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Global agricultural productivity and food security are threatened by climate 
change, the growing world population, and the difficulties posed by the 
pandemic era. To overcome these challenges and meet food requirements, 
breeders have applied and implemented different advanced techniques that 
accelerate plant development and increase crop selection effectiveness. 
However, only two or three generations could be advanced annually using these 
approaches. Speed breeding (SB) is an innovative and promising technology to 
develop new varieties in a shorter time, utilizing the manipulation of controlled 
environmental conditions. This strategy can reduce the generation length from 
2.5 to 5 times compared to traditional methods and accelerate generation 
advancement and crop improvement, accommodating multiple generations of 
crops per year. Beside long breeding cycles, SB can address other challenges 
related to traditional breeding, such as response to environmental conditions, 
disease and pest management, genetic uniformity, and improving resource 
efficiency. Combining genomic approaches such as marker-assisted selection, 
genomic selection, and genome editing with SB offers the capacity to further 
enhance breeding efficiency by reducing breeding cycle time, enabling early 
phenotypic assessment, efficient resource utilization, and increasing selection 
accuracy and genetic gain per year. Genomics-assisted SB holds the potential to 
revolutionize plant breeding by significantly accelerating the identification and 
selection of desirable genetic traits, expediting the development of improved 
crop varieties crucial for addressing global agricultural challenges.
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1 Introduction

Global climate change is a leading aspect threatening agricultural productivity worldwide, 
along with the challenges of meeting the food requirements of the world’s expanding 
population. Increased variations in rainfall and raised global temperature, along with 
increasing unpredictability in growing conditions, have caused the emergence, changed 
distribution and prevalence of pests and diseases. Abiotic and biotic stresses and loss of 
agricultural land caused by climate changes have direct or indirect negative impacts on 
agricultural production, usually causing yield losses (Hoegh-Guldberg et al., 2019; Paul et al., 
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2019; Yu et al., 2021). Climate change has likely already affected global 
food production by reducing the yields of the top ten global crops, 
including barley, cassava, maize, oil palm, rapeseed, rice, sorghum, 
soybean, sugarcane and wheat, by 3–12% by mid-century and 11–25% 
by century’s end, under a vigorous warming scenario (Ray et al., 2019). 
The study also found that impacts are mostly negative in Europe, 
Southern Africa and Australia (Ray et  al., 2019). Thus, efficient 
systems for delivering improved varieties are crucial for successful 
adaptation and keeping up with shifting environmental conditions. 
On the other side, global population growth increased demand for 
food production and expanded the need for crops with improved 
nutritional profiles to address malnutrition and dietary deficiencies 
and to adapt to changing dietary preferences (Fróna et al., 2019). Also, 
expanding population increased urbanization and put pressure on 
available agricultural land. Furthermore, in the pandemic era, food 
security has continued to decline, affecting millions worldwide. The 
pandemic has affected disruptions in supply chains, labor shortages, 
and economic challenges, which contributed to rising food prices, 
affecting affordability for vulnerable populations (FAO, IFAD, 
UNICEF, WFP and WHO, 2021). Thus, the pandemic underscored 
the importance of building resilient and sustainable food systems to 
withstand increased global food insecurity. Therefore, to overcome 
these challenges and contribute to long-term global food security, the 
development of superior crop varieties is highly required (Lenaerts 
et  al., 2019; Kondić-Špika et  al., 2022b; Cvejić et  al., 2023; Potts 
et al., 2023).

The major bottleneck in the process of breeding is long generation 
time. For most crop plants, conventional breeding often takes more 
than a decade to develop and release new cultivars (Jähne et al., 2020). 
Following the crossing of selected parent plants, 4–6 successive 
generations are typically required to reach a fixed homozygous state 
for the identification of a superior genotype. This process also involves 
multi-year testing in replicated field trials at multiple locations for the 
detection of candidate genotypes across a wide range of conditions 
(Voss-Fels et al., 2019). The development of hybrids in cross-pollinated 
crops follows similar timetables, wherein up to 10 years can pass 
between parental selection and inbreeding (Shimelis and Laing, 2012). 
Shortening breeding cycles is crucial to address the challenges of 
traditional breeding, particularly the prolonged generation times, 
allowing for faster and more efficient development of crop varieties in 
response to evolving agricultural needs.

It is considered that shortening the selection cycle’s duration has 
the biggest effect on genetic gain when considering the cost–benefit 
ratio (Bonnecarrere et al., 2019). Variable agroecological conditions 
usually allow only one crop cycle per year, while in some tropical 
conditions, it is possible to obtain two generations per year (Laux 
et al., 2010). Thus, it has become imperative to develop and exploit 
new breeding technologies to ensure the rapid production of improved 
cultivars and accelerate genetic gain for important traits. Over time, 
various plant breeding approaches were used to advance generation 
and to fasten the breeding cycle, such as optimization of the traditional 
selection method - single seed descent (SSD) method utilized during 
breeding for the development of homozygous lines, use of off-season 
nursery for growing of two or more generations per year in contrasting 
environments (shuttle breeding) (Ortiz et al., 2007), in vitro/embryo 
culture (Kondić-Špika et al., 2022a), double haploid (DH) technique 
(Kondić-Špika et al., 2008; Kondic-Špika et al., 2011; De La Fuente 
et al., 2020), marker-assisted selection (MAS; Bernardo, 2016), and the 

use of genetic engineering or genome editing (Gaba et  al., 2021; 
Varshney et al., 2021b). However, even with these methods, only two 
to three generations per year could be advanced (Fang et al., 2021). 
Moreover, off-season nurseries are often expensive, and logistically 
difficult to manage, with possible genetic material loss during 
transportation and the brief intervals between crop cycles; hence, they 
do not ensure successful seed production and are not appropriate for 
large-scale. In addition, the DH technique is not accessible for a 
variety of crops and often demands highly qualified personnel, 
specialized equipment and financial resources for in vitro culture. 
Furthermore, transgenic or genome-edited crops could be doubtful 
options because of political legislation or public safety concerns.

Speed breeding (SB) represents a promising next-generation 
breeding technology for growing plants under controlled and 
manipulable conditions to accelerate breeding programs by decreasing 
generation time and resources and increasing the number of 
generations per year (Watson et al., 2018; Bhatta et al., 2021). This 
approach holds significant importance for overcoming traditional 
breeding limitations, particularly for crops with long breeding cycles. 
Compared to the usual field and greenhouse conditions, SB can reduce 
generation length from 2.5 to 5 times. Also, it is assumed that 
obtaining up to five generations per year in an SB system could 
approximately double annual genetic gain compared to breeding 
programs that use off-season nurseries (Jähne et al., 2020). Beside 
enhancing breeding efficiency, SB rapidly shortens breeding cycles, 
providing a timely response to emerging challenges such as climate 
variability and specific agricultural needs. This agility in breeding, 
achieved through SB, ensures the timely development of resilient and 
high-yielding crop varieties, contributing to global food security and 
sustainability (Gudi et al., 2022).

