Within this study, Cochise had the smallest
mean flag leaf area at 37 cm?, relatively to 47.6 and 52.4 cm? for Willow
and Paragon, respectively (P<0.001; Figure 3A). A similar trend was
seen for non-flag leaf area, with Cochise exhibiting the lowest non-flag
leaf area (32.8 cm?) followed by Willow (38.9 cm?) then Paragon (46.6
cm? P<0.001 Figure 3B). Contrary to individual leaf area, Willow
exhibits the highest total leaf area relative to the other varieties
(P<0.001; Figure 3C). This is a result of a higher overall leaf and
tiller number (Figure 2) as leaf area per tiller is not significantly
different between each line (P=0.122; Figure 3D). It is important to
note that the variation in leaf area witnessed here could be a result of
the lower light intensities experienced in the UK environment relative
to Australia, where Donald originally defined the ideotype, and thus
selective pressure to reduce leaf size is likely to differ. Nevertheless,
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Plant height and ear count of three ADHB recommended elite wheat varieties. (A) main shoot height and (B) ear count. There was no statistically
significant difference between the three wheat varieties for main shoot height (p = 0.084) or ear count (p = 0.964).

previous experiments support the benefits of small leaf area in crop
yield production (Srinivasan et al., 2017), although increasing emphasis
is being placed on increasing flag leaf area to provide a direct source to
the forming ears (Carmo-Silva et al., 2017; Senapati et al., 2020; Tanaka
et al., 2022).

Within cereal crops, leaf erectness is a common feature of high
yielding varieties. An erect leaf structure permits greater penetration
of light to lower canopy layers, unifying photosynthetic rates, and
prevents excess heat loading at midday when the sun is directly
overhead (Burgess et al., 2016; Richards et al., 2019; Burgess et al,,
2021). Of the three tested varieties, Cochise exhibited significantly the
most erect canopy (P<0.001), although only 40% of leaves were
considered to be erect (Figure 4). It is expected that an erect canopy
would have a leaf erectness score closer to one (see methods),
however all varieties scored greater above five within this study,
and Paragon exhibited the least erect, or more planophile canopy
with a score approaching 10. This finding suggests that elite varieties
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FIGURE 2

in the UK could be improved further through a more erect leaf stature
or there may be conflicting requirements for the UK environment
(see section below). Furthermore, heat loading is a less pressing
concern in the UK relative to other wheat growing regions.

Although not explicitly tested within this study, observation
indicate that three varieties exhibit differences in relation to
susceptibility to pests and diseases. Whilst both Paragon and Cochise
were highly susceptible to powdery mildew, in comparison Willow did
not exhibit any visible symptoms. This is likely to be a result of genetic
resistance, as the denser canopy structure of Willow is expected to
generate a humid microenvironment, conducive to powdery mildew
infection (Cowger et al,, 2012).

Whilst not originally described as part of the wheat ideotype,
one final feature of canopy physiology tested within this study was
chlorophyll content. Within the last five years, studies have shown
that a reduction in chlorophyll content permits a higher
photosynthetic efficiency and greater radiation use efficiency

121
10 1
b

%
0 T . .
Cochise Paragon  Willow

Tiller Count

Variety

Leaf and tiller count of three ADHB recommended elite wheat varieties. (A) Leaf count and (B) Tiller count. There was a statistically significant
difference for both leaf and tiller count (p<0.001). Letters indicate significant difference according to Tukey's post hoc pairwise comparison test.
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Leaf area of three ADHB recommended elite wheat varieties. (A) Flag leaf area, (B) Non-flag leaf area, (C) total leaf area and (D) leaf area per tiller.
There was a statistically significant difference for flag leaf, non-flag leaf and total leaf areas (p<0.001) but non-significant differences in leaf area per
tiller. Letters indicate significant difference according to Tukey's post hoc pairwise comparison test

whilst conserving nitrogen (Walker et al., 2018). Within this study,
chlorophyll content was similar among the three varieties as
measured by SPAD (Figure 5A). This translated into similar
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FIGURE 4

Leaf erectness of three ADHB recommended elite wheat varieties.
There was a statistically significant difference for all three varieties
(p<0.001). Letters indicate significant difference according to Tukey's
post hoc pairwise comparison test.
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mean yet significantly different quantum yields between the three
varieties with Willow exhibiting the lowest quantum yield of 0.771
and Paragon the highest at 0.786 (Figure 5B).

