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Emily M. S. ter Steeg ©®'>, Paul C. Struik®2, Richard G. F. Visser®3 and Pim Lindhout

There is an ongoing societal debate about plant breeding systems and their impact on stakeholders in food systems. Hybrid
breeding and hybrid seed have become controversial topics as they are believed to mostly serve high-tech agricultural systems.
This article focuses on the perspective of commercial plant breeders when developing new cultivars of food crops. Arguably,
hybrid breeding is the most effective breeding system for genetic improvement of crops, enhancing yields, improving product
quality and increasing resistance against (a)biotic stresses. Nonetheless, hybrid breeding is not commercially applied in all
crops. We analyse how biological and economic factors determine whether a commercial plant breeder opts for the hybrid sys-
tem or not. We show that the commercial feasibility of hybrid breeding depends on the crop and business case. In conclusion,
the commercial application of hybrid breeding in crops seems to be hampered mostly by high costs of seed production. Case

studies regarding the hybrid transitions in maize, wheat and potato are included to illustrate these findings.

to strengthen global food and nutrition security'”. The con-

cept of hybrid breeding and hybrid cultivars (also referred
to as F, hybrids) is based on crossing two parent lines that usually
are fixed for the most important traits and reside in two differ-
ent gene pools’. There is an ongoing societal debate regarding the
desirability of promoting this technology. The debate is shaped by
conflicting narratives on global food security*->. While proponents
associate hybrid breeding with scientific and genetic advancement,
opponents associate hybrid breeding with unsustainable cropping
systems, reduced biodiversity and market consolidation by multina-
tional breeding companies™. This paper aims to contribute to the
discussion by explaining the perspective of commercial plant breed-
ers. To serve a diverse readership, we attempted to avoid technical
jargon and details without compromising the content.

Plant breeding entails the art and science of changing the genetic
composition of plants to improve their economic utility to humans®.
Four classic plant breeding systems can be distinguished: vegeta-
tive, open-pollinated, self-pollinated and hybrid. In this paper, we
follow the principles outlined by Brown and Caligari, while exclud-
ing exceptions such as the development of synthetic and composite
varieties, whereby mixtures of breeding systems are applied’. This
classification is based on the reproduction processes of crop species.
Breeders make crosses between individual plants and produce seeds
or clonal propagules. The first three systems are based on the natu-
ral reproductive systems of plants. These systems have been used
since the domestication of wild species and the onset of agriculture.
Hybrid breeding was introduced only at the beginning of the twen-
tieth century'. The hybrid system is based on human intervention in
the natural reproductive systems of crop species.

The hybrid breeding system is arguably the most advanced of
the four classic breeding systems, because it allows breeders to
efficiently estimate and exploit genetic components of individual
traits®. It remains challenging to distinguish between the impact
of genetics and that of the environment or crop management on
traits. Still, hybrid varieties are generally considered to enhance

| | ybrid breeding represents a technology with the potential

productivity and plant uniformity'®'’. Apart from yield, numerous
other traits (such as resistance to biotic stresses, tolerances to abi-
otic stresses and product quality) are important drivers of breeding
programmes. Such traits can be introduced much faster and can be
efficiently combined in one variety thanks to hybrid breeding'"".
Moreover, breeding companies prefer to combine the best traits in
hybrid varieties because these have ‘natural’ intellectual property
protection based on the genetic segregation of harvested selfed
seeds of hybrid plants'~.

Close to 400,000 plant species exist today, of which 6,000 are being
cultivated and less than 200 are of substantial importance for global
food production’>'. Only six crops account for 60% of global food
production: sugar cane, maize, rice, wheat, potato and soybean'. In
this paper, we emphasize food crops. The hybrid breeding system
has been applied to fewer than 50 food crops. The aim of this article
is to identify prerequisites for the development of a hybrid cultivar
from the perspective of the commercial plant breeder. The question
arises: why has hybrid breeding been used for the improvement of
some crops but not for others? First, we discuss the biological and
legal frameworks of plant breeding. It is important to build an under-
standing of the structures within which a commercial plant breeder
is operating, imposing limits and providing opportunities. Second,
we introduce the four plant breeding systems, describing features
with regard to the process of making crosses and seed multiplication.
Third, we discuss biological and economic characteristics that influ-
ence decision-making in the hybrid breeding process. Finally, we
categorize existing hybrid crops where breeding systems are used, to
identify determinants for commercial plant breeding programmes.