SB promotes rapid growth and development of plants from the 
vegetative to the reproductive stage, typically in controlled 
environments such as growth chambers or greenhouses, manipulating 
the major parameters required by the plants (photoperiod, quality and 
intensity of light, temperature, and humidity; Figure 1). In general, 
plants can be categorized into three groups based on how the length 
of the day influences flowering and reproductive processes of the plant 
(photoperiodism): short-day plants (SDP) typically flower when the 
duration of daylight is shorter than a critical length, long-day plants 
(LDP) flower when the duration of daylight exceeds a critical length, 
and day-neutral plants (DNP) that are less influenced by the 
photoperiod and tend to flower independently of day length (Ghosh 
et al., 2018). SB was first proposed as a strategy for LDP by extending 
the photoperiod to about 22 h per day (Watson et al., 2018). Extended 
photoperiods cause early flowering due to the conversion of 
phytochromes from their active to inactive forms, using specific light 
intensities. Exposition to prolong daily light reduces the generation 
time of LDP, while in SDP and photoperiod-sensitive crops, this 
approach would inhibit flowering. Consequently, the protocols for 
short-day crops (soybean, rice, and amaranth) were proposed, varying 
light intensities to create the ideal optimal light conditions for each 
crop (Jähne et al., 2020). In numerous crops, early flowering and seed 
formation have been found to be successfully promoted by applying 
light intensity ranging from 360–650 μmol/m2/s within the PAR range 
(Ghosh et  al., 2018; Watson et  al., 2018), enabling SB procedure. 
Beside light intensity, light quality is another major element with a 
direct effect on different plant growth activities such as photosynthetic 
and transpiration rates, stomatal conductance, and the level of 
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intercellular CO₂ (Yang et al., 2017). Considering that the key factor 
in controlling a plant’s ability to flower is the red to far-red (R:FR) 
ratio, altering this ratio may cause different responses in flowering. 
Therefore, light spectrum and light quality are essential for the 
optimization of SB protocols. Different lighting sources can be used 
in the growth chambers to create PAR (photosynthetically active 
radiation) range: light-emitting diodes (LEDs), metal halide bulbs 
combined with LEDs, halogen or sodium vapor lamps (SVLs) (Ghosh 
et al., 2018). Furthermore, it is important to consider the different 
reactions of plant species to the wavelength spectra emitted by 
different lighting sources. It has been shown that early flowering in 
legumes, including lentil, pea, and chickpea, can be  induced by 
applying blue and far-red light spectrums (Mobini et  al., 2015). 
Photoperiod, light intensity and quality are important factors in 
flowering regulation, while maintaining consistent temperature and 
humidity levels can contribute to faster growth. Ideal soil and air 
temperatures are essential to achieving satisfactory germination, 
seedling establishment and proper vegetative and reproductive growth 
(Shendekar et al., 2023). Several main crops, such as soybean, canola, 
wheat, barley, and maize, have distinct temperature requirements for 
different phases of growth. For example, they usually need 12–30°C 
for seed germination and 25–30°C for overall growth and flowering 
(Wanga et al., 2021). Moreover, winter wheat requires vernalization or 
cold temperature stress for the transition from vegetative to the 
reproductive stage (Zheng et  al., 2023), while in certain crops, 
temperatures higher than 33°C can result in reduced pollen viability 
and increased male-sterility. Also, there has been a considerable 
variance in the responses of different photoperiod-sensitive crops to 
temperature regimes that affect their transition from the vegetative to 
the reproductive stage (Yang et  al., 2014). Therefore, the optimal 
temperature regime, considering both maximum and minimum 
temperatures, should be used for each crop in SB protocols. Different 
systems can be used to control temperature, such as foggers, solar air 
power batteries, fan and pad cooling systems (Wanga et al., 2021). 
Furthermore, it was also demonstrated that variations in soil moisture 
can have a significant impact on various aspects of plant growth and 

development, including plant height, days to flowering, maturity, and 
seed set (Hussain et al., 2018), which is beneficial for SB. In different 
crops, such as wheat, barley, canola, and chickpea, grain filling and 
maturation were accelerated after flowering by gradually lowering the 
soil’s moisture level (Watson et al., 2018). In general, for most of the 
crops, humidity of 60–70% is suitable, while crops adapted to dry 
zones require less humidity (Ghosh et al., 2018).

Optimization of all these conditions enhances the rate of 
photosynthesis and other physiological and metabolic processes, 
which stimulates early flowering, biomass accumulation and early 
seed development to reduce generation time, allowing multiple 
generations to be  grown in a shorter period (Ghosh et  al., 2018; 
Shendekar et al., 2023). Understanding the different requirements for 
photoperiod and light parameters of different crop species is crucial 
for optimizing growth conditions and achieving rapid generation 
turnover in SB approaches and could be a limiting factor for successful 
implementation of SB. Thus, there is a need for protocol optimization 
on a crop-specific and variety-specific level (Jähne et al., 2020; Pandey 
et al., 2022) to achieve optimal growth and development, with greater 
uniformity. Due to genotypic variation in terms of growth 
characteristics, photoperiod sensitivities, and responses to 
environmental conditions, optimizing protocols based on genotype 
ensures that the specific needs and preferences of each plant variety 
are met. In this way, the full potential of each genotype is harnessed, 
maximizing the efficiency and success of the approach and enhancing 
reproducibility. Moreover, optimizing protocols and providing the 
ideal conditions can maximize resource efficiency, such as energy, 
space, and time.

Besides optimizing the plant development environment, SB 
can also be  accomplished through other means, such as stress 
treatments, immature seed harvesting, treatments with plant 
growth regulators (PGRs), high-density planting, embryo rescue, 
increasing CO2 concentrations, genetic engineering targeting the 
flowering pathway or grafting juvenile plants to mature rootstocks 
(Richard et al., 2015; Ghosh et al., 2018; Hickey et al., 2019; Pandey 
et  al., 2022). Under conditions of moisture stress, many crop 

FIGURE 1

Manipulation of different environmental factors in speed breeding (this figure has been designed using icons from Flaticon.com).
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species exhibit early flowering and seed production (Shavrukov 
et al., 2017). This approach is used in SB through the application 
of both drought and flooding stress to cause flowering for early 
seed sets. In addition, it is considered that immature seed 
harvesting, avoiding the ripening stage, could significantly shorten 
the generation time when combined with single-seed descent 
(SSD) (Chahal and Gosal, 2002). Immature seed harvesting 
involves picking immature pods and drying seeds under artificial 
conditions for a few days before shelling and sowing, allowing 
plants to cycle even faster from seed to seed (Jan et al., 2022). In 
several crop species, plant nutrition or treatments with plant 
growth regulators (PGRs) have been effectively employed to 
expedite development and initiate flowering and seed formation, 
particularly in techniques like organ tissue culture (Bonea, 2022). 
Observing different reactions to PGRs can be  important in 
controlled conditions where certain crops, such as lentils and faba 
beans, have demonstrated the capacity to produce up to eight 
generations per year (Trnka et al., 2019). High-density planting is 
a cost-effective strategy for SB that considers planting crops with 
more plants closer together, which outperforms traditional 
methods in terms of yield potential. It is a useful technique since 
it not only stimulates early flowering and maturity, and shortens 
crop cycles, but also makes it possible to maintain the large 
population size needed for advanced selections (Sinha et al., 2021). 
The specific plant species can affect the effectivness of high-density 
planting. The effect of high-density planting on flowering is not 
consistently detected across studies and genotype variations 
considerably alter plant responses (Fukushima et  al., 2011). In 
addition, it has been found that crop plants respond to elevated 
CO2 by transitioning from the vegetative to the reproductive phase. 
Although the reaction may range throughout crop species and 
within genotypes of the same species, elevated CO2 levels might 
expedite the transition from vegetative to reproductive stages and 
boost plant development (Jagadish et al., 2016).

2 Development of SB protocols for 
main crop species

The SB approach involves growing plants in controlled 
environments with specific conditions that influence the acceleration 
of various physiological processes in plants and quick-generation 
cycling. This offers flexibility for integration into a larger-scale 
screening of plant populations in the shortest amount of time and 
space. The main advantage of SB technology over other breeding 
methodologies aimed at reducing generation turnover time and 
accelerating the process of creating new varieties is its suitability for 
application to diverse germplasm without special requirements 
regarding in vitro culturing.

Different SB approaches have been successfully used to develop 
and standardize protocols for major crops, including commercially 
and scientifically significant cereal, legume and oilseed species, which 
covered SDP, DNP and LDP (Table 1; Ghosh et al., 2018; Watson et al., 
2018; Samantara et al., 2022; Shendekar et al., 2023). This enabled the 
achievement of even 9 generations within a year for some crops. In 
this way, homozygosity can be reached in a year or two, providing a 
great opportunity to develop varieties in a short period of time and to 
deal with challenging food security (Hickey et al., 2019).