Together these findings indicate that the three recommended
varieties do not comply with the proposed ideotype, nor do they
present the same traits as each other. Whilst some features of the
ideotype are present, such as reduced plant height, other features
exhibit greater variation. For example, leaf and tiller counts as well
as canopy erectness exhibit significant variation and diversion away
from characteristics that are known to increase yield potential
(Berry et al,, 2007; Bassu et al., 2011; Richards et al., 2019).
Reasons for this may be diverse and some of which are discussed
in greater detail in the following sections.

Discussion

Conflicting factors impacting the display of
ideotype features

Multiple factors contribute to the plant phenotype. Whilst some
structural and physiological traits are determined by genetics, they
will also be influenced by environmental conditions and
management practices. Furthermore, the genetic underpinning of
traits may in themselves be constrained by the breeding process.

frontiersin.org


https://doi.org/10.3389/fphgy.2024.1341617
https://www.frontiersin.org/journals/plant-physiology
https://www.frontiersin.org

Carbajal-Friedrich and Burgess

>

Chlorophyll Content
(SPAD value)
}7
l_

40 T T .
Cochise Paragon Willow

Variety

FIGURE 5

10.3389/fphgy.2024.1341617

0.81 1

b
0.80 1
0791 =% | L ] a

-

<]
o

0.78 1
0.77 1
0.76 1
0.75 4
0.74 4

0.73 T . .
Cochise Paragon Willow

Quantum Yield

Variety

Chlorophyll content and quantum yield of three ADHB recommended elite wheat varieties. (A) Chlorophyll content and (B) Quantum Yield. There
was a statistically significant difference for both chlorophyll content (p = 0.049) and quantum yield (p<0.001). Letters indicate significant difference
according to Tukey's post hoc pairwise comparison test. * Significant difference between all three varieties according to anova but nosignificant

differences between the 3 according to Tukey's post hoc.

This results in a large variation of possible crop structures and
performances. The following sections will describe some of the
conflicting factors that may prevent expression of ideotype features.

Breeding

The domestication process of crops may have placed
restrictions on the genetic basis of certain traits. Within cereals,
the domestication process targeted a core set of traits collectively
known as the ‘domestication syndrome’. These traits include
dormancy, seed shattering, branching angle and patterning,
internode elongation and biotic and abiotic resistance (Doust,
2007; Abbo et al,, 2014; Zhang and Yuan, 2014; Teichmann and
Muhr, 2015; Zohary et al,, 2015). In comparison to wild relatives,
domesticated cereals have a lower amount of vegetative branching,
which in turn influenced the structure of the vegetative and
influorescent components (Doust, 2007). Whilst the cereals were
domesticated independently, molecular techniques indicate that
selection was performed upon similar genes or gene pathways
(Paterson et al,, 1995; Doust, 2007; Meyer and Purugganan,
2013). These changes often resulted in a genome-wide reduction
in genetic diversity (Hyten et al., 2006; Haudry et al., 2007; Yang
etal., 2019). However, within certain species, such as carrot, einkorn
wheat, apples and chicory, genetic diversity has been maintained
(Kilian et al., 2007; Cornille et al., 2012; Iorizzo et al., 2013).

The primary goal of most breeding programmes is to achieve an
increase in crop yield. However, this does not always occur with
conscious selection of traits, but rather their quantitative
performance during field trials. Therefore, varieties that feature
on recommended lists are not necessarily chosen based on
structural or ‘ideotype’ traits but rather their overall performance.
In the case of wheat, structural fearures such as reduced height (e.g.
Figure 1) may comply with the ideotype as a result of breeding and
selection against lodging (Berry et al., 2007; Pifera-Chavez et al.,
2016). Historically, reduced plant height was achieved during the
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green revolution through the introduction of dwarfing genes,
including the Reduced height (Rht) genes of wheat and semidwarf
1 (SD1) genes of rice (Hedden, 2003; Pearce et al., 2011). These
genes target the production and action of the plant hormone
gibberellin (Asano et al., 2011).