Basics of commercial plant breeding

In nature, plants evolve under natural conditions by mutations
and natural selection®'°. Plant breeders change the genetic com-
position of plants to meet human preferences and match farming
conditions. Domestication entails the process during which a plant
is deliberately transitioned from a wild species, growing in a natu-
ral vegetation with many competing species, into a crop adapted
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Fig. 1| Variation in the occurrence of sexual organs in plants. Species have
different mating systems defined by the sexual organs of flowers on plants.
Hermaphrodite plants have flowers with both female and male sexual
organs. In monoecious species, separate female and male flowers are
found on the same plant. In dioecious species, female and male flowers are
present on different plants.

to farming conditions in an artificial, species-poor environment
and for human needs. Farmers started the process of domestica-
tion through the selection of individual plants of wild species from
natural vegetation and turning these into manageable crops to feed
themselves and their domesticated animals. This selective domesti-
cation process took thousands of years for the crops widely grown
today'. Directed selection by farmers may be considered the first
act of plant breeding.

In the past 200 years, the process of directed selection developed
into a process of genetic recombination, during which crosses are
made between the most promising plants to ‘combine’ their genetic
compositions. Plant breeding is a repetitive process during which
breeders recombine genes by making deliberate crosses and select
the best plants from the offspring. Genetic recombination by cross-
ing is a random process. Until today, the breeder is bound to trial
and error to generate superior cultivars. This process has been con-
founded by genotype-by-environment interactions. The genetic
potential of a new cultivar can be reliably assessed only by repeated
trials under the specific and variable conditions for cultivation. This
process usually requires one or several rounds of crossing, repeated
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trialling and selecting the best plants. New cultivars are thoroughly
tested by the breeder, often in collaboration with farmers.

Upon the commercialization of cultivars, starting materials for
cultivation by farmers are produced on a large scale. This is real-
ized generatively or vegetatively: generative multiplication is done
via seed, while vegetative multiplication is done via plant parts such
as roots, cuttings, tubers, bulbs, rhizomes, shoots or tissue culture.
Starting materials are sold to farmers for agricultural production.
Alternatively, companies specializing in young plant raising may
buy seed and grow seedlings, which are then sold to the farmers.
This is common practice in many vegetable crops. Commercial
plant breeders obtain returns on their investments through seed
sales and/or royalties by licensing others to sell seed. Costs entail
research and development, seed production and processing, and
commercialization (marketing and sales).

A successful cultivar has added value for the entire food chain.
Upstream, farmers seek marketable crops that can be produced
efficiently. Important characteristics are high yields, uniformity,
resistance to biotic stresses, tolerances to abiotic stresses and mini-
mal input requirements in terms of water, fertilizers and crop pro-
tectants. Downstream, processors, retailers and consumers prefer
uniform crop products, good storability, high nutritional value, con-
sistent quality and low prices. Plant breeders must therefore focus
on a wide variety of traits. An additional requirement for breeders
is efficient multiplication of starting materials, enabling seed to be
produced and sold at a competitive price.

Biological framework

Plant breeding systems are based on natural processes. Opportunities
for and limitations of plant improvement are therefore determined
by the biological traits of a species. It is necessary to understand the
biology underlying and defining breeding programmes before one
can explain commercial feasibility. An explanation of the biological
framework is provided below.

Genotype and phenotype. ‘Genotype’ refers to the complete genetic
composition of a plant; ‘phenotype’ refers to the entire set of observ-
able traits. The same genotype can result in different phenotypes
across environments, and, vice versa, different genotypes can show
a similar phenotype. Generally, plant species have over 30,000 genes
that are responsible for their traits'”. Some genes can be directly
linked to specific traits such as colour, while other ‘polygenic’ traits,
such as quality or yield, are more complex and depend on many
genes, which also show interactions®'®. A breeder identifies pre-
ferred plant traits and designs experiments to assess the occurrence
and inheritance of these traits". Subsequently, the breeder combines
traits into one genotype through crossing. Selection is still mostly
done on the basis of phenotypes. For qualitative traits, the num-
ber of genes is very high, and single genes have only a small impact
on the phenotype”. As the functions of most of the genes remain
unknown and the phenotypic expression of genes may differ over
locations, seasons and years, many trials are required to select the
best cultivars. Molecular markers may facilitate and speed up breed-
ing, being a diagnostic tool for genes that influence crop traits®.

This process is designated ‘marker-assisted selection’*.

Cultivars. There are two types of cultivated varieties or ‘cultivars.
Plant breeders aim to develop ‘commercial’ or ‘modern’ cultivars
with a distinct, well-defined and stable genotype". Modern culti-
vars are often preferred by farmers, as these reduce the risk of har-
vest failure thanks to their stable performance. Modern commercial
cultivars tend to be legally protected because of their high economic
value. By contrast, farmers’ cultivars, also known as landraces or
traditional cultivars, may be less uniform and contain high(er) lev-
els of genetic diversity'>'*. Farmers’ cultivars may be well adapted to
local dietary preferences and environmental circumstances.
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Fig. 2 | Plant breeding cycle for the development of new cultivars. The continuous cycle of plant breeding results in the development of new cultivars
based on crosses and selections among plants of a crop species, whereby the breeder applies one of the breeding systems supported by biological
techniques. Existing genotypes for breeding are derived from the gene pools, and new genotypes are created using tools to induce genetic variation.

