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Abstract: Amid a rapidly growing global population and increasing threats to crop yields, this review
focuses on Speed Breeding (SB) in crop genetics. It traces SB’s development from carbon arc lamp
experiments 150 years ago to its modern use with LED technology which significantly accelerates
breeding cycles. SB has applications in genetic mapping, genetic modification, and trait stacking,
enhancing crop resilience by leveraging allelic diversity. It aligns well with breeding methods like
single plant selection and single seed descent. The integration of SB with gene editing, genotyping,
and genomic selection holds great promise. However, SB faces challenges related to infrastructure,
genotypic variations, and potential stress responses. In summary, SB is a powerful and promising
approach to address food security concerns and advancing crop genetics.

Keywords: genetic gain; controlled environment; high-density; genomic selection; single seed decent;
single plant selection; shuttle breeding

1. Introduction

Urgent investments in crop improvements, enhancing their resilience to both biotic
and abiotic stresses while ensuring high-quality and optimal yields, are needed to attain
food security [1]. It is projected that by 2050, the present pace of agricultural advancement
will not be adequate to provide sustenance for the expanding global population, which is
anticipated to experience a 25% growth and reach 10 billion [2]. The traditional breeding
techniques used for developing new crop varieties are often time-consuming and cannot
keep up with the exponentially rising demand for food production [3]. However, with
the advancement of technologies and breakthroughs, researchers and breeders are able
to accelerate the advancement of novel varieties [4-6]. Speed Breeding (SB) is one such
technique that involves utilizing controlled environments, which promotes rapid and
accelerated growth and development from the vegetative to the reproductive stage in
high-density planting (HDP) (Figure 1) [7-9].

By doing so, SB reduces generation time through the optimal utilization of light
and temperature, and immature seed propagation, thereby enhancing biomass and seed
production in long-day crops like lettuce [10] and wheat [11], as well as a few short-day
crops like rice, cotton, and sorghum [9,12], and day-neutral crops such as amaranth [13]. SB
protocols are now available for multiple crops, and they can enhance rapid advancement in
crop improvement research, ranging from crossing, developing transgenic pipelines, and
creating mapping populations [5,14,15].

SB can significantly increase the progress toward combating challenges associated with
food security through the development of genetic gain, especially in areas with harsh envi-
ronmental conditions. By developing crops with higher yields that can withstand climate
changes and utilize water more efficiently, SB can help provide people with healthier and
more nutritious foods while also reducing the environmental impact of agriculture [6,15,16].
This review provides an in-depth exploration of SB, covering its historical development,
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contemporary applications in genetic mapping, genetic modification, and trait stacking, and
addressing the limitations, including the need for controlled environments and potential
genotypic variations with a focus on attaining genetic gain and food security.
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Figure 1. Overview of conventional and speed breeding.

2. The History and Development of SB in Enhancing Crop Genetics

Research dating back to 150 years ago, using carbon arc lamps, resulted in the dis-
covery of plants being able to grow and procreate under conditions with artificial lights,
speeding up the flowering cycle when subjected to continuous light [17,18]. Later, Utah
State University collaborated with the National Aeronautics and Space Administration
(NASA) to develop a dwarf wheat line selected for fast growth and development in a per-
petual light environment. Additionally, space mirror utilization was proposed by Russian
scientists to improve agricultural productivity [19,20].

Thereafter, the effects of light-emitting diode (LED) lights on plant development were
evaluated in the 1990s by the University of Wisconsin, and improvements in LED technol-
ogy have made indoor plant propagation systems more affordable, leading to increased
crop productivity [21]. As a result of NASA'’s research efforts, researchers at the University
of Queensland named the technology SB (Figure 2), which they utilized in 2003 to hasten
wheat breeding without specialized labs [22]. Specific protocols for inducing flowering in
crops with environmental cues can be used to reduce the space and cost associated with
inbred line development. Seed chipping and barcoding can assist marker-assisted selection
(MAS), crossing, mapping population development, adult plant phenotyping, trait stacking,
and development of Genetic modification (GM) pipelines [11,23]. This approach holds
the potential to substantially accelerate the exploration and utilization of allelic diversity
inherent in traditional landraces and the wild progenitors of cultivated crops. Through the
application of this method, researchers can uncover and harness previously undiscovered
reservoirs of resistance, ultimately contributing to the diversification and enhancement of
crop resilience [24].
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Figure 2. Evolution of SB techniques over time.