Breeding programmes also occur with additional selective
pressures in the form of breeder and consumer preference. In
most instances, cultural preferences for traits will have evolved
under conscious selection (Kniipffer et al., 2003; Grobman et al.,
2012). For example, it is a common misconception that a deep green
colour is the sign of a productive, or healthy plant. Therefore
farmers often prefer plants that look very green, which is an
indication of high chlorophyll content. However, recent studies
indicate that a reduction in chlorophyll content permits increased
radiation use efficiency and photosynthetic productivity (Walker
et al,, 2018). Similar to greenness, farmers in the UK have
continuously selected against the presence of awns in wheat
despite the potential benefits associated with water use efficiency,
radiation interception, and an increase in grain size (Bort et al,
1994; Motzo and Giunta, 2002; Rebetzke et al., 2016; Sanchez-
Bragado et al., 2023). This may partly be a result of the promotion of
fungal diseases by awns in wetter environments (Sanchez-Bragado
et al,, 2023). Therefore, in the UK, historically awns may have been
selected against to prevent yield loss associated with fungal diseases.
However, as the climate continues to change, most countries in
Europe, including the UK, are expected to have dryer environments
(Christidis and Stott, 2021). Therefore, awns may no longer
represent an undesired characteristic, but their future
presentation will depend upon farmer acceptance.

The abiotic and biotic environment

The traits expressed by a plant depend on both underlying
genetics and the environment (abiotic and biotic) to which they are
exposed. Variation in the local environment may lead to a plant
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structure that differs from a proposed ideotype. Many crop species
are sensitive to environmental conditions including changes in
weather patterns and extreme weather events (Porter and
Semenov, 2005; Semenov et al., 2014; Senapati et al.,, 2019). For
example, exposure to wind can lead to changes in structure
including dwarfing, tissue thickening and, under high wind
speeds, breakages (de Langre, 2008). Crops that are cultivated
close to the equator are likely to experience similar environmental
conditions year round, whereas those further away will have to
adapt to seasonal variation. For areas with large variation in
environmental variables, yield stability may be of greater
importance than yield maximisation (Braun et al., 1992).

Whilst the ideotype concept generally refers to a process to
assist with breeding, it can also account for the best crop phenotype
to grow in a given environment, under a specific cropping system or
for a desired end product (Martre et al., 2015). The original ideotype
traits proposed by Donald (Donald, 1968) were targeted at zero- to
low- stress environments. Therefore these traits are unlikely to be
suitable under moderate- to severe- stress. For example, during
water limitation, the impact and extent to which the plant is affected
will depend upon the timing, severity and length of the stress period
as well as any other interacting stressors. Under these conditions, it
is therefore unlikely that a single trait will be of benefit although this
is likely to require changes in both the shoot and root system,
requiring adaptation of the ideotype to the given environmental
conditions (Tardieu, 2012; Greenland et al.,, 2017; Rezzouk
et al., 2022).

Similarly, biotic factors such as the presence of herbivores,
weeds, pest and disease, or the risk of promoting it, may also
impact the traits exhibited by elite varieties in a given area (Arraiano
et al., 2006). Depending upon the type and severity of the biotic
stress, this may have structural implications such as leaf curling,
discolouration or stunted growth. With intense herbivory pressure,
plant architecture may adapt to protect the most vulnerable parts of
the plant resulting in ‘cage’ structure (Cadenasso and Pickett, 2000;
Charles-Dominique et al., 2017). In regions where biotic stressors
are a high risk, certain traits will provide a greater benefit than
others. For example, early canopy closure can increase
competitiveness against weeds (Kaur et al, 2021), however this
may come at the expense of light interception (Burgess et al., 2017;
Burgess et al., 2021), or provide a more humid microenvironment.
Microclimate features including humidity and reduced air flow as
well as increased senescence are known to facilitate the spread of
bacterial and fungal disease (Chang et al., 2007; Richard et al., 2012;
Tivoli et al., 2013). Therefore the selection of beneficial traits will
depend upon the tradeoff between multiple stressors. The impact of
biotic pressure is also dependent on the life cycle of the crop species.
For example, irrigated rice has a short growth cycle and so are less
impacted by weed presence and so a more erect canopy structure is
suitable (Ong and Monteith, 1992).

Cultivation and management

Another conflicting factor that will impact the presence of
ideotype traits is cropping system and management of a given
area. Agronomic practices including soil bed preparation, planting
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density and the timing of external resource applications will impact
the features of the crop. In some instance, this may provide an
additional control point to achieve ideotype traits. For example,
application of plant growth regulators (PGRs) is common to restrict
plant height and achieve uniform growth (Nickell and Louis, 1982).
However, in other cases, the combination of management practices
used will lead to variation in traits.