Mating system. The mating system of a plant is defined by the
sexual organs of its flowers***. A plant may have hermaphrodite
flowers with both female and male sexual organs. A plant can also
have male flowers or female flowers on the same or different plants
(Fig. 1). The female organs of plants are the pistils, comprising an
ovary with the ovules. The male organs of plants are the anthers,
which release pollen. When a pollen grain lands on the female
stigma, it grows through the style to the bottom of the pistil, where
the ovules with egg cells are located; the egg cells are then fertilized.
This results in an embryo that grows into a seed of the next genera-
tion: the progeny.

In plant species, a distinction is made between self-pollinators
and cross-pollinators’. In self-pollinators, seeds are the result of
self-fertilization: a pollen grain fertilizes the egg cell of its own
flower or of another flower on the same plant, generating ‘selfed
progeny. By contrast, seeds may be generated via outcrossing,
whereby a pollen grain fertilizes the egg cell of another plant with
a different genotype, resulting in outcrossing and ‘hybrid progeny’
Self-fertilization may be prohibited by a natural system, designated
‘self-incompatibility, whereby the pollen growth is arrested®’. The
division between self-pollinators and cross-pollinators is a gross
generalization: species show a continuum in mating types®. Some
self-pollinators are very strict, whereas others can occasionally out-
cross; some cross-pollinating species may also produce viable seed
after selfing.

Homozygosity and heterozygosity. Zygosity refers to the degree
of similarity of alleles of a particular gene. If the alleles for a gene
on a chromosome pair are the same, a gene is fixed*’. In homozy-
gotes, all the alleles of each gene are identical. This means that a line
is genetically pure and all genes are fixed. In heterozygotes, alleles
are different. There are dominant alleles, which show activity, and
recessive alleles, which show activity only in the absence of domi-
nant alleles. Homozygosity is the result of repeated self-fertilization,
which leads to inbreeding and reduced genetic variation***. Strict
self-pollinators are natural inbreds, while non-strict self-pollinators
and cross-pollinators vary in their level of inbreeding®*. Reduced
genetic variation often results in weak plants, a phenomenon called
‘inbreeding depression®. Some outcrossing species might not
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tolerate inbreeding at all, as the progeny plants obtained after selfing
are too weak, non-flowering and/or sterile®.

Gene pools. Plant breeders use three types of gene pools for breed-
ing?*. The primary gene pool consists of the genotypes of a breed-
ing programme, including modern cultivars (‘active breeding
germplasny’). The breeder uses these genotypes to generate new
cultivars. The market constantly demands new traits, and these may
not be present in existing marketed cultivars. Genetic variation is
increased by making crosses with genotypes beyond the primary
gene pool. The secondary gene pool includes older farmers’ culti-
vars (landraces) and closely related species. The tertiary gene pool
consists of other related species and wild relatives that are genetically
more distinct. Important genetic improvements and traits are often
derived from secondary and tertiary gene pools. These pools con-
tain higher genetic variation; hence, more innovative and rare traits
can be exploited. Still, breeders prefer to use germplasm from the
primary gene pool, as this is the most adapted to the market needs.
Moreover, using germplasm from the secondary or tertiary pool is
challenging. The introduction of desired traits goes hand in hand
with the introduction of numerous undesired traits, which must be
removed through a lengthy process of repeated backcrossing®.

Induced genetic variation. Additional technologies exist to
improve plant genetics and induce genetic variation, such as artifi-
cially induced mutations, genetic transformation and gene editing'*.
These tools should be separated from breeding systems, as they are
not based on the recombination of natural genes that are present in
the breeders’ germplasm. Mutations are random’ changes in DNA,
which have been of crucial importance for evolution’. They can
result in an altered plant, a mutant—for example, with a different
flower colour or chemical composition of the seed. In nature, spon-
taneous mutations result in genetic variation and occur frequently.
Mutations are induced by agents such as UV light, chemicals or
random errors in DNA replication®. Plant breeders can artificially
trigger mutations using the same agents. In the past 70 years, over
2,000 mutant cultivars have been released, mainly in ornamental
species, for which an altered flower colour can result in a new cul-
tivar’®’'. Furthermore, technologies allow for the introduction of
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Fig. 3 | Formal legal framework guiding commercial plant breeding. In
most seed regulatory systems, new cultivars of food crops are submitted to
DUS and VCU tests for variety registration and release to the seed market.
DUS means distinct, uniform and stable. VCU testing requires values
similar to or better than existing varieties. DUS and VCU are required for
variety registration of agricultural crops. Only DUS data are required for the
registration of other food crops. Additionally, DUS data are used to apply
for PBR, providing breeders with the exclusive right to commercialize the
cultivar, commonly for 25 years. Application for PBR is voluntary.

specific (trans)genes, resulting in the creation of genetically modi-
fied organisms. Innovations (such as CRISPR-Cas9) can induce
site-specific mutations, designated ‘gene editing. This article does
not further discuss these tools but focuses on the four classic plant
breeding systems (Fig. 2).