Early studies indicated that growing lettuce under red LEDs and blue fluorescent
lamps resulted in growth rates comparable to cool-white fluorescent and incandescent
lamps [25]. Further research showed that red LEDs promoted the elongation of hypocotyls
and cotyledons, while blue LEDs prevented this elongation [26]. These findings spurred the
development and use of LED illumination systems in plant growth chambers for various
plant species, including wheat, Brassica rapa, potato leaf cuttings, Arabidopsis thaliana,
and soybeans [27-30]. Comparison with conventional lighting sources revealed similar
photosynthetic responses, showcasing the potential of LEDs and combinations of red, green,
and blue light at different ratios for studying terrestrial plants [26]. Moreover, recent studies
have demonstrated that the narrow blue + narrow amber LED light mixture outperforms
white LEDs, HPS lamps, and narrow amber light treatments, resulting in the highest tomato
mass (479 g). Dry mass and plant height showed only minor variations. Additionally,
supplementing narrow amber light with 430 nm blue light increased chlorophyll content by
20%, emphasizing the importance of precise wavelength selection for tomato growth [31].
The study also suggests that winter wheat can be successfully grown indoors using various
LED lighting configurations. Among these configurations, the treatment employing a 4:1
ratio of red and green LEDs yielded the highest crop production, assimilation rates, and
flour quality. Elevated levels of blue light negatively impacted yield [32].

3. SB Applications and Selection Methods in Plant Breeding

Due to the lengthy and extended cycles of selection and inbreeding inherent in tra-
ditional selection techniques, including pure line, recurrent, bulk, mass, and pedigree
selection, they are considered unsuitable for application in SB. These conventional methods
do not align with the accelerated breeding demands and precision required by SB in mod-
ern agricultural contexts [33]. In contrast, it is worth noting that certain breeding methods,
such as single plant selection (SPS), and single seed descent (SSD), align exceptionally well
with the principles of SB [34]. These techniques offer distinct benefits, as they require less
cultivation space and labor during initial generations. This streamlined approach enables
researchers to efficiently advance offspring under the conditions of HDP within controlled
growth chambers and relatively compact nurseries, excluding greenhouse environments.
This expedites breeding cycles while optimizing resource allocation for enhanced crop
development. Furthermore, this method can be extended to field environments [9].

SB using SSD programs is highly efficient, especially for cereal crops like wheat
and barley. Higher sowing densities in SB allowed rapid cycling of multiple generations
annually. Under specific LED-supplemented glasshouse setups, up to six generations of
wheat and barley per year were achieved at a density of 1000 plants/m?. Extending the
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photoperiod from 16 to 22 h significantly accelerated development [16]. Studies revealed
that manipulating light quality, specifically the red to far-red ratio, significantly influences
the flowering time of cool-season grain legumes such as peas, chickpeas, faba beans, lentils,
and lupins. These findings are crucial for expediting SSD in legume breeding, offering
practical applications in biotechnological tools for enhancing legume crops [35]. In another
study, SSD was applied to create recombinant inbred lines in chickpeas, focusing on salinity
tolerance. Researchers successfully identified multiple genetic loci (QTLs) associated
with salinity tolerance, providing valuable insights for developing salt-tolerant chickpea
varieties [10]. Similar approaches have been used in peanut breeding research, where
controlled conditions, continuous light, optimal temperature, and SSD were combined in a
greenhouse setting. These efforts consistently reduced the generation time for full-season
maturity peanut cultivars from 145 to 89 days. This innovative speed breeding technique
has the potential to significantly expedite peanut variety development, shortening the
traditional breeding timeline from the first cross to commercial release to approximately six
to seven years [36].

By utilization of various methods such as biparental population mapping, phenotyp-
ing, and genetic transformation experiments [16,37], SB stands out as a superior alternative
to the doubled haploid (DH) technique, primarily due to its remarkable ability to overcome
the hurdles of poor vigor and germination rates [38]. The speed breeding technique was
applied in the cultivation of durum wheat. The study conducted a phenotypic analysis
on a biparental population derived from Outrob 4 and Caoaroi, focusing on various traits
such as leaf rust resistance, crown rot susceptibility, plant stature, root angle, and root
number. Astonishingly, they managed to complete an entire generation of durum wheat in
a mere 77 days [39]. In contrast to the DH method, which necessitates specific genotypes
and well-equipped facilities, SB is more versatile and does not have these limitations.
Nevertheless, the technology must address plant phenology and physiology to accelerate
generation times [40].

Certain species encounter intricate challenges when employing the double haploid
technique, involving factors like haploid production and chromosome doubling, as doc-
umented [41]. In these species, inadequate responses to tissue culture result in reduced
haploid induction rates and significant associated costs [42,43]. Furthermore, there is a
notable prevalence of plant mortality and abnormal development. For species with sub-
optimal tissue culture performance and no established chromosome doubling methods,
these challenges persist. This scenario is exemplified by rye, watermelon, other secondary
cucurbit species, tomato, and leguminous species [44—47].