2.1 Wheat

As one of the most widely cultivated grain crops that feed 
approximately 35% of the world’s population, wheat has consistently 
played a key role in global food security strategy programs. Its grain 
serves as a crucial source of protein, dietary fibres, B vitamins, and 
minerals in the human diet (Shewry and Hey, 2015). Despite the 
existence of five domesticated Triticum taxa (diploid T. monococcum, 
tetraploid T. dicoccon and T. durum, and hexaploid T. aestivum and 
T. spelta), global wheat production is predominantly centered on 
bread and durum wheat, comprising 90–95% and 5–10% of the total, 
respectively (Shewry, 2009; Shewry and Hey, 2015). Bread wheat is 
primarily used as flour for various flatbreads and pastries, whereas 
durum wheat stands out as the key ingredient in the production of 
pasta, couscous, and bulgur. Traditional cereal breeding methodologies 
have brought many significant improvements regarding wheat yield 
and quality (Hristov et al., 2010; Mladenov et al., 2011). Furthermore, 
the introduction of the new breeding tools relying on the molecular 
and phenotyping high-throughput approaches enabled accurate 
pyramidization of genes with the potential to result in varieties with 
stable production in the environment with different combinations of 
abiotic and biotic stresses (Kondić-Špika et al., 2023). However, the 
long breeding cycle presents one of the main constraints in achieving 
revolutionary progress in wheat production, impeding the timely 
development and deployment of improved cultivars. Traditional 
wheat breeding involves a series of steps, with each phase demanding 
considerable time. The delayed release of resilient and high-yielding 
wheat varieties hampers the ability to adapt quickly to evolving 
challenges posed by climate variability, emerging pests, and shifting 
consumer preferences. In contrast, approaches like SB enable the 
acceleration of the breeding cycle, allowing rapid progress, facilitating 
the development of wheat varieties that can address contemporary 
agricultural demands and contribute significantly to global food 
security. History of the development of wheat SB protocols, can 
be traced to the mid-1980s, when joint efforts by NASA and Utah 
State University to assess the possibility of growing rapid cycling 
wheat under constant light on space stations, resulted in the creation 
of the dwarf wheat line USU-Apogee (Bugbee and Koerner, 1997). 
Later on, at the beginning of the 2000s, researchers at the University 
of Queensland introduced the term ‘speed breeding’ for a set of 
improved methods to hasten wheat breeding (Hickey et al., 2019). So 
far, several protocols have been developed for the SB of spring wheat. 
The group of authors developed a very effective protocol for rapid 
generation cycles based on culturing young embryos and optimizing 
plant growth conditions that allowed the production of up to eight 
generations of spring wheat per year (Zheng et al., 2013). Afterwards, 
to make SB technically simpler and capable of processing a larger 
number of genotypes, researchers from the United  Kingdom and 
Australia developed two SB protocols for spring bread wheat and 
durum wheat that involve the use of extended photoperiod and high 
light levels to accelerate plant development, followed by immature 
seed harvesting and planting developing kernels (Ghosh et al., 2018; 
Watson et al., 2018). According to the first protocol, plants grown in 
a controlled environment room with an extended photoperiod (22 h 
light/2 h dark) were compared with the plants grown in glasshouses 
with no supplementary light or heating during the spring and early 
summer. The authors concluded that plants grown under the SB 
protocol progressed to flowering in 35–39 days, approximately half the 
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TABLE 1 List of speed breeding protocols developed in different crops.

Family Crop species Type of 

photoperiod

Techniques Trait enhanced (goal) Field 

generation 

(days)

Days to 

flowering

Generation 

time (days)

Generation 

per year

Selection 

method

References

Amaranthaceae Amaranth (Amaranthus spp.) SD Photoperiod and temperature Rapid production of segregating populations 95–100 28 6 SSD Stetter et al. (2016)

Brassiacceae Canola (Brassica napus) LD
Photoperiod, light intensity, temperature, 

immature seed germination and soil moisture
Pod shattering resistance 135–150 73 98.2 4 SSD

Ghosh et al. (2018) and 

Watson et al. (2018)

Fabacae

Chickpea (Cicer arietinum)

LD

Photoperiod and immature seed germination Rapid generation advance 150–160 33 50–59 6–7 SPD Samineni et al. (2020)

Clover (Trifolium subterraneum) In vitro
Rapid development of bi-parental and multi-parental 

populations
32–35 2.7–6.1 SSD Pazos-Navarro et al. (2017)

Faba bean (Vicia faba)
Plant hormones, photoperiod, temeprature, 

light intensity and immature seed

Early flowering and seed development (rapid 

generation advance)
104 29–32 54–80 7 SPD Mobini et al. (2015, 2020)

Lentil (Lens culinaris)
Plant hormones, photoperiod, light intensity 

and immature seed

Early flowering and seed development (rapid 

generation advance)
102–107 31–33 45 8 SPD Mobini et al. (2015)

Lupin (Lupinus angustifolius)
Photoperiod and in vitro immature seed 

germination
Rapid generation advance 5 Croser et al. (2016)

Pea (Pisum sativum)

Plant hormones, photoperiod, temperature, 

immature seed harvest and drying, 

hydroponics

Development of RILs 60–80 33 68.4 4–6

Mobini and Warkentin 

(2016), Watson et al. (2018), 

and Cazzola et al. (2020)

Groundnut (Arachis hypogaea)

SD

Photoperiod and temperature Advancement of early generation breeding material 125–145 25–27 89 3–4 SPD O’Connor et al. (2013)

Pigeon pea (Cajanus cajan)
Photoperiod, temperature, immature seed 

germination
Development of photoperiod insensitive lines 120–190 50–56 4 SPD Saxena et al. (2019)

Soybean (Glycine max)
Photoperiod, temperature and imature seed 

germination

Development of RILs; effect of light intensity on 

germination rate
100–140 23 77 5 SSD

Nagatoshi and Fujita (2019) 

and Jähne et al. (2020)

Poaceae

Barley (Hordeum vulgare)

LD

Photoperiod, temperature, soil fertility, 

immature seed germination and embryo 

rescue

Leaf rust resistance 130–150 24–36 68 4–9 SSD

Zheng et al. (2013), Hickey 

et al. (2017), and Watson 

et al. (2018)

Oat (Avena sativa)
Photoperiod, temperature, and micro-

nutrients

Shortening of the generation time and early panicle 

harvest
114 21 51 5 SSD

González-Barrios et al. 

(2020)

Spring wheat (Triticum aestivum)
Photoperiod, temperature, immature seed 

germination and drying, soil fertility,

Rapid production of segregating populations and 

pure lines; Biotic stress tolerance
145–155 24–41 65 4–8 SSD

Zheng et al. (2013), Riaz 

et al. (2016), Ghosh et al. 

(2018), and Watson et al. 

(2018)

Durum wheat (Triticum durum) SB with multitrait phenotyping Resistance to crown rot 150–155 77 6 Alahmad et al. (2018)

Winter wheat (Triticum aestivum) Photoperiod 160–180 87 4–5
Cha et al. (2022) and Schoen 

et al. (2023)

Rice (Oryza sativa)

SD

Photoperiod, temperature and high-density 

planting
Rapid development of high yielding varietiy 90–120 75–85 4 SSD Collard et al. (2017)

Sorghum (Sorghum bicolor)
Photoperiod, temperature and imature seed 

germination
Rapid development of high yielding varietiy 100–120 40–50 6 SSD Forster et al. (2014)
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time of those grown in glasshouse conditions. Under SB protocol, a 
slight decrease was observed in seed number per spike, while wheat 
plants produced a healthy number of spikes per plant, and crosses 
produced viable seeds. The second protocol included the use of a 
temperature-controlled glasshouse fitted with high-pressure sodium 
lamps aiming to extend the photoperiod to a day length of 22 h. Here, 
control treatment plants were grown in a glasshouse using a natural 
12-h control photoperiod. Both control and treatment used the same 
temperature regime: 22°C day and 17°C night. As a result, flowering 
was significantly reduced relative to control plants (22 ± 2 days), and 
wheat plants produced significantly more spikes than those in 
day-neutral conditions. Further, the authors recorded an additional 
reduction in the breeding cycle when wheat seeds were harvested 
before maturity, 14 days post-anthesis, followed by 4-day cold 
treatment, without the need for labor-intensive embryo rescue 
(Watson et al., 2018). The development of SB protocols for winter 
wheat varieties addressed challenges to optimizing controlled 
environments for accelerated growth due to vernalization 
requirements for the transition from the vegetative to reproductive 
phase, making it complicated to synchronize growth cycles in 
SB. Therefore, SB protocols for winter wheat were modified by adding 
one step that involved seed exposure to low temperatures and optimal 
results were obtained at 10°C (Zheng et  al., 2023). However, this 
methodology was not successful when applied to mature seeds 
because of the postharvest dormancy phenomenon that exists among 
winter genotypes, while it gave very promising results with the use of 
the embryo rescue technique when it was possible to produce up to 6 
generations of wheat accessions per year.

In conclusion, originating from efforts from more than 40 years 
ago, SB protocols for spring wheat have evolved, enabling the 
production of up to eight generations per year. The protocols have 
been refined for simplicity and efficiency, involving extended 
photoperiods, resulting in a remarkable reduction in time to flowering 
and an increase in spike production. Despite challenges in adapting 
SB to winter wheat, modifications involving vernalization have 
shown promise.