Intercropping (sometimes termed mixed cropping, or
polyculture) refers to an alternative cropping system in which two
or more plants are grown in close proximity during at least part of
their lifecycle. Intercropping systems are common to small-holder
farming, but due to their potential higher yields and reduced
environmental impact, they may provide a sustainable solution
for wider-scale agricultural production (Lithourgidis et al., 2011;
Maitra et al., 2021; Burgess et al., 2022). However, within such
systems, certain negative interactions must be overcome, such as
potential interspecific competition.

Most crop varieties were bred for monoculture, and thus are
rarely suited to mixed species systems. Within an intercrop, the
optimal combination of traits is likely to differ, and thus the
corresponding ideotype will also differ (Isaacs et al., 2016; Louarn
et al.,, 2020). Within these systems, the ideotype concept has been
extended and the term ‘ideomix’ has been proposed (Litrico and
Violle, 2015). To account for multi-species interactions, ideomix
selection can be facilitated by participatory plant breeding (PPB), in
which farmer knowledge and preferences are integrated within the
variety selection process. The PPB approach was applied to an
intercrop of maize and common bean (Phaseolus vulgaris L.) for
cultivation in Rwanda (Isaacs et al., 2016). Through this approach,
Isaacs et al. (2016) identified traits of the bean component, which
constitute the ideotype for intercropping systems. These traits
included restricted height, columnar plant structure, even
distribution of pods, fewer leaves, and earlier maturity.

PPB programs are not only exclusive to intercrop systems but
have also been applied to many monocrop species. Through client-
orientated focus, it more likely that farmer criteria for genotypes are
met, thus improving chance of uptake. This can therefore be used to
overcome the social and cultural preferences that can impact
expression of the ideotype.

The future of the ‘ideotype’

Whilst the concept of the ideotype has altered the way that we
view yield improvement programmes and varietal selection, is it
enough? Focusing on the ideal traits of a plant provides a simple and
targeted framework for yield improvement. However, many plant
traits are under control of multiple genes, some of which may be
unknown. Another potential limitation to the ideotype concept is the
multitude of interacting factors that determine the plant phenotype.
Location, cultivation system and management all influence plant
growth, and the potential combination of these features is almost
infinite. Whilst the ideotype concept should, in theory, account for
all of these different factors, the concept does lose some of its power
when an infinite number of ideotypes are feasible.
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Regardless of the complexity in achieving the ideotype, traits
known to contribute to improved resource use efficiency or
increased yield quantity and quality for one crop can provide a
target for other, related crops. For example, Triticale (Triticum x
Secale) evolved as a cross between wheat and rye and is known for
high resource use efficiency and yield in dry environments (Estrada-
Campuzano et al,, 2012). Whilst not currently considered among
the major crop species, Triticale has been shown to outcompete
wheat and other cereals in environments that would not
traditionally be considered dry, such as the UK. Triticale may
therefore provide a blueprint for traits conveying resource use
efficiency under climate change, where many cultivation zones
are expected to become hotter and drier (Bassu et al, 2011;
Roques et al., 2017). Beneficial traits of Triticale are associated
with early vigour, a longer spike formation phase with the same
duration to flowering, reduced tillering, increased remobilisation of
carbohydrates to the grain and higher transpiration use efficiency
(Bassu et al., 2011). For example, studies indicate that when applied
to wheat, improved transpiration use efficiency is predicted to
provide increased yield gains (Bassu et al., 2011).

A number of tools can assist with the generation of new,
improved crop species. These will be discussed in the
following section.

Tools to aid ideotype development

Improvements to phenotyping approaches

Improvements to plant phenotyping approaches have led to
methods to rapidly capture detailed descriptions for a variety of
plant traits. These often rely on the use of non-invasive and/or
digital technologies (Costa et al., 2019). A number of recent reviews
give in depth details to the advances in phenotyping approaches
(e.g. (Mishra et al., 2016; Lobos et al., 2017; Ubbens and Stavness,
2017; Li et al., 2020; Pieruschka and Schurr, 2023), however a few
key approaches will be given here in relation to ideotype breeding.

