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Abstract

Key message This review explores how speed breeding protocols that hasten plant growth and development could
be applied to shorten breeding cycles and accelerate research activities in orphan crops.

Abstract There is a growing need for the agri-food sector to sustainably produce larger quantities of higher-quality food,
feed and fuel using fewer resources, within the context of changing agroclimatic conditions. Meeting this challenge will
require the accelerated development and dissemination of improved plant varieties and substantial improvement of agricul-
tural practices. Speed breeding protocols that shorten plant generation times can hasten breeding and research to help fulfil
the ever-increasing demands. Global agri-food systems rely on a relatively small number of plant species; however, there
are calls to widen the scope of globally important crops to include orphan crops, which are currently grown and used by the
world’s poorest people or marketed as niche products for affluent consumers. Orphan crops can supply global diets with key
nutrients, support economic development in the world’s poorest regions, and bolster the resilience of the global agri-food
sector to biotic and abiotic stresses. Little research effort has been invested in orphan crops, with farmers growing landraces
that are sourced and traded through poorly structured market systems. Efforts are underway to develop breeding resources
and techniques to improve orphan crops. Here, we highlight the current efforts and opportunities to speed breed orphan crops
and discuss alternative approaches to deploy speed breeding in the less-resourced regions of the world. Speed breeding is a
tool that, when used together with other multidisciplinary R&D approaches, can contribute to the rapid creation of new crop
varieties, agricultural practices and products, supporting the production and utilisation of orphan crops at a commercial scale.

Keywords Orphan crops - Speed breeding - Diet diversity - Food and nutrition security - Micronutrients

Introduction urbanisation, extreme and changing climates, the need to

minimise the environmental impact of agricultural activities,

Ensuring global food and nutrition security is an age-old
challenge, which is being exacerbated by the accelerated
population growth rates in poor and emerging economies,
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and the competing demands for food, feed and fuel (Godfray
et al. 2010; Alexandratos and Bruinsma 2012). Global agri-
food systems depend on a small and decreasing number of
plant and animal species and strains (Khoury et al. 2014);
however, there are concerted efforts to incorporate orphan
crops, plant species whose production and utilisation has
been limited to a few regions or niche markets.

Orphan crops are comparatively underexploited or under-
utilised food plants characterised as having relatively low or
no perceived economic importance or agricultural signifi-
cance in advanced economies, meaning they receive rela-
tively little research and development attention (Varshney
et al. 2012; Sogbohossou et al. 2018). Orphan crops provide
food and income for farmers in the poorest regions of the
world, mainly in Africa, Asia, central and south America,
and Oceania, where they are adapted to local conditions and
act as important staples in local diets (Ebert 2014). Since
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most orphan crops have special traits (e.g., low glycemic
indices and high concentrations of micronutrients), they are
not only important for nutritional security in poor communi-
ties, but are now being explored for improved and diverse
diets in non-traditional and more affluent markets in both
developing and advanced economies (Weinberger 2007).

Orphan crops are also important for supporting afford-
able, sustainable and diverse farming systems because they
usually require less water than most global staples and can
sometimes improve soils through nitrogen fixation and the
incorporation of organic matter. Moreover, most orphan
crops are hardy and can tolerate harsh conditions such as
drought, frost, pests and disease. Orphan crops could there-
fore help protect world food supplies, particularly as chal-
lenges such as climate change, diseases and pests threaten
global food crop monocultures. Worldwide, 90% of human
calorific needs are supplied by only 20 species, with 60% of
the global crop output coming from wheat (Triticum aesti-
vum), maize (Zea mays), rice (Oryza sativa) and soya (Gly-
cine max) (Massawe et al. 2016). In poor and food-insecure
regions of the world, however, the acreage devoted to orphan
crops is often comparable to that of the major crop species
(Tadele 2018).