2.2 Maize

Maize (Zea mays L.) represents the major source of food in the 
world owing to its large growing areas and productivity, and it is also 
the basic fodder and important raw material for industrial processing 
(Muntean et al., 2022). On a global level, maize ranks first in terms of 
production quantities, followed by rice, wheat, barley and sorghum 
(FAO, 2022). Although it originated in tropical regions from the 
short-day species Teosinte (Z. mays ssp. parviglumis), during centuries 
of cultivation and artificial selection, maize was spread to higher 
latitudes and adapted to grow under long-day conditions (Brambilla 
et al., 2017; Mikić et al., 2017; Osnato et al., 2022). While studying 
maize sensitivity to photoperiod changes under controlled conditions, 
it was concluded that long photoperiods in photoperiod-sensitive 
maize lines repressed the development of the tassels, delayed flowering 
time and increased the period between pollen shed and silking (Chen 
et al., 2015). Similarly, tropical maize lines showed a delay in flowering 
transitions under long-day conditions, compared to those adapted to 
temperate zones for more than 3 weeks (Alter et al., 2016). The same 
authors observed strong differences among regulated genes between 

temperate and tropical lines indicating the complexity of flowering 
time regulation in maize. Thus, traditional breeding cycles for maize 
can be protracted due to the dependence on specific photoperiod 
conditions for flowering. Considering the maize requirement of a 
short day for induction of the reproductive phase, SB may have 
potential applications for accelerating its vegetative growth (Watson 
et al., 2018). Although many crop-specific SB protocols in growth 
chambers or glasshouses have been established for different species, 
they have not yet been developed for maize (Singh et  al., 2021). 
Besides its photoperiod reaction, there are also other challenges to SB 
implementation in maize. Being a tall crop with a canopy that can 
reach a height of 2.5 m, maize needs more space and bigger chambers 
for growth and development (Singh et al., 2021). Another approach 
that can shorten the maize breeding cycle is double-haploid (DH) 
technology (Farooqi et al., 2022). Great success in the application of 
DHs has been achieved in maize, which was evidenced by the 
development of parental lines in the majority of the seed companies 
(Shendekar et al., 2023). When applying DH technology, the time 
required to develop completely homozygous maize inbred lines is 
greatly reduced to 2–3 generations (Mitiku, 2022). Coupled with other 
approaches, like MAS and off-season nurseries, DH technology can 
enhance breeding efficiency and genetic gain.

To sum up, although SB protocols have been established for other 
species, maize faces challenges in implementing photoperiod-based 
growth protocols. So far, DH technology has been successful in 
shortening the maize breeding cycle to 2–3 generations, reducing the 
time required to develop homozygous maize inbred lines.

2.3 Rapeseed

Rapeseed (Brassica napus L.) is an important oil crop grown in 
over 50 countries worldwide (Yadava et al., 2012). It is also called 
oilseed rape or, in the case of varieties with low erucic acid content, 
canola. It is an allotetraploid crop derived from hybridization between 
Brassica rapa L. (AA) and Brassica oleracea L. (CC). Besides its oil and 
protein-rich meal, it considerably participates in global biofuel 
production (Zhang et  al., 2023). Compared to other major crops, 
rapeseed yield per hectare is the lowest, reaching ~3,210 kg/ha in 
Europe in the period between 2015 and 2020 (Zheng et al., 2022). 
Hence, one of the major challenges in the current unpredictable 
climates as well as the reduction in the available crop production area 
is meeting the world’s demand for edible oil. In conventional breeding, 
with the application of greenhouse cultivation, two to three 
generations per year can be obtained in major oil crops including 
rapeseed. By achieving multiple generations annually, breeders can 
expedite the selection and advancement of desirable traits in rapeseed 
varieties. This enhanced breeding efficiency not only accelerates the 
overall breeding process but also contributes to the development of 
improved rapeseed cultivars with enhanced yield, oil quality, and 
resilience to environmental challenges. The introduction of SB in 
rapeseed, a LDP, enables speeding up the breeding process by 
obtaining even four to five generations per year, depending on the 
genotype and the growth conditions (Song et al., 2022). A detailed 
protocol for the initiation of setting up SB systems in several crops, 
including rapeseed, was provided, showing that phenotyping of some 
traits, such as pod shattering, can be performed in SB systems in adult 
plants (Ghosh et al., 2018). According to the results, a 22 h photoperiod 
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led to shortening the time to flowering, duration of flowering, days till 
drying off, and time to harvest, compared to a 16 h photoperiod. This 
SB regimen negatively affected the number of seeds per pot and 
thousand-grain weight, while germination of the harvested seeds was 
not affected or even was slightly higher in SB conditions. Furthermore, 
it was reported that seed production (g per plant) was similar between 
SB conditions in which a 22 h photoperiod was used and day-neutral 
conditions with a 12 h photoperiod, in 7 rapeseed cultivars (Watson 
et  al., 2018). Recently, a comprehensive SB (CSB) approach was 
proposed, with the following steps: (1) vernalization of the germinated 
seeds, (2) high-density seedling culture, and (3) accelerated flowering 
and maturation with the optimized light regime (Song et al., 2022). 
For the majority of examined semi-winter and winter canola varieties, 
the authors observed acceleration in reaching key growth stages, 
however, a winter canola variety Darmor-bzh did not flower. Thus, the 
authors had to improve the CSB protocol for this variety by adding 
500 μmol/m2/s far-red light. This showed the importance of optimizing 
the growth conditions on a genotype-specific level in the SB protocol. 
Furthermore, the implementation of CSB in combination with 
marker-assisted and phenotypic selection, as reported (Wang et al., 
2023), represents an innovative and comprehensive approach to crop 
improvement. This hybrid approach harnessed the power of 
accelerated plant growth through CSB while leveraging molecular 
markers for precise trait selection and enabled the accelerated creation 
of six introgression lines with different combinations of genes 
associated with abiotic and biotic stress resistance, high oleic acid 
content traits and early maturity. This integrated strategy not only 
expedites the breeding process but also allows for the targeted 
incorporation of multiple beneficial characteristics by efficiently 
addressing diverse stressors and quality traits.

In short, the introduction of SB, particularly in LDP, can accelerate 
the breeding process by obtaining four to five generations per year in 
rapeseed, depending on genotypes and growth conditions. 
Comprehensive SB (CSB) approaches, incorporating vernalization, 
high-density seedling culture, and optimized light regimes, offer 
further advancements. The integrated approach of CSB and MAS 
expedites the breeding process but also enables targeted incorporation 
of multiple beneficial traits.

2.4 Sunflower

Sunflower (Helianthus annuus) is the fourth most important oil 
crop used mainly for human consumption, and just 10% for biodiesel 
production and other industrial purposes (Radanović et al., 2023). 
Sunflowers, characterized by their out-crossing nature, require 
homozygous parents to produce hybrids, a process that requires 
demanding backcrossing and selection efforts. Achieving 
homozygosity in parental lines is crucial to ensuring genetic 
uniformity and stability in the resulting hybrids. Due to the 
out-crossing behavior of sunflowers, attaining homozygosity 
involves multiple generations of backcrossing to eliminate genetic 
heterogeneity. This process may require up to eight generations of 
carefully controlled crosses, followed by stringent selection for 
desired traits. Despite being an important crop, there are no available 
SB protocols for acceleration of the breeding process of this SDP. To 
speed up the creation of new, superior sunflower parental lines, a 

reliable and effective doubled haploid (DH) induction technique 
would be a useful resource. However, there are a lot of obstacles to 
creating a successful protocol, such as sunflower’s resistance to in 
vitro culture regeneration as well as long fresh seed dormancy, which 
creates a production bottleneck for DH (Miladinović et al., 2019; 
Mabuza et al., 2023). Several techniques, including anther culture, 
microspore culture, interspecific hybridization, and embryo rescue, 
have been used to create a sunflower DH induction regimen, but 
none of them have proven effective or dependable. Low crossability, 
low seed set, low germination and regeneration, and a high albinism 
rate are the primary obstacles (Kaya, 2014; Mabuza et al., 2023). As 
a result, different strategies are required to get over these restrictions 
and raise the production efficiency of sunflower DH. Promising 
results have been obtained by authors who managed to generate 
haploid embryos by pollen irradiation and pollination of female 
flowers with irradiated pollen (Aktaş et al., 2023). Another approach 
could be using immature embryo culture to shorten the generation 
time in breeding programs. This technique allows the production of 
fertile plants from immature embryos and enables the production of 
three to four generations per year, in contrast to one generation per 
year with conventional breeding (Vasić and Vasiljević, 1994; Dağüstü 
et  al., 2012). In addition, the development of new breeding 
techniques, such as genome editing, in combination with different 
-omics tools could provide new perspectives for speeding up 
sunflower breeding (Miladinović et al., 2019). Using this technique, 
multiple genes can be  individually engineered at the same time, 
which in combination with different prediction models, could speed 
up the modification of linked genes or QTLs that are usually difficult 
to segregate (Flavell, 2010; Miladinović et al., 2021). The first steps 
in that direction were made with the recent development and 
optimization of protocols for genome editing in sunflowers (Yildirim 
et al., 2022, 2023). Further development of high-throughput and 
sequence-based genotyping, along with high-throughput and 
precision phenotyping, should provide a complete set of tools for 
developing tools for wider application of SB in sunflower 
improvement programs (Cvejić et al., 2023).