In a harmonious synergy that expands the horizons of agricultural innovation and
high-throughput phenotyping, genetic improvement, gene editing, and genotyping, as
well as genomic selection can be integrated with emerging methodologies. This collab-
orative approach not only leverages the capabilities of each technique but also fosters a
comprehensive framework for advancing the frontiers of modern plant breeding and crop
enhancement. SB helps to reduce the cost and space requirements of HDP [48]. The use
of recombinant inbred lines developed through self-fertilization can be better for genetic
mapping than DH as they have a higher recombination frequency [49,50].

SSD methods hasten the progression and assessment of segregation generations within
a condensed time frame under the accelerated conditions of SB. To increase the turnover
rate of plant generations, various approaches include shuttle breeding, physiological stress,
embryo rescue, and increasing CO, concentration. Shuttle breeding involves growing two
generations of wheat per year at different altitudes, latitudes, and climates, making it more
accessible and less labor-intensive [8,36,51]. Overall, the techniques of SB hold the potential
to substantially enhance genetic advancement by facilitating the creation and introduction
of innovative cultivars.
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4. Potential Advantages of SB Techniques

In order to quickly create homozygous lines following first crosses, SB approaches
entail the modification of growing variables like photoperiod, temperature, soil moisture,
population density, and carbon dioxide levels Table 1 [52,53]. These adjustments facilitate
the generation of multiple breeding cycles annually, making it well-suited for accelerating
breeding processes and assessing populations in diverse environments using a range
of selection techniques. Ultimately, these adaptations contribute to enhanced genetic
gain [54,55]. Enhancing growth, development, flowering, and seed set in many crop species
and genotypes requires manipulating the photoperiod regime. According to reports,
certain photoperiod regimes can cause early blooming in crops like wheat, barley [56,57],
chickpeas, grain amaranth [58], and groundnut [59]. For indoor SB in nations with unstable
electricity supplies, low-energy LEDs and solar power systems can be used to adjust the
photoperiod [9,22].

Table 1. Aspects, advantages, and limitations of speed breeding.

Aspect Description

Advantages

Limitations

Modification of key growth
variables such as photoperiod,

Modification of ; .
temperature, soil moisture,

Facilitates multiple breeding
cycles annually, expedites
breeding processes, and assesses
populations in diverse
environments [57,58]. Enhances
genetic gain by optimizing
conditions for crop development.

Lack of advanced controlled
environment facilities can raise
costs and limit accessibility,
especially in resource-poor
nations. Difficulty in
maintaining steady electricity
supply and temperature [11,60].

Enables early flowering and seed
set, suitable for regions with
unstable electricity supplies.
Utilizes low-energy LED and
solar power systems for
photoperiod control.

Excessive photoperiod can slow
down plant growth and elevate
stress hormone levels, requiring
precise management Need for
validation of field crop
phenotyping due to potential
bias in controlled environments.

Variables population density, and CO,
levels [55,56].
Adjustment of photoperiod
Photoperiod regimes to mduc.e early
e blooming in crops like wheat,
Modification . -
barley, chickpeas, and grain
amaranth [11,24].
Modulation of soil and air
Temperature temperatures to optimize plant
Regulation progression and

maturation [59,61].

Promotes favorable timing of key
growth transitions, vital for seed
set, maturity, and flowering.
Innovative technologies, like
solar-powered air-conditioning,
offer cost-effective solutions [62].

Growing plants beyond their
physiological limits can be
harmful and result in genetic
loss. Maintenance of
temperature within specific
limits is crucial.

Effective management of soil

Soil Moisture moisture, reducing it after

Versatile strategies adaptable to
various settings, whether open
field or controlled environments.
Indoor cultivation provides
precise control of moisture
levels [63].

Challenges in controlling pests
and diseases, tracking
individuals for gene
discovery purposes.

Management flowering to facilitate rapid
grain filling and maturation [3].
Low-cost strategy involving
higher plant density, promoting
HDP early flowering, faster

maturation, and reduced crop
cycle length [64—66].

Accelerates breeding processes,
reduces cycle length, and
maintains large populations for
advanced selections. Valuable
tool in modern agriculture.

Varying responses in different
crop species and genotypes to
modified CO, levels.
Requirements for appropriate
facilities and safety
protocols [67,68].

Methods like plant nutrition,
hormonal therapies, organ
tissue culture, drying, and

chilling of seeds used to
expedite development and
trigger flowering [10,69].