A main production limitation for orphan crops is the
poor genetic makeup of cultivated strains, which could be
addressed by applying modern plant breeding techniques to
develop superior cultivars and improve seed supply systems.
Rapid advances in breeding and research can be achieved
through shorter breeding cycles (i.e., the time between cross-
ing and the selection of progeny to use as parents for the
next cross) and a reduction in the number of cycles needed
to generate new varieties. Recent advances in breeding tech-
niques, including genetic engineering, genomic selection
and doubled-haploid technology, have shortened breeding
cycles and increased the rates of genetic gain in crops such
as wheat, rice and maize (Hickey et al. 2017). These tech-
nologies can have an even greater impact if combined with
speed breeding techniques, which enable rapid generation
advancement by growing plant populations under controlled
photoperiod and temperature regimes to hasten their growth
and development (Li et al. 2018; Watson et al. 2018).

The rate of genetic gain in a breeding programme can
be represented by the breeder’s equation, a model of the
expected change in a trait in response to selection (Lush
1943; Falconer and Mackay 1996; Lynch and Walsh 1998).
The equation can be written as: R = 5gxm, where R is the
change in the trait mean per year, §, is the amount of genetic
variation within the population, i is the selection intensity, r
is the selection accuracy, and L is the length of the breeding
cycle. Based on this equation, speed breeding protocols can
improve genetic gain in crop improvement programmes by
increasing the number of plant generations cycled in 1 year,
which can substantially reduce the length of the breeding
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cycle. This is particularly useful for crossing and line devel-
opment prior to field evaluation.

Speed breeding protocols are also useful for synchro-
nising the flowering of cultivated and wild individuals of
orphan crop species, thus increasing the amount of variation
in breeding populations and speeding up the attainment of
breeding goals. Techniques for rapid cycling can include
any combination of the following approaches: optimising the
plant growth environment (e.g., plant density, photoperiod
and temperature), genetic engineering targeting the flower-
ing pathway, grafting juvenile plants to mature rootstocks,
applying plant growth regulators and harvesting immature
seed (O’Connor et al. 2013; van Nocker and Gardiner 2014,
Ceballos et al. 2017; Watson et al. 2018; Ghosh et al. 2018;
Lulsdorf and Banniza 2018).

Modern breeding techniques are only beginning to be
applied to orphan crops, and the benefits are expected to
exceed those for most conventional crops (Varshney et al.
2012; Pazhamala et al. 2015; Kumar et al. 2016). Recent
examples include the high-throughput genotyping of more
than 100 orphan crops (Fox 2013), and the implementa-
tion of genomic selection in cassava (Manihot esculenta;
Wolfe et al. 2017). Despite this progress, the limited ability
to make the crosses needed for hybridisation and the time
required for subsequent selfing to produce homozygous
lines is a major bottleneck. This bottleneck exists because
most orphan crops are still in the early stages of domestica-
tion, have long juvenile periods, suffer from asynchronous
flowering across existing germplasm (hampering hybridisa-
tion and the transfer of traits of interest) and some species
are vegetatively propagated. Speed breeding protocols will
help address this limitation and enable the use of modern
breeding methods; for example, the rapid development of
recombinant inbred lines in a speed breeding system could
facilitate rapid genomics-assisted breeding (O’Connor et al.
2013; Li et al. 2018).

The global acreage devoted to some orphan crops is
increasing due to their adoption in advanced economies, for
example, the increasing use of broad bean, lupin and lentil
as rotation and break crops (Siddique et al. 2000; Amare
et al. 2015). Because of this wider adoption, there is a need
for the rapid development of special-use varieties and the
introduction of traits that will facilitate production in new
environments. The traits that are important to smallholder
farmers in poorer parts of the world may not receive much
attention during this wider adoption; therefore, the resources
targeted at these traits must also be increased to accelerate
their introduction into farmer-preferred varieties. Breeding
better varieties also has the potential to increase the incomes
of poor smallholder farmers by enabling them to access new
and higher-value markets.

Several articles have documented and reviewed orphan
crops, detailing their centres of origin, regions of production,
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special attributes, traditional and new uses, and breeding
progress, among other things (Naylor et al. 2004; Nelson
et al. 2004; Varshney et al. 2012; African Orphan Crops
Consortium 2018; Tadele 2018). In this review, we explore
the opportunities, challenges and tools required to apply
speed breeding techniques to promote synchronous flower-
ing for crossing and increase the number of generations per
year to accelerate orphan crop breeding and research. We
also discuss potential delivery mechanisms to make speed
breeding accessible to orphan crop breeding programmes
worldwide.