This desire for the creation of complex, geometrically accurate
three-dimensional models of plants has led to the development of a
number of different techniques in order to capture plant structure
(e.g. Watanabe et al,, 2005; Quan et al.,, 2006; Song et al., 2013;
Pound et al., 2014; Gibbs et al., 2019). Applications of such models
are diverse, including the study of photosynthesis for both single
plants and whole canopy structures (e.g. Song et al., 2013; Burgess
et al,, 2017; Wang et al,, 2020; Burgess et al., 2021). Image-based
models, or those originating from other remote-sensing based
techniques, are highly desirable (Houle et al., 2010; Santos and
Oliviera, 2012; White et al., 2012; Pound et al., 2014; Gibbs et al.,
2019), with the information needed to calculate a number of plant
traits including leaf areas and angles, geometry or plant height.
Therefore, these models are of particular importance for ideotype
design and assessment, with the ability to rapidly and accurately
quantify variation in structural traits.

The throughput of field data collection can be improved further
through the use of gantry systems, robotics or airborne data
collection (For reviews see Mogili and Deepak, 2018; Maes and
Steppe, 2019; Atefi et al., 2021; Li et al., 2021; Xu and Li, 2023). In
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recent years, Unmanned Aerial Vehicles (UAVs), Remotely Piloted
Aircrafts (RPAs) and drones have increased in popularity as a result
of increases in hardware and software capabilities combined with a
reduction in price. Incorporating multiple sensors within the same
system can permit high spatial and temporal data collection for a
wide range of plant parameters simultaneously (Mogili and Deepalk,
2018; Barbedo, 2019). Together, these enable high-resolution spatial
and temporal information to be collected, permitting the
quantification of a large range of plant structures throughout the
growth season.

Computer modelling

Generating new ideotypes is confounded by the high level of
uncertainty associated with rapidly changing environmental
conditions. Whilst the improvements in phenotyping approaches
discussed above provide one approach to capturing plant structural
traits, limitations arise as a result of access to equipment,
knowledge, sufficient variation and time. To overcome limitations
associated with the time and resource intensive breeding of
ideotypes, tools are being continually developed to narrow down
target traits. For example, designing and testing potential ideotypes
in silico using simulation models enables a wider range of traits and
environmental conditions to be tested. Process-based crop models
have been developed to simulate interactions between genotype,
environment, and management approaches. Thus, they can also be
used to support plant breeding through ideotype design. Model-
assisted phenotyping provides a phenotypic fingerprint that can
link trait correlations to genetic information (Martre et al., 2015).
Through the incorporation of global climate models, these models
can also be used to predict both current and future desirable traits.
Therefore whilst traditionally, breeding has focused on developing
crops that are suitable for a broad variety of environments, model-
assisted approaches allow varieties to be adapted to a specific set of
environmental conditions. For reviews on the application of crop
modelling to aid ideotype design see (Martre et al., 2015; Rotter
et al., 2015; Christensen et al., 2018).

Simulation models have been applied to ideotype design for a range
of crop species. The first model-aided ideotype design was
accomplished within irrigated rice, leading to the production of the
super hybrid rice variety ‘Lianyoupeijuu’ (Khush, 1995). Within wheat,
Semenov and Stratonovitch (2013) applied the Sirius simulation model
to design high-yielding ideotypes for two contrasting European sites,
UK and Spain, for the 2050 A1B climate scenario (Meehl et al., 2007).
This includes a year-round increase in temperature of 2 - 5°C and
variation in monthly precipitation for both sites (Semenov and
Stratonovitch, 2013). The authors identified that target traits
predicted to achieve the greatest yield increase include improvement
to the efficiency light energy conversion, optimal phenology and
increased length of the grain filling period.

3-dimensional (3D) visual modelling provides an alternative route
in model-assisted ideotype breeding to identify both phenotypic
features and agronomic practices which can contribute to yield
(Wang et al, 2019). This is facilitated by recent emphasis on the
importance of crop canopy architecture as well as advances in the ways
that canopies can be captured and modelled in 3D (Murchie and
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Burgess, 2022). Within rice (O. sativa), phenotypic plasticity was
assessed to re-optimisation of physiology and yield forming processes
of so called ‘super rice’ (Wang et al,, 2019). Under optimal growing
conditions, the super rice ideotype was predicted to have a high
cumulative leaf area; erect leaf orientations, particularly within upper
canopy levels; improved leaf area duration; and overall higher
photosynthetic and resource use efficiency. Further potential
beneficial traits include promoting early vigour and incorporating
stay green phenotypes (Hoang and Kobata, 2009; Thomas and
Ougham, 2014; Rebolledo et al,, 2015; Zhao et al., 2019).