In general, the absence of SB protocols for sunflowers adds to the 
complexity of their breeding programs. The conventional DH 
induction techniques face obstacles such as in vitro culture resistance 
and long seed dormancy. Despite attempts with various techniques, 
significant challenges persist, including low crossability, seed set, 
germination rates, and high albinism. Recent advancements, including 
pollen irradiation for haploid embryo generation and immature 
embryo culture, show promise for overcoming some limitations. 
Moreover, the integration of genome editing and -omics tools opens 
new avenues for accelerating sunflower breeding.

2.5 Soybean

Soybean (Glycine max L.) is the most important protein cropand 
is used for animal feed and human nutrition. In addition to the high 
content of protein and oil, soybeans also contain numerous compounds 
with a positive effect on health, such as phytoestrogens and 
antioxidants. The global production of soybean was the fourth highest 
of all crops and over the past two decades, worldwide soybean 
production and the area harvested have increased more rapidly 
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compared to other staple crops (FAO, 2022). Soybean breeding is a 
long and complex process that involves the crossing, selection, and 
evaluation of different traits, such as yield, maturity, quality, and stress 
tolerance. Achieving multiple generations per year for soybean is 
significant for accelerating genetic improvement to meet the increasing 
global demand for protein and oil, as well as adapting to the changing 
climate and environmental conditions. Different strategies were 
explored to hasten soybean breeding, keeping in mind that 
uninterrupted periods of darkness and high temperatures are needed 
for the induction of flowering, accelerating the growth and 
development of short-day plants (Mao et al., 2017; Miladinović et al., 
2018). Approaches, such as immature embryo culture or DH, could 
shorten one generation time to 65–70 days in soybean (Rosenberg and 
Rinne, 1988), while the use of off-season nurseries doubled the rate of 
generation advancement (Gai et al., 2015). On the other hand, SB 
techniques that use artificial, controlled environments with varying 
photoperiod, temperature, or CO2 concentration could produce five 
generations per year in soybeans, compared to one or two generations 
in the field (Nagatoshi and Fujita, 2019; Jähne et al., 2020; Jan et al., 
2022). Specificly, using CO2-supplemented growth chambers and 
fluorescent lamps accelerated soybean breeding of elite Japanese 
cultivar Enrei by applying a protocol (14 h light, 30°C day/25°C night, 
CO2 supplementation 400–600 p.p.m.) that reduced the vegetation 
period from 102 to 132 days reported in the field to 70 days enabling 
five generations per year (Nagatoshi and Fujita, 2019). This method 
also increased the crossing efficiency of soybeans. CO2 supplementation 
enhanced the growth and productivity of plants, while specific light 
and temperature conditions shortened the days to flowering, and the 
reproductive period was significantly shortened by the reaping and 
planting of immature seeds. Furthermore, a SB protocol for soybeans 
based on LEDs providing a high-throughput, rapid SSD system was 
developed (Jähne et al., 2020). A 10 h photoperiod using a blue-light-
enriched, far-red-deprived light spectrum enabled soybean to mature 
within 77 days after sowing, allowing the development of five 
generations per year. The authors proposed a possible improvement of 
the protocol by increasing the CO2 level, under the condition that a 
higher photosynthesis rate is achieved through more intense lighting. 
The additional speed should be weighed against the extra costs of the 
system setup and operational costs. In the experiments, far-red and 
blue light treatment at night in most cases caused highly heterogeneous 
flowering time among soybean genotypes, showing the different 
responses of cultivars from different maturity groups. Although far-red 
light (>700 nm) did not affect flowering time, the authors concluded 
that it caused elongated petioles, which in turn caused lodging. Thus, 
far-red light should be avoided to grow robust soybean plants suitable 
for high-throughput systems, while low red/blue light ratio, with green 
or cool white LEDs (4,000 K) should be included for optimal visual 
observations. They proposed that light intensity should be ~500 μmol/
m2s at 50 cm distance from the light source to achieve fast generation 
times using a moderate budget. Other authors also defined the growth 
conditions for SB system using LED light source, advancing one 
generation of soybean within 73 days, enabling the growth of five 
generations per year (Lee et al., 2023). One of the challenges related to 
SB approaches that use artificial greenhouses is their limited scale and 
high cost. Thus, a cost-saving SB system established by integrating 
off-site nurseries and fresh-seeding methods under natural conditions 
was proposed, accomplishing at least four generations per year, which 
facilitates and accelerates soybean improvement at a low cost (Fang 

et al., 2021). This methodology was combined with MAS to predict the 
optimal adaptation region of the advanced generation lines based on 
the maturity genes E1-E4 instead of phenotype identification that 
could facilitate the breeding process for the target region (Fang et al., 
2021). Combining SB with MAS using molecular markers for precise 
adaptation region prediction, streamlined the breeding process by 
eliminating the need for time-consuming phenotype identification. 
This not only accelerates breeding cycles but also enhances efficiency 
and resource utilization.

In conclusion, SB techniques utilizing controlled environments 
with manipulated photoperiod, temperature, and CO2 concentration 
offer a promising avenue for accelerating soybean breeding. Achieving 
up to five generations per year, in contrast to traditional methods, 
significantly reduces the vegetation period. While challenges related 
to artificial greenhouses, including limited scale and high costs, 
persist, innovative solutions, such as integrating off-site nurseries and 
fresh-seeding methods under natural conditions, have been proposed. 
Additionally, combining SB with MAS streamlines the breeding 
process, eliminating the need for time-consuming phenotype 
identification and enhancing overall efficiency and resource utilization.

3 Integration of SB with genomic 
approaches

Standardized SB systems have the potential to significantly reduce 
the duration of main breeding processes for developing new varieties 
or to accelerate plant development for other plant research purposes, 
such as crossing, backcrossing, generation advancement, phenotyping 
adult plant traits, rapid gene identification, development of mapping 
populations, pyramiding target traits, mutant studies and genetic 
transformation experiments (Figure 2; Ghosh et al., 2018; Watson 
et al., 2018; Hickey et al., 2019; Ahmar et al., 2020; Bhatta et al., 2021; 
Varshney et al., 2021a). Different breeding selection methods, such as 
single seed descent (SSD), single pod descent (SPD), single plant 
selection (SPS), and clonal selection can be  integrated into SB to 
produce a fixed population at a much faster and more affordable rate 
resulting in accelerated development and release of new cultivars 
(Hickey et  al., 2017; Watson et  al., 2018). With these methods, 
researchers can effectively advance offspring under high-density 
planting within controlled conditions, while also requiring less labour 
and cultivation space during initial generations (Table 2). It could also 
expand the possibilities for maintaining genetic diversity within a crop 
breeding program and be extended to field environments. In addition 
to directly accelerating some breeding activities, the rapid development 
of mapping populations through SB has also stimulated research 
studies that elucidate associations between genes and traits for 
breeding purposes (Samantara et al., 2022).

Integration of fast-forward genomic breeding techniques with SB 
(genomics-assisted speed breeding [GASB]) has a great potential to 
enable further advancement of crop improvement, by leveraging the 
benefits of all approaches in terms of improving selection efficiency and 
reducing generation time. Combining the SB approach with genomics 
and phenomics may encompass candidate gene discovery, MAS, marker-
assisted backcrossing (MABC), genomic selection (GS), genome editing, 
or metabolic pathway editing for desired traits followed by high-
throughput phenotyping (Figure 2). Moreover, GASB can speed up the 
creation of new variability for crop improvement by quickly manipulating 
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the target region in the genome by minimizing the time, field space and 
overall resources (Varshney et al., 2021b). These genomic tools circumvent 
laborious phenotyping and facilitate multi-trait selection under growth 
chambers (Hickey et al., 2019). Furthermore, by combining metabolomic 
and SB, a robust and quick risk assessment of gene-edited crops can 
be achieved over several generations (Razzaq et al., 2021).