Speed breeding orphan crops in practice

The following is a review of the application (actual and
potential) of speed breeding to a selection of crops from the
following groups: grasses and cereals, RTB crops, legumes
and oilseeds, leafy vegetables and fruit trees (see Table 1
for examples). Later, we discuss a specific example of speed
breeding in peanut (Arachis hypogaea).

Cereals

Speed breeding protocols that employ extended photoperi-
ods and controlled temperatures to accelerate growth and
development have been developed for temperate cereals
such as wheat and barley (Hordeum vulgare), enabling
up to six generations per year (Watson et al. 2018). Most
orphan grass and cereal crops are tropical short-day (SD)
plants, however, and speed breeding protocols for these
crops have yet to be developed. Rapid cycling protocols
have been developed for some SD species such as Amaran-
thus spp. (Table 1) (Stetter et al. 2016; Joshi et al. 2018),
with efforts underway to trial the amaranth protocol in the
SD crop sorghum (Sorghum bicolor) at The University
of Queensland in Australia. Growing SD species under
long-day (LD), high-temperature conditions promotes
vigorous vegetative growth, and a subsequent transfer to
SD conditions induces flowering almost immediately. This
technique has been used to help synchronise the flowering
times of diverse germplasm and facilitate hybridisation in
amaranth (Stetter et al. 2016).

Table 1 The generation time, photoperiod response and status of speed breeding in ten orphan crops from five categories: cereals; roots, tubers

and bananas; legumes and oilseeds; leafy vegetables; and fruit trees

Crop Field generation time Photoperiod response Speed breeding protocol
(days)

Cereals

Finger millet (Eleusine coracana) 80-100 SD Not yet developed

Sorghum (Sorghum bicolor) 130-150 SD Not yet developed

Roots, tubers and bananas

Cassava (Manihot esculenta) 640-730 LD/day neutral Not yet developed; LD and cool tempera-
tures induce early flowering (Keating et al.
1982)

Banana/plantain (Musa spp.) 180-275 Day neutral Not yet developed

Legumes and oilseeds

Chickpea (Cicer arietinum) 90-160 Quantitative LD Watson et al. (2018)
22-h LD
22/17 °C (day/night)
Four to six generations per year
Peanut (Arachis hypogaea) 145 SD/day neutral O’Connor et al. (2013)
Continuous light
28/17 °C (day/night)
Three generations per year
Leafy vegetables
Amaranth (Amaranthus spp.) 180 Obligate SD Stetter et al. (2016)
8-h SD
30°C
Six generations per year
Jute mallow (Corchorus olitorius) 40-60 Quantitative SD Not yet developed
Fruit trees
Baobab (Adansonia spp.) 5800-8400 Day neutral Not yet developed
Desert date (Balanites aegyptiaca) 1800-2600 Day neutral Not yet developed

SD short day, LD long day
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Legumes and oilseeds

A number of protocols have been developed to shorten gen-
eration times in orphan legumes and oilseeds, including
lupin (Lupinus sp.) (Croser et al. 2016), chickpea (Cicer ari-
etinum) (Sethi et al. 1981; Watson et al. 2018), subterranean
clover (Trifolium subterraneum) (Pazos-Navarro et al. 2017),
lentil (Lens culinaris) and broad beans (Vicia faba) (Mobini
et al. 2015; Lulsdorf and Banniza 2018; see Table 1). The
relatively higher interest in these crops is probably because
some of them are now entering mainstream agri-food sys-
tems and require more cost-efficient breeding programmes
capable of responding quickly to climate or disease chal-
lenges (Kole 2007; Pazos-Navarro et al. 2017).