For ideotype breeding of multi-species cropping systems, plant
growth modelling can help predict plant traits that affect both inter-
and intraspecific interactions (Bourke et al., 2021). Successful
intercrops arise from stronger interactions between the
component crops, and thus identifying these interactions are key
to ideotype breeding success. One particularly beneficial type of
computer modelling approach is functional structural plant
modelling (FSPM). In FSPMs, plant growth, and thus structure, is
simulated in 3D over time based on the competition for growth
resources (Evers et al., 2019). Therefore FSPMs are ideally suited to
determining the impact of interspecies interactions under different
spatial arrangements. However, for full assessment of plant
performance during FSPMs, below-ground interactions must also
be accounted for, thus requiring information on root systems (Evers
et al,, 2019).

The potential limitations associated with the use of process-
based models for ideotype design are linked to model accuracy
(Rotter et al, 2015). The detail and resolution at which the
underlying physiological processes are presented within the model
will determine their suitability for estimating beneficial traits. The
resolution at which genetic information is incorporated with
physiological and environmental controls is also key to progress
(Bertin et al., 2010; Hammer et al., 2010; Martre et al., 2015).
Incorporation of high-quality, long-term information on
environmental variables and plant productivity under different
scenarios will be imperative to increase the accuracy of the
models going forwards (Rotter et al., 2011; Li et al.,, 2015). This
includes the accurate representations of future weather events,
including elevated carbon dioxide concentrations and the impact
of elevated temperature on leaf senescence, floret abortion and grain
filling (Asseng et al., 2011; Moriondo et al., 2011; Nendel et al,, 2011;
Rotter et al., 2011).

Genetic selection

Many desirable plant traits are quantitative and affected by
multiple genes. Therefore, quantitative genetics provides a powerful
framework for crop improvement. For ideotype design, parental
lines could be selected for breeding programmes. Following trait
recombination, genomic selection could be used as a tool to help
avoid lengthy phenotypic evaluation of the progeny, while
potentially achieving greater genetic gains.

When defining a genetic ideotype, the first stage is to accurately
define the target environment and the corresponding impact on the
phenotype (Hodson and White, 2007; Trethowan, 2014). Following
this, known genetic information, gene x environment interactions

Frontiers in Plant Physiology

10.3389/fphgy.2024.1341617

and physiological response to stressors can be integrated to predict
the optimal plant type. For areas of the genome where unknown
genes may be located, association genetic analysis can be performed
via random genotyping (Crossa et al., 2007). Once the genetic
ideotype has been defined, it can then be bred for. This can be aided
by methods such as marker assisted recombinant selection
(Charmet et al, 1999) and through software to predict the
probability of obtaining the desired genotype.

Combined approaches

Whilst computer modelling, genetic selection and new breeding
approaches have all resulted in improvements to crop traits, greater
improvements could be achieved by combining approaches. For
example, combining simulation studies with new breeding
approaches provides the platform for targeted ideotype production,
significantly accelerating the generation of new cultivars.

Potential drawbacks of each individual approach may be
overcome. For example, computer simulation approaches often
do not consider the genetic basis of a trait of interest, not do they
account for the available genetic variation in traits (Gu, 2022). In
comparison, genetic- based models may be reduced in accuracy due
to the complex gene x gene and gene x environment interactions.
Therefore, quantitative trait loci (QTL) are often only detected
under a limited set of environmental conditions (Zhou et al., 2007).
Combining both approaches has therefore been proposed to
overcome these issues (Letort et al., 2008; Bourke et al., 2021; Gu,
2022). When combining both approaches together, a number of
factors must be addressed. For example, using phenotypic data for
quantitative genetic analysis requires the growth and measurement
of plants under the same environment, at the same growth stage.
Conversely, accurate quantitative genetic analyses require screening
of large populations to obtain sufficient genetic resolution.