Legal framework

The business of commercial plant breeding is based on a legal
framework, through which a breeder can become the owner of
new cultivars®>*. It is possible for a plant breeder to obtain plant
breeder’s rights (PBR) for newly developed cultivars, which meet
the so-called DUS criteria: distinct from existing cultivars; uniform,
meaning that individual plants look similar; and stable, meaning
that the cultivar remains true to its description through genera-
tions and multiplications. PBR give a breeder the exclusive right for
a fixed period (generally 25 years) to commercialize the cultivar
by producing and selling propagation material—seeds, tubers and
plants®. In Europe, the seeds of vegetable and field crop cultivars
can be commercialized only if they have passed the DUS test. PBR
application is voluntary, but plant breeders will usually obtain PBR
to protect their varieties before commercialization.

There are two exceptions to the PBR rule. The first exception is
farmers’ privilege (also known as farm-saved seed)’>*". It safeguards
the right of farmers to save seeds from the plants they grow. Farmers
have the right to use these seeds by themselves during the next sea-
son, but they are not allowed to sell them. In some countries, farm-
ers need to pay a fee to the owner of PBR when saving seeds. The
farm-saved seed exemption applies to field crops to support food
security. It does not apply to vegetables or ornamentals, because
these are considered to have a more commercial character. The sec-
ond exception is the breeders’ exemption, which allows for the use
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of protected varieties without authorization for further crossing,
breeding and selection.

In most countries, there is an additional requirement to pass the
test for Value for Cultivation and Use (VCU) for agricultural crops
(Fig. 3)*. VCU concentrates on the agronomic characteristics and
economics of a new cultivar, assessing features such as yield, disease
resistance and (processing) quality”. Only cultivars that outper-
form existing cultivars already available in the country are placed
on the ‘National List. This National List determines which cultivars
are recommended to farmers in a country. In a few countries, VCU
is not required, and plant breeders can sell their DUS varieties—it
is up to breeders and farmers to do performance trials and decide
which varieties to sell or grow™.

Plant breeding systems

Plant breeding systems are defined by processes of genetic recombi-
nation and reproduction. Four classic breeding systems can be dis-
tinguished: vegetative, open-pollinated, self-pollinated and hybrid
(Table 1)'°. All breeding systems start with the generation of new
genetic combinations based on crosses between favourable geno-
types and subsequent selection of the best plants in the consecutive
progenies. They represent a continuous process of improvement
through crossing, testing, selecting and fixing of genotypes. The
four systems differ in terms of the breeding process, the type of
starting material generated, the multiplication of the starting mate-
rial and the speed of genetic improvement.

Vegetative breeding system. The vegetative breeding system is the
most basic and empirical breeding system. Crosses are made to pro-
duce new genetic combinations, and the best plant is selected after
repeated trials. It is the dominant system in genetically complex spe-
cies (see below, ‘Ploidy level’). Cultivars are reproduced vegetatively:
clones are made from selected plants. In this way, breeders ensure
that the genetic composition of the plant remains constant. Examples
are root and tuber crops, ornamental crops and fruit crops.

Open-pollinated breeding system. The open-pollinated system
is based on population management. The breeding process is less
controlled than in other breeding systems. Most crosses occur
without the involvement of a breeder as plants within a selected
population spontaneously outcross. Plant species often have a
natural (self-incompatibility) system that prevents them from
self-fertilization, and plants are randomly pollinated and fertilized
by neighbour plants®. Seeds of a new (open-pollinated) cultivar are
produced in the same way by open pollinations. Genetic variation in
open-pollinated cultivars remains relatively high. Each plant repre-
sents a unique genotype, meaning that it has a unique genetic compo-
sition. Open-pollinated cultivars are not very uniform and may not be
stable due to genetic drift during the multiplication process. The DUS
criteria are less strict when seeking to obtain PBR for open-pollinated
crops. Demand for highly uniform crops has resulted in a shift from
the open-pollinated system to the hybrid system in many crops.
Examples of crops in which a transition from the open-pollinated sys-
tem to the hybrid system has occurred are maize, cabbage, carrot, leek,
onion and sunflower. For major crops such as maize, hybrid cultivars
are preferred by commercial farmers, although some open-pollinated
cultivars are still being used, mainly by smallholder farmers™.