Roots, tubers and bananas

Because these crops are clonally propagated, cultivated RTB
crops lack diversity, and in some cases, millions of people
worldwide are dependent on a few clones (Heslop-Harrison
and Schwarzacher 2007). This means that the food security
and livelihoods of these people are vulnerable to disease
and pest epidemics, the incidence and impact of which are
expected to increase due to a number of biophysical and
socioeconomic factors (Godfray et al. 2010; Sundstrom et al.
2014; Ehrlich and Harte 2015). Accelerated breeding will
therefore be instrumental in introducing desired traits, par-
ticularly in response to new and devastating diseases, such
as banana bacterial wilt and cassava brown streak disease.
The seeds of RTB crops are not typically important to
farmers from an economic perspective. Most RTB crops are
vegetatively propagated, with flowering in the field occur-
ring either late (after several years of vegetative growth),
rarely or only under special conditions. Making crosses in
these crops during breeding programmes is therefore not
trivial. Speed breeding protocols are yet to be developed for
RTB crops, but there have been efforts to shorten the time to
flowering as well as the flowering rate and predictability of
many species (Wilson 1979; Ceballos et al. 2012; Jamnadass
et al. 2015; Silva Souza et al. 2018). For RTBs and other
clonally propagated crops, breeding programmes are aimed
at producing elite clones for further testing and deployment.
If genomics-assisted breeding approaches are used to esti-
mate the breeding value of individual plants (as has been
done in cassava; Wolfe et al. 2017), then speed breeding
can be employed to make faster crosses and rapidly grow
the progeny in preparation for the next round of breeding.

Leafy vegetables
Although most leafy vegetables have weedy growth habits

and flower within 30-50 days of sowing, speed breeding
protocols could synchronise flowering among the diverse
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germplasm used in breeding programmes. A speed breeding
approach could be used to induce flowering in late-flow-
ering or recalcitrant lines, and to accelerate the develop-
ment and introduction of new varieties. A speed breeding
protocol that achieves some of these objectives has already
been developed for amaranth (Stetter et al. 2016) (Table 1).
New varieties are desperately needed because most orphan
leafy vegetable crops (like other orphan crops) are still in
the early stages of domestication. Key breeding objectives
for leafy vegetables include pest and disease resistance and
intra-specific uniformity in the harvested foliage and other
products; for example, in amaranth, resistance to white rust
(Albugo bliti) is a key trait (Wang and Ebert 2012), as is
the combined high quality and quantity of foliage and grain
yields (Dinssa et al. 2018).

Fruit trees

For most fruit trees, flowering occurs after a juvenile phase,
which can range from a few years to more than 20 years
(Korbo et al. 2013). Efforts to accelerate fruit tree breed-
ing have therefore mainly focused on reducing the juvenile
period, with some reports of protocols that promote such
vigorous vegetative growth that flowering occurs within
a fraction of the normal time; for example, in 10 months
instead of 5 years for apple (Malus X domestica) (van Nocker
and Gardiner 2014) and 2 years instead of seven in chest-
nut (Castanea sativa) (Baier et al. 2012). The main chal-
lenge with speed breeding tree crops is that there is a need
for extra resources or protocol modifications to prevent the
plants from becoming too tall and difficult to manage in the
confines of controlled environment facilities. Techniques
for breaking seed dormancy have also proven valuable for
reducing the seed-to-seed interval in some tree species (van
Nocker and Gardiner 2014).

Common challenges
Facilities, equipment and personnel

A main challenge in implementing speed breeding is the
precise control of the growing conditions (particularly the
photoperiod, temperature and humidity) and disease or
pest infestations. This is particularly important for orphan
crops, as most breeding programmes for these crops operate
in the poorest regions of the world, with limited or unreli-
able access to electricity and other resources necessary to
operate speed breeding facilities. Additionally, the selec-
tion of key traits during the rapid advancement phase of the
breeding cycle may require specialist equipment that is not
readily accessible to orphan crop breeders. Further, most
orphan crop breeding programmes have poor access to reli-
able field trial facilities and appropriately skilled personnel,
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and have limited opportunities for training and continuous
professional development. This will complicate the deploy-
ment and full exploitation of orphan crop speed breeding.
Projects are underway to try to address the issues with facil-
ities, equipment and personnel in orphan crop breeding,
including various CGIAR initiatives, the Next Generation
Cassava project (NextGen Cassava 2018) and the African
Orphan Crop Consortium (African Orphan Crops Consor-
tium 2018), but there is still a need for a special emphasis on
speed breeding systems within these initiatives.

