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Abstract Feeding 10 billion people sustainably by 2050
in the era of slow genetic progress has spurred urgent calls
to bring more crops per unit time. Over the last century,
crop physiologists and breeders have been trying to alter
plant biology to investigate and intervene in developmen-
tal processes under controlled chambers. Accelerating the
breeding cycle via “speed breeding” was the outcome of
these experiments. Speed breeding accelerates the genetic
gain via phenome and genome-assisted trait introgression,
re-domestication, and plant variety registration. Further-
more, early varietal release through speed breeding offers
incremental benefits over conventional methods. However,
a lack of resources and species-specific protocols encumber
the technological implementation, which can be alleviated
by reallocating funds to establish speed breeding units. This
review discusses the limitations of conventional breeding
methods and various alternative strategies to accelerate the
breeding process. It also discusses the intervention at vari-
ous developmental stages to reduce the generation time and
global impacts of speed breeding protocols developed so far.
Low-cost, field-based speed breeding protocol developed by
Punjab Agricultural University, Ludhiana, Punjab, India to
harvest at least three generations of wheat in a year without
demanding the expensive greenhouses or growth chambers
is also discussed.
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Introduction

Rising human population, depleting arable land, and fluc-
tuating climates have received a great deal of devotion as
an influence on world demand for food. With demand out-
weighing supply, the number of malnourished individu-
als will increase, and even if, on average, supply matches
demand, abrupt climatic changes and surging diseases may
cause irreparable economic shock, thus threatening the food
security (Tanin et al. 2022). However, the environmental
impacts and trade-offs of these alternative paths of agricul-
tural expansion are unclear (Godfray et al. 2010).

Since the beginning of agriculture, conventional breed-
ing approaches have brought together the co-adapted gene
complexes to deliver high-yielding crop varieties which
can be mechanically harvested. “Green revolution based on
conventional approaches was a temporary success in man’s
war against hunger giving man a breathing space” (Borlaug
2007). However, the current pace of crop improvement for
important field crops, including rice, wheat, and maize, is
insufficient to get rid of hunger (Pennisi 2008; Ray et al.
2012). Since most crop plants have long generation time,
achieving higher genetic gain and feeding unfed stomachs
is challenging (Li et al. 2018). Plant breeders are concerned
to increase the genetic gain by developing climate-smart,
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higher-yielding, nutritious crop varieties which are resilient
to prevailing stresses (Gudi et al. 2022).

Genetic variability, heritability, selection intensity, and
most importantly, the breeding time will influence the
genetic gain, which is the improvement in the average per-
formance over cycles of selection (Hazel and Lush 1942).
Integrating conventional breeding techniques with advanced
molecular and omics tools will facilitate the recovery of
lost genetic variation (Gudi et al. 2020; Singh et al. 2022).
Refinements in the scale and precision of high-throughput
genotyping and phenotyping tools can significantly increase
the selection intensity (Xu et al. 2020). Overall, the com-
bined use of genotyping, phenotyping, and envirotyping with
conventional breeding can deal with all the factors influenc-
ing genetic gain except the reduction in breeding time, which
is the critical game-changer to maximize the genetic gain.
Shortening the breeding cycle will be a promising way to
enhance genetic gain without greatly increasing population
size. Therefore, a rapid paradigm shifts in science-based
advances in crop breeding, will be essential to reduce the
breeding cycle of the crops via rapid generation advance-
ment (RGA).

Australian scientists, enkindled by the National Aero-
nautics and Space Administration’s (NASA’s) research
to grow wheat in space, have developed an RGA technol-
ogy, also known as “speed breeding,” to reduce the gen-
eration time and accelerate the breeding process (Hickey
et al. 2019). Unlike the doubled haploid (DH) technique
for the production of homozygous lines, speed breeding is
not limited by genotype specificity and the requirement of
well-equipped laboratories. However, the technology needs
to deal with plant phenology and its physiology to shorten
the generation time. Speed breeding accelerates trait intro-
gression and the progression of high priority crosses to
achieve homozygosity. This opportunity for trait selection
in parallel with the fast development of inbred lines pro-
vides opportunity to achieve higher genetic gain (Li et al.
2018). Integrating speed breeding with advanced tools
such as high-throughput phenotyping (Speed-phenomics),
marker-assisted selection (Speed-MAS), marker-assisted
backcrossing (Speed-MABC), marker-assisted recurrent
selection (Speed-MARS), genomic selection (Speed-GS),
de novo domestication (Speed-domestication), mutation
breeding (Speed-MUT), and genome editing (Express edit)
will reduce the length of the breeding cycle and increase
genetic gain per unit time (Fels et al. 2019).