Other Acceleration
Methods

Offers additional tools for
accelerating the breeding process
and enhancing genetic gain.
Diverse responses to plant growth
regulators in controlled
environments [70].

Risk of genetic loss due to
challenging management of
these accelerated methods.
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Modulating soil and air temperatures is vital for promoting favorable plant progression
and maturation. Extreme temperatures, whether excessively low or high, can significantly
impact the timing of key transitions along the growth process [61]. It is important to
modulate temperature within required ranges to allow plants to have the environmental
factors to promote flowering, maturity, and seed set [71]. Certain major crops, including
maize, wheat, barley, canola, cotton, and soybean, exhibit specific temperature requirements
for various growth stages. For instance, they typically require temperatures of 12-30 °C
for seed germination and 25-30 °C for flowering and overall growth [19,72,73]. In contrast,
cool-season crops like broccoli thrive at a maximum temperature of 25 °C. However, during
severe weather events, maize can experience maximum temperatures as high as 38 °C.
These elevated temperatures have adverse effects on crop health, including decreased
pollen viability, as observed in corn and rice. In these instances, daytime temperatures
ranging from 30 to 35 °C resulted in reduced seed set in male-sterile soybean [74,75].

Previous studies have highlighted that light-responsive genotypes observed in various
crop species display a wide array of reactions when subjected to temperature fluctua-
tions in all growth stages of plant development [9,62]. These intricate and often nuanced
temperature-dependent responses have garnered considerable attention from researchers
due to their significance in optimizing crop yields and productivity. In the pursuit of more
efficient crop development, particularly in developing nations where conventional methods
may face limitations, the significance of temperature regulation cannot be emphasized
enough. To address this challenge, innovative technologies are being integrated into agri-
cultural practices. Notably, the application of solar- or battery-powered air-conditioning
systems has emerged as a promising solution. This approach offers the potential to cre-
ate a controlled and stable environment while remaining cost-effective, aligning with the
overarching goal of optimizing resource utilization in agricultural contexts [63].

The modulation of soil moisture is crucial in crop development, due to its direct and
indirect influence on plant biometric development. After flowering, reducing soil moisture
content has been shown to facilitate rapid grain filling and maturation in wheat, barley,
canola, and chickpea [16]. Effective soil moisture management strategies are versatile
and can be adapted for use in a variety of settings, whether it is open fields or controlled
indoor environments. Both water scarcity and excess water have been observed to trigger
early flowering and maturation in wheat, pearl millet, pea, and barley [40,76,77]. These
approaches hold immense potential for optimization, leading to a more streamlined and
efficient generation turnover process [65]. Moreover, indoor cultivation offers a unique
advantage in terms of soil moisture control. Within the controlled parameters of indoor
facilities, growers have greater precision and flexibility in managing moisture levels to
meet the specific needs of crops [66].

Pioneering studies set the stage for accelerating crop breeding cycles. These stud-
ies focused on wheat, barley, and canola, utilizing a combination of 22 h of light and
temperatures from 22/17 °C, along with immature seed harvesting techniques. These inter-
ventions significantly reduced generation times to 65 days for wheat, 68 days for barley,
and 98 days for canola, enabling approximately 4 to 6 generations per year [78]. However,
other studies found that canola, under a photoperiod of 20 h, achieved generation times
ranging from 62 to 71 days, allowing approximately 5.9 generations per year [79], whereas
barley genotypes, such as Franklin, Gairdner, Gimmett, Commander, Fleet, Baudin, and
Lockyer, experienced early flowering and increased generation cycles per year (7.3 to 9.3)
using a 16/8 hr light/dark photoperiod and a light intensity of 500 pmol/m? /s [80]. In
contrast, conventional methods typically take 70 days, resulting in 6 generation cycles per
year. Building on this approach, chickpeas subjected to 22 h of light and a temperature of
25 + 1 °C, along with immature seed harvest, reduced generation times to 50-52.7 days for
early maturing accessions and 55.4-58.6 days for medium maturity accessions, achieving
around 6.2 to 7 generations per year [61]. These studies suggest that photoperiod and
temperature have a great impact on crop generation time and have been tested for different
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crops. The effect of photoperiod and temperature studied on some of the important crops

is listed in Table 2.

Table 2. Speed Breeding methods and implication in major crops.