Unmanned aerial vehicles (drones) fitted with cameras
and other sensors now allow cost-effective, high-throughput,
large-scale assessments of plant populations in the field (Shi
et al. 2016; Yang et al. 2017). Drone-assisted phenotyping
is now cheap and cost-effective (Yang et al. 2017; Reynolds
et al. 2018) and should soon be available to researchers in low-
income countries. Linking speed breeding with high-through-
put phenotyping tools in orphan crops provides the capacity to
assess plants based on selection indices incorporating multiple
traits of interest and to rapidly generate new cultivars.

Cost

Speed breeding can be expensive, and the number of crosses
and the population sizes under evaluation are often limited
by the size and cost of running a suitable facility. Combin-
ing speed breeding with other modern breeding techniques,
such as genomics-assisted breeding to take advantage of
established marker-trait associations, should help address
this challenge by focussing resources on plants that are most
likely to contribute to the breeding objectives (Li et al. 2018).
Combining speed breeding with improved field trials will
also ensure that researchers target only those parts of the
breeding programme that would benefit from acceleration,
such as the parental crossing process in clonally propagated

Fig. 1 Speed breeding has been
applied to shorten generation
time in many crop species. a

F, peanut (Arachis hypogaea)
plants growing under speed
breeding conditions, which
reduced the generation time
from 145 to 89 days (O’Connor
et al. 2013). b Grass pea (Lathy-
rus sativus) at 35 days after
sowing, showing accelerated
plant growth and development
under speed breeding (22-h
photoperiod, right) in compari-
son with standard LD condi-
tions (16-h photoperiod, left)

crops or those with long juvenile periods, or the production
of elite inbred lines following hybridisation (Li et al. 2018).
More than half the cost of speed breeding systems goes
towards lighting and temperature control (O’Connor et al.
2013). It is possible to reduce this cost using energy efficient
lighting (such as LED) and air conditioning (such as invertor-
based) systems, as well as using solar power to supplement
electricity and gas from the national grid (Ghosh et al. 2018).

Despite the extra cost (which was about 100% more than
using standard conditions for one peanut protocol; O’ Connor
et al. 2013), speed breeding is still a reasonable choice for
the rapid advancement of early-generation breeding materi-
als in poorly resourced breeding programmes, which have
limited access to suitable land, equipment and personnel
(O’Connor et al. 2013). Moreover, linking the breeding
programmes to systems for the rapid commercialisation of
new varieties would enable these extra breeding costs to be
recouped (Collard et al. 2017).

Example: speed breeding peanut

Speed breeding has been applied to shorten the time it
takes to develop new breeding lines for use in breeding pro-
grammes, field testing prior to release as new varieties, or
participatory appraisal by farmers (Figs. 1, 2). The objec-
tives and protocols will depend on the crop being bred and
the levels and focus of current research and breeding invest-
ment; for example, whether speed breeding is being used to
accelerate domestication, correct traits or as part of existing
pre-breeding or breeding programmes.

Speed breeding protocols have been successfully used to
develop commercial varieties of peanut (Fig. 1a; O’Connor
et al. 2013) and chickpea (Gaur et al. 2007). Protocols
have also been developed for grass pea (Lathyrus sativus;
Fig. 1b), lentil and quinoa to expedite breeding and research,
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Fig.2 Schematic comparison Time (months)
of time required to develop elite 60

lines from selected parents of

peanut using speed breeding

(20 months, three generations/

year), conventional breed- 54

ing with a winter nursery

(30 months, two generations/
year) and conventional breeding

(54 months, one generation/ 48
year). (Adapted from O’Connor
et al. 2013)
42
36
30
Testing and
24 Selection
18 Selfing F4
4
Selfing F3
12 A
Selfing F2
4
6 Selfing F1
A
Crossing parents
0

Speed breeding

which could soon lead to new varieties (Mobini et al. 2015;
Ghosh et al. 2018; Lulsdorf and Banniza 2018).