The power of the combined approach comes from the application
of crop simulation models in dissecting complex traits. Once dissected,
it is then possible to assess genetic variation for each component and
evaluate relative importance. Additionally, simulating plant growth and
development using FSPMs, for example, permits the visualisation of the
change in phenotype over time, and therefore provides direct
information about the action of gene. This can be verified using field
based phenotyping systems such as those discussed above. Due to these
benefits, a combined approach has been suggested for ideotype design
for both monocrops and intercrops (Bourke et al., 2021). For
maximised success, several suggestions as to requirements of
simulation models have been proposed, central to which is high
predictability under varied environmental conditions (Hammer et al,,
2002; Tardieu, 2003; Hammer et al., 2006). Some limitations may occur
when using the combined approach, such as artificial pleiotropic effects,
which may be a result of impact on similar primary mechanisms, but
not through linked genetic bases (Yin et al.,, 2003).

Whilst improvements to both simulation and genetic methods
will aid to increase success for ideotype breeding, combined
approaches have nevertheless been applied to a number of crop
species. In rice, combining ecophysiological crop models with
genetic markers has been shown to provide a greater number of
markers overall, whilst also allowing for prioritisation to a given
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environment (Gu et al., 2014). Similarly, Xu et al. (2011) were the
first to combine an FSPM with a quantitative genetic model to link
QTL with whole plant physiological function in rice. Whilst
successful in predicting plant height, mismatch between measured
and modelled dry matter production indicate further improvements
are required (Xu et al,, 2011). In apple trees, a FSPM was combined
with genome wide information to predict tree structural
information (Migault et al., 2017). Whilst the approach was
sufficient at predicting phenotype for one growth season, it was
less successful for another, indicating that further improvements are
required to determine environmental interactions.

Conclusions

The concept of ideotype proposed by Donald (1968) suggests that
there is an ideal phenotype of a crop that can produce higher and
better quality yield within a given environment. This revolutionised
the breeding process by providing targeted traits that are known to
underlie key physiological processes. Since its proposal, the ideotype
concept has been applied to a variety of different crop species,
expanded to specific environments and alternative cropping
systems, and applied to varying end uses. However, is the ideotype
concept enough, or is it time for a new approach?

The ideotype suggests that the features of modern day elite varieties
should be similar for a given habitat. Therefore, government
recommended lists are expected to feature varieties that represent the
ideotype, and are similar to each other. However, here we show
significant variation among three elite wheat varieties featured
recently on the UK recommended list (AHDB, 2023). The three
varieties differed significantly in leaf and tiller numbers, leaf size, leaf
erectness, chlorophyll content, photosynthetic efficiency, and
mildew presence.

Multiple factors may contribute to the phenotype which an
individual plant expresses. In many cases, this may result in the
expression of features that are not part of the ideotype, and may
have contributed to the variation we found here. Therefore the
ideotype should not considered to be static, and will depend on a
combination of biotic, abiotic and cultural variables. In a perfect
world, these conflicting factors will have been accounted for during
the ideotype selection process, and numerous advances in both
computer modelling, genetic and biochemical methods are making
this more feasible. However, limitations in these approaches exist,
restricting their predictive capacity.

Regardless of potential limitations, we argue that there is still a
role for the ideotype in crop breeding, but that this concept needs to
be expanded to combine knowledge of the genetic and
environmental interactions governing plant physiology.

Methods
Plant material

Three elite varieties of wheat (Triticum aestivum) were selected
from AHDB recommended lists. The varieties chosen were
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Paragon, Willow and Cochise, which were last recommended by
the AHDB for the periods of 2015 to 2016, 2019 to 2020, and 2023
to 2024, respectively (AHDB, 2023). The seeds were planted on a
96-cell module tray using John Innes No. 2 soil-based compost (pH
6.0 - 7.0; J Arthur Bower’s, Westland Horticulture Ltd.,
Huntingdon, UK) in the glasshouse facilities at the University of
Nottingham Sutton Bonington campus. 32 seeds of each variety
were planted in each tray. After three weeks, corresponding to
growth stage 12 (Zadoks et al., 1974), the plants were then
transplanted into 2-litre pots which were filled with the same soil-
based (John Innes No. 2) compost. The experiment used a
randomised block design with a total of four replicates. The first
replicate was planted on 19"™ October 2022, the second on the 9™
November 2022, the third on the 1% December 2022 and the fourth
on the 20" January 2023. Glasshouse temperature was controlled to
22°C from 6:00am to 10:00pm and to 19°C from 10:00pm to
6:00am, whilst photoperiod ranged between 8 (January) and 11
(October and March) hours, in accordance with UK weather. A
total of 20 plants of each variety were transplanted for the first three
replicates while 24 plants of each of the Cochise and Willow
varieties and 32 plants of the Paragon variety were transplanted
in the fourth replicate. The pots were placed on top of benches and
attached to an automated drip irrigation system.