Crop Speed Breeding Conditions Generation Time Nu‘mber of Reference
Generations per Year
10 h. photoperiod (Blue light
Soybean enriched) and use of light-emitting 77 5 [34]
diodes (LEDs).
24 h. light and 28 & 3 °C max.
Peanut 17 £3 °C min. temperature. 89 4 [0
20 h. photoperiod, 21 °C/16 °C
light/dark temp., 500 M m 2 s~!
Pea light intensity and hydroponic 684 >3 [49]
system.
50-52.7 in early .
Chickpea 22 h. light, (25 £ 1) °C temperature and maturing accessions 71’116’3‘35;;? iﬁﬁ? [61]
P immature seed harvest. 55.4-58.6 in medium N .
. . maturity accessions
maturity accessions
Wheat 22 h. hght, 22/17 °C temperature and 5.4 56 78]
immature seed harvest.
Canola 22 h. llght, 22/17 °C temperature 98.2 37 (78]
and immature seed harvest.
Barley 22 h. hght, 22/17 °C temperature and 68.4 53 78]
immature seed harvest.
Canola 20 h. photoperiod, 25/22 (+1) °C. 62-71 5.1-5.9 [79]
Winter wheat 22 h. light, 25 °C/22 °C temperature. 87 4 [81]
20 h. photoperiod, 21 °C light/16 °C dark
Faba bean temperature, 10-5 M BAP application. 89 4 [82]
Lentil 20 h photoperlgd, 100 uM gibberellin 56 5 [83]
application and immature seed harvest.
20 h. photoperiod, 25/22 °C day/night
Oat, Triticale temperature, 65/85% day/night RH, 41-61 6-7.6 [84]
In vitro culture of immature embryos.
Oat 22 h. photoperiod, 20/16 °C. 51 5 [85]
Cowpea 11-day-old pod seeds oven-dried at 39 °C. - 8 [86]
2870-2900 rpm and a blower wheel
Pigeon pea delivering air @ 2980-9330 m> /h. 50-56 4 [87]

28-32 °C.

HDP is a low-cost SB strategy that involves cultivating crops with a higher quantity
of plants in proximity, surpassing conventional practices for peak yield. This innovative
approach not only promotes early flowering and faster maturation but also reduces the
length of a crop cycle, effectively accelerating the breeding process. Additionally, HDP
enables the maintenance of the large population size required for advanced selections,
making it a valuable tool in modern agriculture [66—68]. Modifying carbon dioxide levels
can enhance rapid plant growth and speed up the transition from the vegetative to the
reproductive stage in some plants, but different crop species and genotypes within a species
have varying responses [69]. Modifying CO, levels requires the appropriate facilities and
safety protocols [70]. Plant nutrition and hormonal therapies, together with methods like
organ tissue culture, have been successfully used to accelerate development, as well as
trigger flowering and seed formation in a variety of crop species [8,60]. In controlled
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environments, the observation of diverse responses to plant growth regulators (PGRs) can
be significant. Remarkably, certain crops, including faba beans and lentils, have showcased
an extraordinary ability to complete up to eight generations annually when subjected to
such controlled conditions [88].

Moreover, to further enhance the breeding process, specific methods involving the
drying and chilling of seeds can be employed. These techniques prove especially valuable as
they effectively break seed dormancy in immature seeds, leading to remarkable germination
rates [8].

5. Applications of SB beyond Crop Improvement

SB techniques have indeed revolutionized the field of crop improvement, but their
impact extends far beyond this primary domain. These techniques have found diverse and
innovative applications in various aspects of plant research and development, unlocking
new possibilities and efficiencies in the realm of agriculture and biotechnology (Figure 3;
Table 3) [9,10].

Accelerated
creation of

populations.

diverse mapping

)

Rapid generation
of diverse
populations for
research.

Speed Breeding

Genetic
Modification
(GM) Crop
Efficient creation Development Shortened
and evaluation of timelines for
multi-trait crops. developing and

testing GM crops.

)

Figure 3. Applications of speed breeding techniques in plant research and crop improvement.

Table 3. Advantages and limitations of different aspects of speed breeding.

Aspect Description Advantages Limitations
Genotypic variations in plant species
. . Efficient creation of Facilitates the development of ~may lead to challenges in ensuring the
Diverse Mapping . . - - - . .
Populations genetically diverse crop varieties with broad stability and uniformity of crop
P populations. genetic diversity. performance across different
environments.
Ethical considerations related to GM
Shortened timelines for Accelera.tes the de\.re.lopment crops, including safety and .
GM Crop Development ) of genetically modified crop environmental concerns, may arise.
GM crop creation. i . . . .
varieties with desired traits. Regulatory approvals and public

acceptance can be time-consuming.
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Table 3. Cont.

Aspect

Description

Advantages

Limitations

Trait Stacking

Streamlined development
of resilient crop varieties.

Enables the incorporation of
multiple desirable traits into a
single crop variety, enhancing
resilience.

Consistency of crop performance across
different environments may be
challenging to achieve. Managing the
interactions between stacked traits
requires careful consideration.