Self-pollinated breeding system. Self-pollinators reproduce via
a natural system whereby their own pollen fertilizes flowers of
the same plant. As explained previously, repeated selfing results
in offspring in which all chromosome pairs are eventually identi-
cal. This phenomenon is called ‘homozygosity. Genetic variation
within a self-pollinated population gradually decreases. In this
system, the breeder starts by making manual crosses of parent
plants with desired characteristics, and the progenies are selfed for

NATURE PLANTS | VOL 8 | MAY 2022 | 463-473 | www.nature.com/natureplants


http://www.nature.com/natureplants

NATURE PLANTS

Table 1| Overview of four plant breeding systems

Breeding system Breeding process

PERSPECTIVE

Generation of new starting Starting material Speed of genetic

material for cultivation improvement
Vegetative Crosses and selection in consecutive vegetatively propagated  Vegetative propagation Clones Slow?
progenies
Open-pollinated  Mass selection in open-pollinated populations Mass pollination Seeds of the Medium
population
Self-pollinated Crosses, backcrosses and repeated selfings Selfings Selfed seeds Fast
Hybrid Crosses, backcrosses and repeated selfings to generate inbred  Crosses between Hybrid seeds Fast®

parents and crosses between parents to generate the hybrid

(homozygous) parent lines

2Vegetative breeding moves slowly for polygenic traits such as yield and drought resistance. It can be a fast way to introduce genetically simple traits such as flower colour in ornamental crops. ®It may take
a long time to develop inbred lines; once these exist, hybrid breeding is the fastest system to realize genetic improvement.

many generations, whereby the best plants are selected. This results
in a homozygous cultivar that can easily be reproduced by harvest-
ing the selfed seeds.

Hybrid breeding system. Hybrid breeding is based on human
interventions in natural reproductive systems. The system is based
on the development of inbred lines and subsequent crossing of two
selected inbred lines to generate the hybrid cultivar (Fig. 4). Upon
selfing, the offspring of homozygous genotypes remain homozy-
gous, while the offspring of heterozygous genotypes segregate into
homozygous and heterozygous genotypes. The eventual deliberate
crossing of two homozygous parent lines results in heterozygous
offspring, which usually leads to enhanced uniformity, stronger and
more resilient plant growth and higher yields. This phenomenon
whereby the progeny of crosses among parent inbred lines outper-
forms its parents is designated ‘heterosis’ or ‘hybrid vigour™.

The main advantage of hybrid breeding is the improved pre-
dictability of the outcomes of crosses. The homozygous char-
acter of inbred parent lines results in improved control over
genetics. Furthermore, inbred lines enable the breeder to use
(marker-assisted) backcrossing to add new traits to existing cul-
tivars while maintaining other traits. This process is called ‘trait
stacking’ and is impossible in the vegetative and open-pollinated
breeding systems. Another reason why commercial breeders pre-
fer hybrid cultivars is the natural protection of intellectual prop-
erty. Seeds harvested from a hybrid plant are genetically diverse
and hence differ from the original hybrid. Plants raised from these
saved seeds are inferior to the plants grown from the hybrid seeds.
Farmers need to buy new hybrid seeds every season to maintain
crop performance.

The multiplication of starting materials for hybrid cultivars
is a resource-intensive and expensive process. It requires more
resources than for the other three breeding systems because each
hybrid seed is the product of a deliberate cross between two specific
parent plants. Also, due to inbreeding depression, inbred lines tend
to produce fewer seeds; thus, many plants are required to produce
the desired amounts of seeds. Male parent lines produce no hybrid
seeds at all and occupy a varying part of the field (5-40%), depend-
ing on the crop species”’. The production of hybrid seeds can be
done manually, or by wind or insects when male-sterile female
plants are used. As a result of the development of parent lines and
the labour required for seed production, the costs of hybrid seeds
are usually higher than the seed production costs of open-pollinated
or cross-pollinated crops.

Biological and economic characteristics of crops

Breeding programmes are shaped by economic and biological feasi-
bility. Below, we discuss biological and economic characteristics of
crops that influence the commercial feasibility of a hybrid breeding
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programme. Certain characteristics are identified as determinants
from the perspective of the plant breeder.

Mating system: inbred lines and heterosis. The preferred breed-
ing system is largely determined by the mating system of a crop®.
Mostly, it is directly linked to the feasibility of generating inbred
lines. The hybrid breeding system was easily applied to (strict)
self-pollinators such as tomato, pepper and eggplant. A natural
inbreeding process had already been completed, resulting in the
selection of alleles with an evolutionary advantage. The mating sys-
tem of (strict) self-pollinators is optimal because all genetic combi-
nations can be made: selfings and (back)crosses. The mating system
of cross-pollinators often prevents self-fertilization, and crosses are
made between different genotypes. This results in genetically diverse
and highly heterozygous crops, in which alleles with a negative effect
on plant performance can remain hidden, especially in polyploid
crops™. Upon selfings, deleterious alleles may pop up in homozygous
loci. This is the main reason for inbreeding depression observed in
such crops. The development of inbred lines poses a great challenge,
especially in cross-pollinators. Parent lines are generally weak and,
in particular, too weak to support commercial seed production. This
is why the degree of inbreeding for parent lines of hybrid cultivars
may differ. When seed yields of pure inbreds are too low, breeders
prefer ‘impure’ parent lines. A lower degree of uniformity is then
accepted. Once viable inbred parent lines have been developed,
applying the hybrid breeding system is straightforward: the inbred
parents are improved through intercrosses and backcrosses®.
Furthermore, the mating system may also determine the level of
heterosis. Some breeders link the magnitude of heterosis to genetic
diversity: combining more genetically distinct parent plants leads
to a greater manifestation of heterosis’. Among selfers, a degree of
heterosis can be found, but it is generally more erratic”. Maize, an
outcrossing species, shows an enormous degree of heterosis, incen-
tivizing breeders to pursue hybrid breeding”. However, it must be
stressed that the cause of heterosis is still disputed®. At this point,
plant breeders simply benefit from the manifestation of heterosis
without knowing the scientific cause underlying the phenomenon.
Breeders can develop heterotic pools of contrasting parents to
maximize the heterosis effect. Such pools have been very impor-
tant for some cross-pollinators such as maize and pearl millet*’. For
self-pollinating vegetables such as tomato, breeders use inbred lines
with high general combining ability rather than heterotic pools.