3.1 Gene mapping and MAS

Gene mapping provides the identification of major genes and 
quantitative trait loci (QTLs) associated with phenotypic variation, 
enabling better insight into the genetic control of agronomically 
important traits and suppling fundamental information for MAS, 
gene cloning, and genome structure studies (Brbaklić et al., 2015; 
Dimitrijevic and Horn, 2018; Gupta et al., 2019; Trkulja et al., 2019). 
The process relies on the comprehensive genotyping and 
phenotyping of various genetic materials, followed by appropriate 
statistical analysis for the detection of genes and QTLs. The most 
common materials used for trait dissection in gene mapping are 
biparental populations (F2, doubled haploids, backcross and 
recombinant inbred lines), multiple parental populations (multi-
parent advanced generation inter-cross - MAGIC populations) and 
nested association mapping (NAM) populations (Li et al., 2010; 
Huang et al., 2015; Chidzanga et al., 2022). The availability of new 
sequencing and genotyping technologies together with the 
development of high-throughput phenotyping approaches, facilitate 
the evaluation of genetic material for agronomic traits in multiple 
environments and seasons. However, the production of diverse 
mapping populations requires substantial amount of time for the 
selection of parents, their crossing and the evaluation of the 

variability among obtained lines. All these activities can 
be  performed by SB, producing large and genetically diverse 
mapping populations with reduced time and overall cost (Watson 
et al., 2018). This discovery has led to significant advancements in 
the domains of MAS and QTL analysis (Potts et al., 2023).

Moreover, superior genes or alleles for the traits of interest can 
be  identified through genome-wide association studies or 
pan-genomics, enabling a reduction in time needed for gene discovery 
and increasing mapping resolution power (Varshney et al., 2021a). 
Identified molecular markers that are linked to the gene or QTL, 
controlling a particular trait of interest, could be used for MAS to 
increase the efficiency of selection, especially of traits that are under 
the influence of environmental factors (Collard et al., 2005). MAS is 
the most effective when targeting a small number of genes with a large 
effect, such as resistance genes (Chhetri et al., 2017). Identification of 
target traits and transfer to desirable genotypes by conventional 
breeding, besides being less efficient than MAS, is also more labour-
intensive and time-consuming (Table  2). The advancements and 
integration of gene mapping techniques and MAS with SB methods 
could overcome the bottleneck of prolonged crop breeding cycles, 
providing better exploitation of genetic resources in the development 
of climate-resilient varieties and general improvement of food security 
(Watson et al., 2018; Raza et al., 2023). Different MAS approaches, 
such as MABC, gene pyramiding, marker-assisted recurrent selection 
(MARS) and genomic selection could be accelerated by GASB which 
reduces generation turnover time and enables the growth of multiple 
generations within a single year. Integration of SB techniques with 
backcrossing and MABC could speed up the transfer of desirable traits 
from donor to recipient parent. In conventional backcrossing, for the 
recovery of the recurrent parent, more than six generations are 
required, while applying DNA markers in MABC can be reduced to 

FIGURE 2

Integrated GASB to accelerate variety release compared to the conventional breeding. MAS, marker-assisted selection; GS, genomic selection; (this 
figure has been designed using icons from Flaticon.com).
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three generations (Tanksley et al., 1989). By integrating MAS with SB, 
the hst1 gene, conferring salt tolerance, was transferred into the high-
yielding rice genotype (Rana et  al., 2019). In 17 months and six 
generations, the authors succeeded in developing the BC3F3 population 
with the desired homozygous allele, through three backcrosses, 
followed by two cycles of self-fertilization. Whole-genome sequencing 
of advanced progeny showed that 93.5% of the BC3F2 genome was 
similar to the recipient parent, while 2.7% was fixed, being donor 
parent homozygous alleles.

In addition, integration of SB with gene mapping could 
be particularly convenient to facilitate the discovery and later on quick 
insertion of genes for resistance or tolerance to biotic and abiotic 
stress, which may enable an urgent response to environmental stress 
by providing the development of resistant genotypes for various crops 
(Devi et al., 2023). Furthermore, SB could hasten the exploration and 
utilization of allelic diversity in landraces and wild relatives of crops 
that present valuable sources of resistance to various abiotic and biotic 
factors, ultimately contributing to the diversification and strengthening 
of crop resilience (Anđelković et al., 2020; Pour-Aboughadareh et al., 
2021). An integrated approach was also used to introgress some 
valuable alleles from wild relatives in lentils (Lulsdorf and Banniza, 

2018). Also, the discovery of new sources of disease resistance using 
GASB was well demonstrated in the study of Riaz et al. (2017), who 
were screening Vavilov wheat collection using SB and molecular 
markers linked to the known leaf rust resistance genes. The authors 
did rapid phenotyping under accelerated controlled conditions at the 
seedling and adult stages. Based on the results, lines carrying known 
genes for leaf rust resistance and lines with potentially novel sources 
of resistance were identified. Another successful example of the 
integration of SB with MAS was introgression of imidazolinone 
Group 2 herbicide tolerance into chickpeas (Croser et al., 2021). The 
authors developed KASP markers to discriminate between 
homozygous tolerant and heterozygous intolerant genotypes in the F2 
generation. Only homozygous tolerant plants were processed for F4 
generation, which led to saving cost and time. Moreover, Australian 
wheat researchers have implemented a multi-trait approach, including 
QTL analysis, to improve yield and stability under water and heat 
stress (Christopher et al., 2015). In this study, SB approach coupled 
with molecular markers, novel phenotyping techniques, and NAM 
population, identified valuable traits such as stay-green and root 
characteristics, validated known QTLs and discovered new ones for 
these traits.

TABLE 2 Advantages and disadvantages of traditional and modern plant breeding approaches.

Approach Features Advantages Disadvantages

Traditional breeding

 • Uses natural or induced variation in 

plant genomes

 • Phenotypic selection and crossing

 • Relies on field trials

 • Widely accepted and practiced

 • Preserved natural diversity of crops

 • Low-cost and simple methods

 • Time-consuming and labor-intensive

 • Limited by the availability of desirable traits

 • Affected by environmental factors

 • Limited precision in trait introgression

 • Slow adaptation to changing conditions

Speed breeding (SB)

 • Uses artificial light and temperature 

regimes to accelerate plant growth

 • Reduces the generation time and 

increases the number of cycles per year

 • Increased genetic gain per unit time

 • Rapid introgression of multiple traits into 

elite backgrounds

 • Suitable for a wide range of crops and traits

 • Faster adaptation to environmental changes

 • High initial investment in infrastructure 

and maintenance

 • May induce physiological and morphological 

changes in plants

 • May not capture the full spectrum of 

phenotypic variation

 • Faster, but potentially less precise approach

SB and MAS

 • Uses molecular markers to select plants 

with desirable traits

 • Reduces the need for phenotypic 

screening and field trials

 • Enhances the efficiency and accuracy of 

speed breeding

 • Increased selection intensity and precision

 • Reduced linkage drag and background noise

 • Pyramiding of multiple genes or quantitative 

trait loci (QTLs)

 • Speeds up the release process by focusing on 

targeted traits identified through 

molecular markers

 • Requires prior knowledge of the genetic basis of 

the traits

 • Depends on the availability and quality 

of markers

 • May not account for the interactions between 

genes and environment

SB and GS

 • Uses genome-wide markers to predict the 

breeding values of plants

 • Exploits the linkage disequilibrium 

between markers and QTLs

 • Optimizes the selection response and 

genetic gain of speed breeding

 • Increased prediction accuracy and reliability

 • Reduced phenotyping cost and time

 • Selection of complex and novel traits

 • Accelerated variety release through the use of 

genomic data for predicting breeding values

 • Requires large and representative 

training populations

 • Depends on the availability and cost of 

genotyping platforms

 • Challenges in the validation and 

implementation

SB and GE

 • Uses nucleases such as CRISPR/Cas to 

introduce targeted mutations or 

modifications in plant genomes

 • Creates novel genetic variation and 

allelic diversity

 • Accelerates the development of improved 

varieties through speed breeding

 • Increased flexibility and specificity of 

trait manipulation

 • Reduced off-target effects and 

unwanted transgenes

 • Creation of complex and novel traits

 • Requires high technical skills and expertise

 • Depends on the availability and quality of 

genomic data and resources

 • Ethical and regulatory issues
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3.2 Genomic selection

Unlike traditional MAS, which is mostly based on a few major-
effect loci to perform selection, genomic selection simultaneously uses 
genome-wide DNA markers to assess genomic estimated breeding 
values (GEBVs) for complex traits (Meuwissen et  al., 2001). This 
approach was developed predominantly to understand quantitative 
traits, controlled by many loci with a small effect. The effects of all loci 
are estimated in large training populations by establishing prediction 
models that combine genome-wide DNA markers with extensive 
phenotypic data. After the development of the prediction model, the 
breeding values of candidate breeding lines are assessed based on 
estimated marker effects and genotypic profiles of candidates. The 
lines with higher GEBV will be selected for the next generation. The 
advantage of genomic selection over other breeding methods is in 
rapid screening of elite germplasm, acceleration of crop breeding 
cycles, and time and resource utilization, especially for traits measured 
late in the variety development process or that are costly to phenotype, 
such as yield (Crossa et al., 2017; Đorđević et al., 2019). Lines can 
be  selected and used as parents early in the process of variety 
development, and multiple breeding cycles based on GEBV can 
be achieved in the same amount of time as a single cycle of traditional 
breeding only through assessing the genetic potential of genotypes 
that have not been tested before.