Enhancing research
across disciplines

Integrating SB to
accelerate research in
diverse fields.

Expediting experiments, data
collection, and hypothesis
testing, thus aiding in a
deeper understanding of plant
responses to environmental
stressors, refining cultivation
practices, and exploring plant
physiology. It enables
informed decision-making
and innovative
problem-solving across
diverse research areas.

The need for controlled environments,
often associated with speed breeding,
can be a financial burden and a
logistical challenge, potentially limiting
its widespread use in diverse research
disciplines. Furthermore, the suitability
of this method varies among crop
species, and effectively managing rapid
growth cycles and plant phenology
may require specialized expertise,
which can pose barriers in some
research fields.

5.1. Genetic Mapping Populations

SB has emerged as a game-changer in the creation of mapping populations. Tradition-
ally, generating diverse segregating populations for genetic mapping was a time-consuming
process [89]. However, SB’s ability to rapidly cycle through generations has transformed
this area [53]. Researchers can now efficiently produce large and genetically diverse map-
ping populations, providing them with the necessary resources to pinpoint genes associated
with key traits [15]. This breakthrough has significantly accelerated the field of quantitative
trait locus (QTL) analysis and MAS [4,12]. Studies have demonstrated the use of a mapping
population developed through a biotron SB system to enhance salinity stress tolerance in
rice. This involved introgressing the hist1 gene from Kaijin into high-yielding Yukinko-mai
rice using SNP marker-assisted selection [63]. In just six generations over 17 months, the
BC3F; hstl homozygous line was developed, demonstrating salinity tolerance at both
seedling and reproductive stages. In response to climate challenges in Australian wheat
regions, a multi-trait approach, including QTL analysis, was used to enhance wheat yield
and stability under water limitation and heat. Novel phenotyping techniques, along with a
nested association mapping strategy, aid in identifying valuable traits such as stay-green
and root characteristics. The University of Queensland’s “SB” method accelerates line gen-
eration, and genotyping with DArTseq markers helps validate known QTL and discover
new ones for these traits [90]. Thus, a rapid breeding approach, coupled with novel marker
technologies and MAS, exemplifies the powerful integration of genomics and SB for the
development of improved crop lines, overcoming traditional limitations [91].

5.2. Genetic Modification (GM) Crop Development

In the realm of GM, SB offers a valuable tool for biotechnologists. GM crops play a
pivotal role in modern agriculture by addressing critical challenges such as pest resistance,
disease resilience, and environmental adaptability [92]. SB facilitates the development
and testing of these crops by dramatically shortening the time required for their creation.
Controlled environments and accelerated generation times enable researchers to advance
the entire GM crop development process from gene insertion to field trials [34,93]. This not
only reduces the time to market for GM crops but also empowers researchers to respond
swiftly to emerging agricultural issues. SB, therefore, acts as a catalyst for innovation in
the biotechnology sector, fostering advancements in crop biotechnology that can benefit
both farmers and consumers [21]. ExpressEdit is a promising approach that integrates
gene editing and SB, sidestepping traditional tissue culture. It introduces “preassembled
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Cas9-sgRNA ribonucleoproteins” into plant shoot apical meristems using techniques like
particle bombardment or biolistic DNA delivery. Cas9-lacking plants with the desired
trait can be bred using Marker-Assisted Backcrossing (MABC). These “CRISPR-ready”
plants can undergo further modifications with targeted sgRNA, advancing crop breeding
and agricultural productivity [92]. Furthermore, the use of CRISPR/Cas9 technology has
proven highly effective in enhancing yield-related traits by disrupting negative regulators
that influence factors determining crop yield. This includes improvements in grain size,
grain quantity, grain weight, panicle size, and tiller numbers in crops like rice and wheat
through the targeting of genes such as OsGS3, OsGnla, OsGW5, TaGW2, TaGASR7, OsGLW2,
TaDEP1, OsDEP1, and OsAAP3 [94,95] Additionally, the disruption of the Waxy gene has
improved nutritional quality and led to the development of high-yield waxy corn cultivars.
Meanwhile, the knockout of weight-related genes (GW5, GW2, TGW6) in rice has resulted
in increased grain weight [1,96].