Ploidy level. In nature, plants may have two, four or more copies
of all chromosomes. This is referred to as a plant being ‘diploid’
(two copies), ‘tetraploid’ (four copies) and so on. A wide variation
in ploidy level occurs in plants. In polyploid species, a high num-
ber of disadvantageous alleles accounting for a particular gene can
be tolerated thanks to alternative advantageous alleles on the sister
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Fig. 4 | Development of homozygous inbred lines. The diploid breeding
germplasm consists of three genotypes, ‘BB’, ‘Bb" and 'bb’, with B and b
representing two different alleles of one locus. In the end, there are two
homozygous parent genotypes left: BB and bb. A cross is made between
two individual homozygous parents with different alleles to create a hybrid
that is heterozygous (Bb).

chromosomes. Simply put, good sister alleles compensate for the
deleterious effects of bad sister alleles*’. The unfavourable alleles
become a problem only during the development of inbred lines,
which is a prerequisite for hybrid breeding. This explains why the
great majority of hybrid crops are diploids. Polyploid crops can be
converted into diploids, but this is a lengthy process that requires a
lot of resources'.

Plant generation time. Plant generation time refers to the dura-
tion of the life cycle of a plant, which is the cycle from seed to
seed. It is possible to distinguish among annual, biennial and
perennial crops. Annual crops have a life cycle of one year in
which they germinate, flower, set seed and die. The world’s main
staple foods—wheat, rice, maize, potato and beans—are all annual
crops. Biennial plants take two years to complete their life cycle.
Perennial species, such as trees, grow and flower for many years
and have a long generation time. Plant generation time influences
the speed of the breeding programme. From a plant breeders’ per-
spective, shorter generation times are preferred because the breed-
ing programme can move faster in developing inbred lines and
selecting offspring. Breeders may attempt to reduce the generation
time through the use of artificial environments, which speed up
plant development.

Seed production and male sterility. Seed production costs of
hybrid cultivars depend on crossing efficiency and labour costs.

The crossing efficiency of a crop refers to the number of seeds
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produced per pollination of a single flower or per crossing. If the
crossing efficiency is low, many crosses are required to produce a
certain number of seeds, resulting in higher costs. Large differences
exist between the crossing efficiencies of plant species. For some
crops, such as lettuce, cereals and beans, a few seeds are produced
per cross. For other crops, such as tomato, potato and pepper, one
cross can result in over 100 seeds. Seed production costs are an
important reason why hybrid cultivars have not been developed for
certain crops, such as wheat*.

A prerequisite for commercial feasibility is the capability of the
plant breeder to manipulate the plant in such a way that it efficiently
produces hybrid seed, reducing labour costs. Costs depend on the
ability to pollinate via wind or insects instead of manual pollina-
tion. Male and female plants can then be placed in specific designs
in isolated fields to maximize the success of natural crosses via wind
or insects. Plants can also be placed in isolated cages in greenhouses
where insects pollinate the flowers. In case of wind or insect pollina-
tion, crossing efficiency is less critical because labour costs are low.
By contrast, manual hybrid crosses are economically feasible only if
the crossing efficiency and the commercial value of the harvested
hybrid seeds are also high*.

Moreover, breeders can use male sterility to reduce the costs of
seed production. Male-sterile plants do not produce fertile pollen;
hence, the seeds produced are by definition obtained by outcrossing.
Male sterility exists in nature and is frequently used in hybrid breed-
ing programmes. Labour costs are significantly reduced when man-
ual emasculation (the removal of the male sexual organs of a plant)
is no longer needed. Alternatively, male flowers can be mechanically
removed from monoecious plants, as is done in maize. A challenge
in the usage of male sterility is the maintenance and reproduction
of the female lines that are male sterile. Genetic systems for the res-
toration of male fertility are being used to reproduce male-sterile
female lines through selfings. This further complicates the breeding
and seed production of hybrid crops*.