Throughout all experimental runs, plants suffered with breakouts
of both powdery mildew and aphids. These were controlled for in
multiple ways. SB invigorator spray (SBPI, Stan Brouard Group,
Guernsey, UK) was used for controlling both pests by applying it
directly to the affected areas and also by applying it to all of the plants
when the aphids or mildew were starting to spread. To control the
mildew specifically, Romeo™ (Agrauxine Lesaffre Plant Care, Angers,
France), a cerevisane-based biofungicide was sprayed on a weekly basis
at a rate of 0.5 kg/ha. Additionally, Revystar (100 g
mefentrifluconazole/l EC, BASF SE, Limburgerhof, Germany) was
applied once at a rate of 1.5 x 10 m’/ha. To control the aphids
specifically, FLiPPER® (a broad-spectrum contact bio-insecticide/
acaricide, Bayer CropScience Ltd., Cambridge, UK) and Aphox
(active ingredient: 50% pirimicarb; Adama Ltd., Reading, UK) were
applied only when the aphid population was noticeably high at a rate of
1.6 x 10 m’/ha and 2.8 x 10" kg/ha. Additionally, biological controls
in the form of aphid predators (Chrysoperla carnea) and parasitic
wasps (Aphidius colemani, Aphidius ervi, and Aphelinus abdominalis)
from Bioline Agrosciences (Little Clacton, UK) were applied.

Phenotypic measurements

The majority of measurements were performed on the final
batch of plants which were less effected by pests and diseases. A total
of twenty-four plants were measured for each of the Cochise and
Willow wheat varieties while thirty-two plants were measured for
the Paragon variety. All measurements taken were non-destructive
and were done by either using optical devices or by manually
measuring or counting the variable.

For the optical measurements, a SPAD 502 chlorophyll meter
(Konica Minolta, Tokyo, Japan) was used for measuring chlorophyll
content and a Photon Systems Instruments (PSI, Brno, Czech
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Republic) FluorPen FP 110 was used for measuring the quantum
yield. Measurements were taken weekly after growth stage GS40
(Zadoks et al., 1974). The measurements were performed three
times at the centre of the adaxial side of the second youngest leaf
and then averaged.

For the manual measurements, main shoot height, tiller count,
ear count, leaf count, leaf area and leaf erectness were measured. In
addition, the presence of powdery mildew was also noted. The main
shoot height was measured for each of the plants by placing a ruler
with zero value on top of the soil and then measuring the height
from soil surface to the top of the ear, not considering the awns if
any were present. These measurements were performed after the
emergence of the ear between growth stages GS60 and GS70 Leaf
and tiller count were performed by manually counting the number
of leaves and tillers (in addition to the main shoot) that were present
in each of the plants. Counting was done on a weekly basis and the
final count was done after growth stage GS60.

Flag leaf and non-flag leaf area was calculated using a non-
destructive method based on the formula derived by Chanda and
Singh (2002) after GS60:

Leaf Area = Length x Breadth x 0.75 (1)

For the length, the measurement was taken from the leaf base to
the leaf tip. For the breadth, the measurement was taken for the
widest width of the leaves at a perpendicular angle to the
measurement taken for the length. To calculate the leaf erectness
of the different elite varieties of wheat, the methods proposed by
(Richards et al., 2019) of assigning a score from 1 (erect) to 10
(planophile) was adopted after GS70. A score of 1 was given to a
canopy if all the leaves in the upper canopy had their tips positioned
above the ligule while a score of 10 was given if none of the leaves
had their tip positioned above the ligule. Other scores were assigned
depending on the percentage of leaves that were erect (e.g., a score
of 8 was given if around 20% of the leaves were erect).

Statistical analysis

All statistical analysis tests were performed using Jamovi for
windows (version 2.3.21). The data was checked to see if the
assumptions of homogeneity and normality were satisfied. The
variables that complied with both assumptions were main shoot
height, leaf count, tiller count, and chlorophyll content. The
variables that did not comply with both assumptions were ear
count, leaf count, tiller count, leaf erectness, and quantum yield.
Analysis of variance (ANOVA) was carried for the variables that
complied with both assumptions and then a post hoc Tukey’s test
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