5.3. Trait Stacking for Resilient Crop Varieties

Trait stacking, the practice of introducing multiple desirable traits into a single crop
variety, has gained prominence in modern agriculture [93]. SB plays a pivotal role in stream-
lining this process. With the ability to rapidly generate and assess multiple generations
of plants, breeders can efficiently create and evaluate multi-trait combinations [6]. This
efficiency not only saves time but also conserves resources. As a result, crop breeders can
develop highly adaptable and resilient varieties more effectively. These multi-trait crops
can withstand diverse challenges, ranging from changing climatic conditions to evolving
pest pressures. The accelerated trait stacking made possible by SB contributes to the de-
velopment of crop varieties capable of meeting the demands of a dynamically changing
world. This involved studies in rice concentrated on stacking genes associated with cellular
detoxification, osmolyte accumulation, antioxidant mechanisms, and signaling pathways
to boost tolerance against abiotic stresses like drought and salinity [97]. Meanwhile, in
the case of the European two-rowed barley cultivar Scarlett, the study showcased the
utilization of innovative techniques, such as rapid trait introgression and SB, to enhance
disease resistance. This was achieved by integrating multiple disease-resistance genes from
four donor lines through a modified backcross approach, leading to the creation of 87 intro-
gression lines in a remarkably short span of two years [20]. Early-generation selection was
used to enhance the population with desirable allelic combinations for multiple traits in
wheat breeding. This innovative multi-trait phenotyping method incorporates root system
architecture, leaf rust resistance, and plant height for swift selection of favorable allelic
combinations. This approach aligns seamlessly with speed breeding, enabling up to four
consecutive screens each year and significantly boosting breeding efficiency [39].

5.4. Enhancing Research across Disciplines

Speed breeding’s unique capabilities transcend traditional crop improvement and
genetic research. It finds applications in diverse fields, including ecology, physiology,
and agronomy [53]. Researchers can use these techniques to speed up experiments and
gather data more efficiently. This accelerates progress in the understanding of plant
responses to environmental stressors, optimizing cultivation practices, and exploring plant
physiology [12]. The rapid generation cycles allow for quicker hypothesis testing and the
collection of critical data, enabling researchers to make informed decisions and develop
innovative solutions to address global agricultural challenges [7,22].

Developing new and improved breeding cultivars for optimal yield in field environ-
ments is a complex task, often hindered by the intricate interplay between genetic traits
and environmental conditions. However, the integration of systems biology with speed
breeding techniques has emerged as a powerful solution to this challenge. Systems biol-
ogy provides a holistic understanding of plant growth processes and, when coupled with
speed breeding, offers the precise control over-growth conditions through computational
modeling. This synergy allows researchers to fine-tune environmental factors, such as
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light intensity, to accelerate plant growth while maintaining optimal conditions. Addition-
ally, systems biology unravels the intricate genetic regulatory networks governing plant
development, enabling the identification of key genes like HIGH RESPONSE TO PHO-
TOPERIOD (HR) and LATE FLOWERING (LF) in crops like winter peas, facilitating the
precise manipulation of critical developmental stages like flowering [98]. Predictive models
further enhance the breeding process by estimating the effects of genetic modifications on
crop traits, streamlining the design of plants with desired characteristics. Cloning flowering
key genes in peas, such as LF and LATE1, has provided valuable insights into the molecular
mechanisms governing flowering [99,100].

Furthermore, SB supports advancements in high-throughput phenotyping. The rapid
generation of diverse plant populations allows for extensive phenotypic screening, enabling
the identification of superior genotypes with precision. This enhances the efficiency of
breeding programs, leading to the accelerated release of improved crop varieties.

As we look to the future, SB holds promise in a range of emerging applications. From
harnessing the potential of gene editing technologies to integrating genotyping and genomic
selection, the synergy between SB and cutting-edge methodologies is driving innovation.
This collaborative approach not only leverages the strengths of each technique but also
establishes a comprehensive framework for modern plant breeding and crop enhancement.

6. Limitations Associated with SB

Although SB is a potent technique for boosting the pace of genetic gain in various
plant species, it has several limitations (Table 3). One major obstacle is the lack of advanced
controlled environment facilities, which can raise the cost of establishing controlled envi-
ronment that is ideal for the target species’ rapid cycling. In addition, maintaining a steady
supply of electricity and maintaining a comfortable temperature can be difficult, especially
in resource-poor nations with inadequate infrastructures and continual financial help from
foreign organizations [9].