Value of the harvested product per plant. The output of a breed-
ing programme is commercial seeds (or plants), which are used by
farmers to cultivate a crop. The commercial output of farmers is the
harvested product per plant, such as staple foods, fruits and veg-
etables. The price of commercial seed is connected to the market
value of the harvested product per plant. A high market value per
plant means that the price of commercial seed can be higher: farm-
ers are willing and able to invest in expensive seed when expecting
returns on the investment. A hybrid cultivar should enable a farmer
to obtain sufficient added value in terms of quantity and quality
(such as shelf life and uniformity).

A greenhouse tomato is an example of a crop with an extremely
high value of harvested product per plant. A tomato seed may pro-
duce a plant that grows year-round in a greenhouse with a produc-
tion value per plant of dozens of euros*. This means that the price
of commercial tomato seed may exceed one euro. By contrast, a
field-grown industry tomato plant may have a production value of
only five to ten eurocents. Commercial seed of an industry tomato
cultivar must therefore be at least 10 to 20 times cheaper than the
seed of a greenhouse tomato cultivar. In summary, industry toma-
toes are a low-margin, high-volume product, whereas greenhouse
tomatoes are a high-margin, low-volume product.

Market size. Investments in breeding programmes are linked
to the size of the local, regional or global market. The market for
hybrid seeds needs to be sufficiently large to cover the invest-
ments in breeding, production and commercialization. The effect
is twofold. First, plant breeders will invest more money in global
crops with a large global market (such as maize). Second, breed-
ers will seek to develop cultivars suited for diverse climatological
conditions, maximizing their potential market per cultivar. It is less
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attractive for commercial plant breeders to focus on niche markets,
meaning local crops, specific consumer preferences and climato-
logical conditions, because the costs of such breeding programmes
are not easily returned by the limited seed sales. Figure 5 shows the
major global seed markets for some food crops.

Case studies

Below, three examples are outlined: maize, wheat and potato. Maize
is a cross-pollinator and is the first crop for which a hybrid breeding
programme was launched, over 100 years ago. Nowadays, most mod-
ern maize cultivars are hybrids, and these are also bred and grown
in developing countries*. Wheat is a self-pollinator for which the
self-pollinated system is still being used. Breeding companies have
shifted between investing and divesting in hybrid wheat*.. Hybrid
breeding has only recently been applied to potato, for which a shift
from the tetraploid potato to a diploid potato was required'*. These
cases illustrate the impacts of the different biological and economic
factors, which are described above.

Hybrid maize. The hybrid breeding system was developed and
implemented for maize at the beginning of the twentieth cen-
tury”’. Maize is a diploid cross-pollinator but also has limited
self-fertilization, allowing for the development of inbred lines*.
It took several decades to overcome inbreeding depression and
develop well-performing inbred parent lines and hybrids. The first
commercial hybrid cultivars were released in 1930. Initially, maize
hybrids were generated through ‘double crossing, whereby commer-
cial seed was produced by crossing two pure F, hybrids. This was
required because the seed production costs of true hybrids were too
high. Later on, three-way crosses were made. “True’ hybrid maize
was commercialized only from 1960 onwards, meaning crosses
were made between highly homozygous parent lines.

Maize is a monoecious species with separate female and male
inflorescences (Fig. 1). This has been highlighted as one of the
main reasons why maize became the first hybrid cultivar. Plants
only containing viable female reproductive organs can be gener-
ated (manually or mechanically) by the removal of male inflores-
cences or tassels before flowering. Hybrid seeds can then easily be
collected from female plants, which are naturally pollinated by the
male plants, that are placed in between female plants. This is still
the main way in which hybrid maize seed is produced—it results in
relatively low seed production costs.
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Maize is now the crop with the highest economic value in the
world. Maize became the major global crop only after the develop-
ment and application of hybrid breeding, which resulted in a wide
variety of hybrid cultivars that were well adapted to lower tempera-
tures and suitable for the production of biofuels*'. Since the first
hybrid varieties were introduced, yields in commercial maize pro-
duction have increased by a factor six, of which approximately half
is thanks to genetic improvement and the other half to improved
cultivation techniques (Fig. 6)*.

Hybrid wheat. Like maize and potato, wheat is one of the most
important food crops in the world. Wheat is an allohexaploid or
amphidiploid self-pollinator, which means that the lines are highly
homozygous, and it is not difficult to develop inbred lines. There
have already been two waves of interest in hybrid wheat breeding,
in the 1960s and 1990s*. However, the success of hybrid breeding
programmes has been limited, and hybrid wheat has not been com-
mercialized on a large scale. The key obstacle blocking a hybrid
transition for wheat is that the low added value of hybrid varieties is
insufficient to cover the high costs of seed production*>'. Also, the
market for wheat is segmented, with strong quality preferences for
bread making.