In peanut, speed breeding (under continuous light and a
28/17 °C day/night temperature regime) was used to accelerate
the development of elite lines for further testing in the field or
for use as new parents (O’Connor et al. 2013). O’Connor et al.
(2013) carried out parental crosses and grew F plants in the
field, and then successfully used speed breeding to inbreed
the F,, F; and F, generations within 12 months. This could
drastically reduce the time between the initial crosses and vari-
etal release from 10-15 years to 67 years. If parental crosses
and the screening and inbreeding of the F; generation are also
carried out under speed breeding conditions, elite F'5 lines
could be developed more than twice as rapidly as using con-
ventional breeding (within 20 months instead of 54 months),

@ Springer
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and 10 months faster than conventional breeding including a
winter nursery (Fig. 2). To take full advantage of this acceler-
ated generation advancement, more facilities and resources
may be required to allow the elite lines from speed breeding
phase to be taken into the next stage of the breeding or research
programme as soon as they are ready, which would be within
1 month for peanut.

Prospects for application

Delivering speed breeding in orphan crops requires stand-
ardised, simplified, customisable and affordable approaches
and techniques that can be used by orphan crop breeding
programmes. While different crop species and breeding
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objectives will require customised speed breeding protocols,
several key components of these protocols can be evaluated
for local use to accelerate orphan crop improvement. These
components include guidelines on growth media; lighting,
temperature and humidity regimes; phenotyping; acceler-
ated germination; and early harvesting (Watson et al. 2018;
Ghosh et al. 2018). We discuss two alternative approaches
that could be used to deploy orphan crop speed breeding as
follows: (1) the development and distribution of affordable
speed breeding capsules and (2) the establishment of speed
breeding centres.

Speed breeding capsules

Controlled environment cabinets and glasshouse facilities
for plant research are typically expensive. This can be a
major barrier to the adoption of speed breeding in many
crop improvement programmes. There are many reports of
hydroponic crop production in disused shipping contain-
ers or custom-built containers made of steel and composite
material by amateur farmers around the world, including in
Kenya and Nigeria (BBC 2018). Some indoor farming com-
panies (for example, Modular Farms, Cropbox and Podpon-
ics in the USA and Australia) produce containers suitable
for commercial-scale agricultural production. The primary
focus of these efforts is to produce crops (mainly high-value
herbs and leafy vegetables) in any location at any time of
the year, grown closer to the point of consumption while
using less land (about 99% less) and other resources (such as
water and agrochemicals) than field-grown crops (CropBox
2018). Shipping containers can be retrofitted with multi-tier

greenhouse benches, hydroponic systems, lighting and air
conditioning for about 25,000 USD (Saenz 2011), while
custom-built capsules will cost a little more. Capsules can
be shipped anywhere in the world, provided there is access
to an appropriate electricity and water supply.

In a similar fashion, speed breeding capsules can be built
out of disused refrigerated shipping containers fitted with
temperature and light controls, irrigation systems and green-
house benches (Fig. 3). Since refrigerated containers are
insulated and have slotted floors with drainage ports at either
end, greenhouse benches may not be necessary for growing
tall plants, which can be placed directly on the floor. The use
of height adjustable LED lights improves the flexibility of
the capsule, accommodating plants of different height while
managing the light intensity at the canopy level. In warm cli-
mates, heat from the lights can be exhausted directly through
vents in the walls of the container, while in cooler climates
the heat generated by the lights can be retained to assist with
heating. Ideally, the bulk of the electricity would be sup-
plied from an attached solar power system. Such a capsule
would cost much less than the hydroponic systems described
above, and could be produced to specification anywhere in
the world and shipped to local breeding programmes.

To further reduce speed breeding start-up costs and make
the capsules more accessible to poorly resourced breeding
programmes, the key components of the capsules (light fit-
tings, temperature controls, solar power system and collaps-
ible greenhouse benches) could be deployed in ‘kit’ form.
These components could then be fitted to local containers
(following specific instructions) and the speed breeding cap-
sules could be assembled in situ. The delivery of the capsule
system would ideally be packaged with training on how to

_— —_—
—_— —— —
—
— _—

Breeding trials

Fig.3 Artist’s impression of a speed breeding capsule made from a disused refrigerated shipping container and deployed for accelerated orphan

crop breeding
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grow healthy plants and options for integrating the tool into
existing breeding activities. Deploying speed breeding cap-
sules will empower local breeders to carry out and customise
the protocols, giving them ownership of the facilities and
their speed breeding applications, which is important for
future sustainability and further development.