Due to the rigorous growth circumstances, SB can lead to a low seed output and
genotypic variations in plant species [15]. These variations may affect the stability and uni-
formity of crops, raising concerns about the consistency of crop performance across different
environments. Additionally, an excessive photoperiod can slow down plant growth and
cause stress hormone levels to rise [73]. Flowering in Amaranth, rice, and soybean treated
with 10 hr. photoperiods using blue-enriched and far-red deprived light had no impact on
soybean flowering but in some genotypes of amaranth and rice, flowering time was reduced
by 20 and 10 days, respectively. However, some rice genotypes demonstrated flowering
variations due to light intensity [34]. Striking the right balance between accelerating growth
and avoiding stress-induced responses is a nuanced challenge that breeders must navigate.
To achieve an accurate trait expression, field crop phenotyping must be validated because
phenotyping in controlled environments might be biased. Due to crossover interactions
and differences in growth environments, phenotypic consistency in oats has been restricted
in terms of plant height and flowering time [84]. Without careful management, growing
plants beyond their physiological limits can be harmful and result in catastrophic losses
of priceless breeding stock. Wheat, durum wheat, barley, and Brachypodium distachyon all
showed faster growth and blooming under extended photoperiod conditions of 22 h of
light and 2 h of darkness, finishing their life cycles in just half the time as they would under
natural conditions. However, under these circumstances, the number of seeds per spike
of wheat decreased [63]. To prevent genetic loss, mitigation measures include adjusting
environmental factors, establishing temperature and photoperiod saturation limits, and
preserving backup seeds from everyone. The control of pests and diseases, as well as the
tracking of individuals for gene-discovery purposes, are other significant difficulties in
SB [101].

SB in the public sector is hindered by a lack of skilled plant breeders and technologists
in developing nations, staff turnover, and inadequate legal and administrative structures.
Developing nations need to invest in plant breeding education, research, and employee
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retention to support long-term crop improvement projects and scientific advancements [79].
SB requires advanced infrastructure to regulate environmental factors, which is lacking in
many developing countries due to limited institutional support and a lack of specialized
equipment. In developing countries, agriculture accounts for the largest share of water
usage, representing 70-90% of all water withdrawals. The study of agricultural water
is comprehensive, encompassing various related issues such as the connection between
agricultural water use, food security [102], and water management in the agricultural
sector [103]. It has been reported that farmers in low-income developing countries receive
limited government support, with many African countries allocating only 3% of their bud-
get to agriculture, despite its significant role in employment and economic activity [104].
Collaboration between national and regional organizations is needed to build infrastructure
and encourage knowledge exchange. The cost of infrastructure can be reduced by using
innovative local technology, such as retrofitted shipping containers with solar-powered
temperature and lighting controls [81]. Atlanta-based startup PodPonics and the indoor
farming company Cropbox are at the forefront of indoor urban agriculture innovation.
PodPonics converts old shipping containers into hydroponic farms, producing an acre’s
worth of produce in just 320 square feet with minimal water use and no pesticides. Cropbox
specializes in the year-round cultivation of leafy greens and herbs, boasting 8 annual crop
cycles, guaranteed production, high yields, and resource efficiency with 80% less fertilizer
and 27,000 gallons of water annually [105,106]. Both initiatives offer fresh, sustainable, and
efficient solutions to indoor urban food production [12]. The lack of reliable water and
electricity supply is a major challenge for SB in public plant breeding programs in devel-
oping countries [107]. Alternative solutions, such as semi-controlled field-based systems
and the use of sustainable solar power should be explored. Solar-powered temperature
controls could be a cost-effective solution to maintain a comfortable temperature [59]. The
lack of advanced controlled environment facilities and skilled personnel in developing
countries decreases genetic gain through SB by limiting the ability to create ideal growth
conditions, resulting in low seed output, genotypic variations, and potential genetic loss,
and hindering the development of skilled personnel needed to support long-term crop
improvement projects.

7. Conclusions

SB emerges as a promising solution to address the pressing challenges of food security
in the context of a growing global population and climate uncertainties. This review has
shed light on the historical development of SB and its applications, selection methods, ad-
vantages, and limitations. The journey of SB, from early experiments with artificial lighting
to the utilization of cutting-edge technologies like LED lights and solar power, highlights
its potential for revolutionizing crop breeding. By fine-tuning environmental variables such
as photoperiod, temperature, soil moisture, and population density, SB enables the rapid
generation of crops, significantly shortening traditional breeding cycles. The benefits of SB
are substantial. It not only accelerates the development of crops with desired traits but also
contributes to the vital goals of food security and sustainability. Speed breeding’s capacity
to create diverse mapping populations and promote GM and streamline trait stacking opens
unprecedented avenues for enhancing crop quality and resilience. Additionally, it facili-
tates interdisciplinary research, empowering researchers to address critical agricultural and
plant physiology challenges. Nonetheless, SB presents its share of challenges. The demand
for advanced controlled environment facilities and a skilled workforce can be daunting,
particularly in developing nations. Managing genotypic variations and navigating ethical
considerations underscore the importance of responsible SB practices. Furthermore, with
the involvement of organizations from different fields, SB has evolved as a competent tool
to global food demand under changing environmental conditions.
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