While genomic prediction contributes to a faster annual rate of 
genetic gain, its greatest benefit is thought to come from combining it 
with other technologies that shorten generation cycle times (Hickey 
et  al., 2017; Gorjanc et  al., 2018). An integrated approach that 
combines SB and genomic selection assumes parent selection based 
on GEBVs followed by a selection of progenies generated by SB. To 
encourage quick breeding cycling, this process is performed numerous 
times. Given that SB can significantly shorten generation time 
(Watson et al., 2018), using genomic selection for choosing the parents 
in each generation could significantly increase the genetic gain 
(Pandey et  al., 2022). Although the next-generation sequencing 
technology enabled the practical application of genomic selection, the 
biggest challenge for implementing this approach is still genome 
sequencing costs (Bhat et  al., 2016). One way to reduce the costs 
would be to use genomic selection every other generation or to choose 
candidates only if they meet certain requirements for traits like disease 
resistance that can be accurately phenotyped throughout SB (Riaz 
et al., 2016). Moreover, this may also lead to a reduction in inbreeding 
when compared to phenotypic or genomic selection (Jighly et al., 
2019). It is considered that this scheme combined with multiple traits, 
such as normalized difference vegetation index and canopy 
temperature and with available high-throughput phenotyping 
platforms could yield higher gains, enabling early-stage selection 
(Crain et al., 2018). Also, SB coupled with artificial intelligence (AI) 
can significantly facilitate understanding of genomic architecture by 
using a machine learning approach for genomic selection model 
development (Niazian and Niedbała, 2020). The prospect of 
combining GS and SB to accelerate genetic gain in crops was 
recommended in more recent studies (Hickey et al., 2019; Bohra et al., 
2020; Krishnappa et al., 2021).

A simulation study suggested that combining genomic selection 
with SB, known as ‘Speed GS’, for traits with different genetic architecture 
and heritability, can maximize genetic gain per unit time and reduce 
generation time in comparison with conventional breeding (Jighly et al., 

2019). This approach has also been demonstrated in spring wheat to 
increase the genetic gain of complex traits (Voss-Fels et al., 2019). SB 
was used for the phenotyping of specific traits in the training population 
of wheat and selection candidate development and phenotyping steps. 
Speed GS was used to predict grain yield across multiple environments 
and to shorten the breeding cycle through the rapid generation of 
inbred lines (Watson et al., 2019). The authors incorporated four speed-
breeding traits from a training population into multivariate genomic 
selection models, which significantly increased the predictive ability of 
yield compared to univariate GS models.

3.3 Genome editing

Genetic engineering primarily entails the insertion or deletion of 
a gene or gene segment in the recepient crop using biotechnology, 
providing several benefits over traditional breeding methods (Rai, 
2022). With the further improvement of these technologies, and the 
emergence of genome editing (GE) technology, crop scientists have 
the option of making changes at a targeted location. Genome editing 
techniques exploiting programmable nucleases including 
transcription activator-like effector nucleases (TALENs), zinc-finger 
nucleases (ZFNs), and clustered regularly interspaced short 
palindromic repeat (CRISPR)-Cas-associated nucleases have been 
used in crop improvement to a certain extent, but there is a significant 
room for improvement. The most commonly used GE technique is 
CRISPR-Cas which utilizes non-homologous end joining and 
homology-directed repair for DNA repair, as well as single-base 
editing enzymes (Pickar-Oliver and Gersbach, 2019). There are six 
types of Cas proteins, of which Cas9 is the most exploited one in plant 
breeding thanks to its accuracy, affordability, and ease of use (Aksoy 
et al., 2022). CRISPR-Cas9 system relies on guide RNA (gRNA) for 
guidance and targeting specificity, however, it still has some 
limitations such as Cas9-related toxicity, possible off-targets, and 
restrictions in target sites (Zhao et al., 2020; Varshney et al., 2021a). 
Some other systems such as CRISPR from Prevotella and Francisella 
1 (Cpf1) show promise for use in GE as they exhibit higher efficiency 
rates compared to Cas9.

The advantage of using CRISPR/Cas systems in GE is the option 
of targeting multiple sites thus enabling simultaneous pyramiding of 
the desired genes. This fastens up breeding programs and in 
combination with SB, it can lead to a significant reduction in time to 
create plant material with improved resistance to pathogens or with 
improved quality parameters (Table 2). This way edited plants can 
be grown in SB conditions to quickly produce edited seeds, which can 
speed up homozygosity and the rate at which genetic gain can occur. 
Genome editing can produce desirable lines that can be preselected at 
the T1 generation, and rigorous evaluation can be  done at the T2 
generation to ensure that off-target genotypes are eliminated 
(Samantara et al., 2022). However, there is still a labour-intensive step 
in tissue culture laboratories that needs to be performed to obtain 
edited plants. In a recently proposed ExpressEdit approach that 
integrates gene editing and SB, plant shoot apical meristems could 
be directly treated using techniques like particle bombardment with 
the Cas9 gene and sgRNA (single guide RNA) sequences to get around 
the bottleneck of traditional tissue culture and plant regeneration 
in  the lab. Plants that lack Cas9 but carry the new trait could 
be identified by screening their progeny for the new trait (e.g., disease 
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resistance). On the other hand, Cas9 might stay in “CRISPR-ready” 
plants, which could undergo additional rounds of editing by using 
sgRNA to target distinct gene targets (Hickey et al., 2019). ExpressEdit 
can also be  used in conjunction with MAS and high-throughput 
phenotyping to increase breeding process efficiency. This will facilitate 
the rapid development of the mutant variety or a variety carrying a 
mutant allele (i.e., 5–6 years instead of 8–10 years) (Voss-Fels et al., 
2019). The integration of SB with genome editing has been proven in 
Brassica napus, B. oleracea, tomato and soybean (Yang et al., 2017; 
Murovec et al., 2018; Bao et al., 2020; Liu et al., 2021).

Another drawback to fully exploiting genome editing and SB 
integration in breeding programs is the existence of strict GMO 
(Genetically Modified Organism) regulations in many countries 
(Table 2). Thus, the exploitation of DNA-free GE approaches may 
show promising potential. In some countries like the EU, these 
crops would still fall within the strict GMO regulations. However, 
there are now countries that do not concentrate on the process but 
rather on the product, and thus CRISPR/Cas system should have a 
very bright future in wider application in crop breeding 
and production.

3.4 Recent high-throughput genotyping 
based approaches

Current advances in next-generation sequencing technologies and 
omics methods have made it possible to access the genome sequences 
and transcriptomes of multiple plant species, significantly 
transforming plant breeding. With the public availability of plant 
genomes, there is a chance to identify candidate genes, QTLs, and 
associated genome-wide molecular markers, enabling high-
throughput marker-assisted breeding (Naqvi et  al., 2022). 
Pan-genomic research has been initiated as a result of the development 
of next-generation sequencing technologies, providing a great 
platform for studying genetic diversity, examining multiple genomes 
at once, determining crop evolution and adaptation as well as getting 
a better understanding of genome functions that may be used in crop 
breeding (Zhao et al., 2018). The term pan-genome refers to a species’ 
whole gene pool that is present in different individuals. Recently, 
pan-genomes of some key crops have been constructed and this 
concept is applied to agricultural plant research (Hurgobin et  al., 
2018). The integration of pan-genomes with SB and genome editing 
could accelerate trait-specific breeding. Crop pan-genomes will make 
better breeding schemes easier to implement, especially for complex 
genome crops where they will help identify shared or distinct gene 
combinations for various traits (Naqvi et al., 2022).