Speed breeding centres

An alternative approach to deploying speed breeding sys-
tems would be to develop centres with a regional or crop
group focus, working in conjunction with existing partners
to provide access to speed breeding facilities for orphan crop
scientists. The focus of the speed breeding centres would be
service provision, meaning they would offer a trait integra-
tion service and train scientists in the application of speed
breeding and other modern breeding techniques. The trait
integration service (incorporating other cutting-edge breed-
ing techniques) would accelerate the transfer or stacking of
traits into preferred orphan crop germplasm. The speed
breeding centres would have large speed breeding facilities
(greenhouses and controlled environment rooms) using low-
cost components (such as LED lighting and solar power) and
would be designed to handle a range of crops. The ideal host-
ing partners for the centres would be equipped, co-located
or working closely with a facility that provides genotyping
services and performs ongoing orphan crop breeding and
research. This would help address phytosanitary handling
issues, including plant quarantine and other matters relating
to the movement of seed and plant material.

Examples of well-positioned partners for potential speed
breeding centres include the following: the West Africa
Centre for Crop Improvement (Ghana), the BeCa-ILRI Hub
(Kenya), the World Vegetable Center (Taiwan), the African
Orphan Crops Consortium (Kenya), Crops for the Future
(Malaysia), the Global Pulse Confederation (UAE) and the
CGIAR Centres and Research Programmes (worldwide).
Scientists at the International Crops Research Institute for
the Semi-Arid Tropics (ICRISAT), the International Institute
of Tropical Agriculture (IITA) and the International Center
for Agricultural Research in the Dry Areas (ICARDA)
(CGIAR centres) have indicated a desire to develop speed
breeding facilities to accelerate breeding for their mandated
crops. Some of these centres already use various approaches
to induce flowering or accelerate plant growth and develop-
ment in orphan crops (Ceballos et al. 2017). If they man-
age to gather the resources to develop these facilities, they
would immensely benefit a number of breeding programmes
for high-priority orphan crops across Africa, Asia and the
Middle East.
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Conclusions

It is important to note that, as with any breeding technol-
ogy, speed breeding has limitations and can only be used to
accelerate those parts of a breeding or research programme
that would benefit from accelerated generation advancement.
For maximum benefit, orphan crop researchers will need
guidance on identifying these phases and the best protocols
by which to accelerate them.

Speed breeding must therefore be integrated with other
breeding techniques as well as cost-efficient high-through-
put genotyping and phenotyping to speed up the generation,
testing and commercial release of orphan crop varieties. In
particular, field testing and the involvement of farmers in
the testing and evaluation of elite lines will be integral to
accelerating the development and dissemination of improved
varieties. This is particularly important for orphan crops,
which have nuanced traits for integration into local farming
systems, diets and traditions. Thorough and reliable field
testing coupled with client-oriented innovation, which con-
siders the entire value chain (from seed supply to consum-
ers) to facilitate the development and uptake of improved
varieties, will therefore be essential for the speed breeding
of orphan crops.

While our focus here has been speed breeding orphan
crops of great importance to resource-poor communities, the
concepts and principles can also be applied to the improve-
ment of other crops that have not received much research and
breeding attention or are in the early stages of domestication
in more advanced economies. These include native grasses,
legumes and shrubs used for livestock forage (Nichols et al.
2012; Mitchell et al. 2015; Pazos-Navarro et al. 2017) and
plants that have found new uses as energy or medicinal
crops, such as Miscanthus spp. (Clifton-Brown et al. 2017).
Therefore, speed breeding can be integrated with multi-
ple disciplines, concepts and resources to rapidly improve
orphan crops and bring them to the forefront of the quest for
a well-nourished world population, in the context of unpre-
dictable environmental and socioeconomic conditions.
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