Reported performance differences between pure line and
hybrid wheat cultivars vary and remain small*>*"**. The heterosis
effect has been small, as wheat is a selfer with limited genetic vari-
ation. Hybrid wheat offers a yield increase of about 10%">*'. Pure
line cultivars produced via the self-pollinated system also improve
each year”. As line cultivars enter the market two years earlier,
hybrids may be outdated upon variety release. Most importantly,
seed production costs for hybrid wheat are too high. Wheat pro-
duces only one seed per crossed flower, and its pollen is heavy,
which limits the success of natural pollination by wind**. Hence,
manual pollination is far too expensive, and wind pollination
may be less effective. Moreover, it has been difficult to introduce
male sterility.

At this point, a hybrid wheat transition remains uncertain due
to the remaining biological and economic challenges linked to seed
production, heterosis and a fragmented market. The transition will
require a significant reduction in seed production costs and identi-
fication of heterotic pools to obtain strong heterosis effects. The
development of heterotic pools is a costly, lengthy process, which
can now be accelerated using modern breeding tools such as big data
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and markers to improve prediction abilities®. Attempts to realize
male sterility genetically or chemically have not yet resulted in com-
mercial usage of wheat hybrids over large acreages*.

Hybrid potato. Traditionally, potato breeding is ‘empiric’ due to the
complex genetic structure of the potato®”. The cultivated potato
is tetraploid: it has four sets of chromosomes. In the past century,
the vegetative breeding system has been the dominant system, and
yield increases were based on improved cultivation practices rather
than real genetic improvement**. While maize cultivars are usually
replaced after five to ten years, two of the most prominent potato
cultivars, Bintje and Russet Burbank, which were introduced over
100 years ago, are still grown on large acreages in Europe and the
United States™**.

There was a long-standing conviction that it is impossible to
apply the hybrid breeding system in potato'?. A reduction in ploidy
level from tetraploid to diploid made it possible to produce inbred
lines more efficiently than when using tetraploids®*. However, the
diploid potato is a strict cross-pollinator, and it seemed unfeasible
to create inbred lines due to potato’s self-incompatibility and strong
inbreeding depression. After these challenges were overcome, it
became possible to systematically combine genes and exploit het-
erosis, introducing desirable traits such as disease resistance®.
Moreover, diploid potato can be grown from hybrid true seed,
through either direct sowing or transplanting seedlings. Tetraploid
potatoes are multiplied via the vegetative system with a multiplica-
tion rate of a factor of ten'>”". By contrast, one diploid potato plant
may produce thousands of seeds per season.

The potential of diploid potato has now been generally recog-
nized, and hybrid breeding programmes have been launched by
the public and private sectors in Europe, the United States and
China'>"”, After ten years, yield trials have demonstrated that
the potential of the diploid hybrid potato is similar to that of the
traditional tetraploid potato®'. The question is now when hybrid
potatoes will start outperforming tetraploid varieties. This timeline
reflects the large initial investment required for a hybrid breeding
programme for a new crop.
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Synthesis

The decision of commercial plant breeders to launch a hybrid
breeding programme depends on the biological and economic char-
acteristics of a crop. The hybrid breeding system is the preferred
system for commercial plant breeders. First, it enables breeders to
most effectively and efficiently develop and produce new cultivars
tailored to human needs and preferences. Second, it offers breeders
natural protection of intellectual property and the opportunity to
obtain return on investments. History has shown that once hybrid
breeding is successfully applied in a crop, it becomes the dominant
breeding system for commercial plant breeders'.

Representative crop species are listed in Table 2 with qualifica-
tions for relevant characteristics. What are the economic and bio-
logical determinants to breed or not to breed? Table 2 highlights
several determinants, among which seed production costs are the
most crucial. These costs can be high for hybrid cultivars due to
the required labour and land. The value of the harvested product
and the seed market size are other important economic factors
defining potential returns on investment. It should be stressed that
profitability for the farmer is always a prerequisite for a breeding
programme: farmers will invest in expensive seeds only if they can
obtain a return on this investment.

Scientific breakthroughs in breeding show how biological limi-
tations imposed by the mating system and ploidy level of a crop
can be overcome. The limits of biological feasibility are constantly
shifting—for example, potato used to be considered one of the
least suitable crops for hybrid breeding, but hybrid breeding is now
being applied in potato. The question arises whether hybrid breed-
ing programmes should be launched for crops with commercially
disadvantageous or discouraging characteristics. Breeding has been
limited for indigenous leafy vegetables and fruit trees, but these
crops are very important for global food security*’. The same applies
to cassava, sweet potato and quinoa.

How can stakeholders work together to improve the performance
of these crops? In the absence of an immediate business case, pub-
lic—private partnerships may offer a way to organize the required
resources to achieve shared goals. Collaboration is necessary
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mobilize funding and technologies. Food systems around the

world are under unprecedented pressure due to population growth
and climate change. Through collaboration, we can ensure that the
potential impact of plant breeding, and hybrid breeding in par-
ticular, will materialize. The common objective should be to breed
robust, resilient and constantly high-yielding cultivars to contribute
to food and nutrient security for the future world population.
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