The accessibility of whole genome sequencing data for a large 
number of lines for a given crop enabled haplotype identification. A 
haplotype represents a group of polymorphic markers that are 
inherited together in progeny with minimum recombination (Garg, 
2021). In rice and numerous other species, a number of haplotypes 
linked to increased yield have been discovered (Sharma et al., 2023). 
Haplotype breeding can be  achieved by combining desirable 
haplotypes into the genetic background of crops. This introgression 
takes a long time due to the requirement of more breeding cycles and 
long generation time for the crop. However, an integrated approach 
that combines haplotype breeding and SB and GS has the potential to 
accelerate genetic gain (Sharma et al., 2023; Shendekar et al., 2023).

4 SB technology: current status, 
challenges and future perspectives

In the present fast-changing climate and challenging global crises, 
the traditional slow breeding procedures and programs are not 
adequate and suitable for quick responses and solutions that the 
present and future agriculture needs. To be  efficient and flexible 
enough to address all these challenges, plant breeding needs prompt 
and precise techniques to be incorporated into crop improvement and 
the development of climate-resilient, adaptive and stable crop 
varieties. So far, many of these technologies such as shuttle breeding, 
in vitro/embryo culture, DH technology, MAS, genetic engineering, 
and genome editing are known and have already been introduced into 
breeding programs worldwide. SB is just one of them and should 
be  integrated with all other approaches and innovations, to offer 
breeders a contemporary and powerful technology applicable to 
solving a variety of problems as fast as possible. This results in more 
effective and expedited plant breeding programs that maintain crop 
yields and guarantee food security and promote sustainable 
agriculture. Breeders can quickly create new plant varieties better 
adapted to environmental challenges like drought, heat or salinity. 
Moreover, by creating crop varieties with improved resilience to pests 
and diseases and increased nutrient efficiency, SB lessens dependency 
on chemical inputs like fertilizers and pesticides.

Currently, the efficient SB protocols are available for a limited 
number of cereal, legume, vegetable and oilseed crops (Ghosh et al., 
2018; Watson et al., 2018). Also, using this technology several varieties 
have been released so far in wheat, barley, pea, canola, rice and tomato 
(Shendekar et al., 2023). For wider practical breeding outcomes and 
realization of the SB potential to substantially accelerate genetic gain, 
the optimization of SB protocols for all important crop species is 
necessary, as well as further modifications of the existing protocols 
based on local needs/innovations. SB is based on the induction of 
early flowering in photoperiod-responsive crops (Pandey et al., 2022). 
However, the differences in photoperiodic requirements between 
different crops could make standardization of SB protocols very 
difficult (Jackson and Jackson, 2009). Although SB is a valuable tool 
to accelerate the conventional breeding process, controlled and 
intensive growth conditions during cycles could lead to limited plant 
growth and consequently lower seed yield due to the crossover 
interaction between genotypes and growth systems (Tanaka et al., 
2016; Sharma et  al., 2019; González-Barrios et  al., 2020). These 
variations may have an impact on the stability and uniformity of 
crops, raising concerns about the consistency of crop performance 
across various environments. Hence, an additional effort should 
be  made to determine optimal growth conditions for both, crop 
species and sometimes also different genotypes within the species, to 
mitigate the negative effect that intensive growth conditions could 
have on plants (Pandey et  al., 2022). For example, excessive 
photoperiod can slow down plant growth and elevate stress hormone 
levels. Thus, it is required to precisely balance the need to accelerate 
growth with the need to prevent stress-induced responses. The limited 
seed yields could also lead to the loss of some breeding populations 
and a decrease in genetic variability, which could pose a problem, 
especially in crops where the SSD method is used in breeding (Saxena 
et al., 2019). This issue could be partially overcome by preserving 
backup seeds from each individual through each generation (Pandey 
et al., 2022). Additionally, some of the major challenges in SB include 
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disease and pest control, as well as tracking individuals for gene 
discovery (Potts et al., 2023).

Moreover, rigorous testing and evaluation of new varieties in field 
conditions are still necessary to ensure suitability for commercial 
cultivation. Thus, SB technology needs to be combined with effective 
field trials or high-throughput phenotyping platforms (HTPP) to 
enhance the crop improvement process. For accurate measurement, 
the SB facility should be  supplied with automated platforms, 
hyperspectral sensors, high-end cameras, lasers, thermometers, lux 
meters, humidity meters, etc., (Sharma et al., 2023). Thanks to the 
availability of enhanced phenotyping tools such as thermal imaging, 
3D imaging, magnetic resonance imaging, computed tomography, and 
imaging spectroscopy, almost any plant trait can be  measured 
(Shendekar et al., 2023). Accurate phenotyping can facilitate faster 
improvement of target traits involved in biotic and abiotic stress, 
addressing the problem of global food security in the future. A 
combination of multi trait phenotyping and SB was applied for the 
promotion of root adaptation in water limited environments in wheat 
(Christopher et al., 2015). Moreover, high-throughput phenotyping 
and SB technology were used together in barley for introgression of 
disease resistance to leaf rust, net and spot forms of blotch (Hickey 
et al., 2017). Possible future directions for SB include exploiting the 
genetic diversity and novel alleles present in the wild relatives and 
landraces of crop plants by using SB and molecular methods to 
introduce them into elite cultivars. This will enhance the genetic 
variation and adaptability of crop plants to changing environments. 
Furthermore, high-throughput phenotyping platforms that can 
capture the dynamic responses of plants to different stress factors 
under SB conditions should be  developed. This will enable the 
identification of novel traits and genes associated with stress tolerance 
and yield potential. In this way, dynamic SB programs that can adapt 
to the changing climate and consumer preferences by incorporating 
diverse germplasm and novel traits should be  developed. Also, 
Artificial Intelligence (AI) and machine learning have opened up new 
possibilities for SB, including the ability to make precise decisions and 
handle large and complex datasets, which could facilitate the discovery 
of new patterns, relationships, and insights that can guide the breeding 
decisions and strategies and could provide new insights into how 
plants function in extreme climates (Rai, 2022).

Finally, SB technology as such requires specific expertise, effective 
plant phenotyping facilities, appropriate infrastructure and continuous 
financial support for research and development (Shimelis et al., 2019). 
Training personnel for specific knowledge needed for SB is one of the 
aspects that needs to be focused on in the future. The introduction of 
SB into the breeding programs requires investment in growth 
chambers with adequate light and temperature conditions, which 
could be relatively high (Pandey et al., 2022). Maintaining controlled 
environmental conditions also requires higher energy consumption, 
which further increases the total cost of SB applications. A potential 
solution to this problem could be  the use of sustainable energy 
sources, such as solar panels, and the use of energy-efficient LEDs in 
growth chambers (Yao et al., 2017). With the help of LED lighting 
systems, precise control of the length and intensity of the light, which 
is beneficial for photosynthesis, growth and crop development is 
possible (Jähne et  al., 2020). Therefore, further technological 
innovations are needed to reduce prices for the facilities and to make 
it affordable for a wider community, small breeding companies and 
research institutions for better exploitation of the technology. 
Although these requirements are not limiting factors for the 

technology application in developed countries, they seriously limit the 
use of SB, remaining a challenge in developing countries due to their 
limited infrastructure, poor expertise and insufficient governmental 
support, as described by several authors (Chiurugwi et  al., 2019; 
Wanga et  al., 2021; Samantara et  al., 2022). Thus, international 
collaborations and partnerships of multi-disciplinary teams are 
needed for faster knowledge and SB technology transfer not only into 
basic and applied research but also into breeding companies to 
accelerate the application of SB technology worldwide.

5 Conclusion

Recent advances in SB techniques provide a potential alternative 
for reducing the amount of time, space, and resources needed to 
develop and release high-performing cultivars. SB can be achieved by 
distinct approaches, impacting different phases of plant breeding by 
accelerating the breeding cycle. SB protocols for numerous 
economically significant species have been developed. However, 
further optimization and application of SB should be broadened to 
other crops with lengthy generation times or that are challenging to 
breed. The further acceleration of the rate of genetic gain in breeding 
programs and the development of stable and high-performing crop 
varieties for addressing global challenges such as changing climate and 
food security could be  achieved through GASB. This integrated 
approach maximizes the benefits of each technique and produces a 
comprehensive framework for modern plant breeding. However, 
future evaluation and research should be focused on the potential 
detrimental effects of SB conditions on phenotypic and genetic 
changes and agronomic performance and stability of speed-bred lines 
under field conditions. Other challenges, such as the lack of qualified 
personnel, necessary infrastructure, consistent water and electricity 
supplies, and high costs have limited the application of SB, especially 
in developing countries, and particularly in public plant breeding 
programs. Therefore, efforts should be redirected to capacity building, 
technology transfer, and financing of SB coupled with modern 
breeding approaches to facilitate crop improvement programs.
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