Conventional breeding: slow approach in view
of today’s challenges

Conventional breeding is still a promising mean to develop
cultivars through manipulating plant genomes within the
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natural genetic boundaries of the crop species. Conventional
breeding has played a significant role in developing hun-
dreds of thousands of crop varieties that consumers encoun-
ter in the markets.

The major limitations of conventional breeding methods
are lengthy breeding cycles (10-15 years) to disseminate
improved varieties by: (i) crossing selected parents; (ii)
selfing in segregating generations (3—7 years); (iii) multi-
locational evaluation for yield, stress tolerance, and quality
traits (4-5 years); and (iv) seed multiplication and release of
variety (1-3 years) (Breseghello and Coelho 2013). Similar
timelines exist for developing hybrids in cross-pollinated
crops, where parental selection and inbreeding can take up
to 10 years (Shimelis and Laing 2012). This sluggish crop
improvement rate is partly attributed to the long generation
time of crops (i.e., only 1 or 2 generations per year). Inte-
grating novel omics tools with the traditional breeding meth-
ods has already hastened the selection procedures, however,
it failed to achieve the expected genetic gain. This spurred
an urgent call to adopt novel breeding techniques to hasten
the breeding procedures by reducing the time required to
develop new varieties.

Various strategies to speed up the breeding
processes

The duration of crop breeding cycle can be reduced by using
the following methods (Fig. 1).

Rapid generation advancement with single seed descent
(RGA-SSD) method

Rapid generation advancement (RGA) is a technique of
growing segregating generations in a greenhouse to accel-
erate breeding cycles. The Japanese rice breeders used the
RGA technique for the first time in 1930 to advance the F,
generations to recombinant inbred lines (RILs) (Maruyama
1989) (Fig. 1a). The single seed descent (SSD) method in
connection with RGA was proposed by the Goulden (1939).
It is an effective tool to speed up the breeding cycles by pro-
ducing homozygous lines and reducing the cost by requiring
less space and labour (Goulden 1939). Since its proposal,
the RGA-SSD is becoming popular to advance the breed-
ing cycles among many crop plants, including rice (Collard
et al. 2019), wheat (Tanio et al. 2006), soybean (Carandang
et al. 2006), chickpea (Gaur et al. 2007), tomato (Bhattarai
et al. 2009), sorghum (Rizal et al. 2014), cotton (Wang et al.
2011), etc.

A famous rice cultivar, ‘Nipponbare,” released in 1963,
was the first commercial variety bred by RGA-SSD (Kou-
mura 1972b). He reported reduction in generation time by
regulating temperature and photoperiod so as to harvest
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Fig. 1 Various strategies to speed up the breeding process: (a)
rapid generation advancement with single seed descent (RGA-SSD)
method; (b) shuttle breeding to harvest two generations in a year; (c)
double haploid (DH) production through chromosome elimination
(Bulbosum technique and wheat X maize system), gametophytic cell
(anther, pollen, and ovary) culture, and genetic engineering (cenh3);

three generations per year. Since then, RGA-SSD technique
has been utilized to develop cultivars, RILs (Janwan et al.
2013), backcross inbred lines (Robin et al. 2003), chromo-
some segment substitution lines (Toshio Yamamoto, per-
sonal communication) etc., The major limitation of RGA-
SSD is the screening of miniature plants grown in dense
conditions, where only highly heritable traits are amenable
for seedling evaluation. Depending on crop species and the
availability of resources, RGA-SSD will be able to achieve
a maximum of three generations in a year (Koumura 1972a).

Shuttle breeding: double harvest season

Shuttle breeding relies on the successful evaluation of segre-
gating generations in two distinctly different geographic sites
and seasons in the same year. The concept was introduced
by the 1970°s Nobel Peace Prize Laureate, Dr. Norman E.
Borlaug, where he used two specific sites in Mexico to har-
vest two generations of wheat in a year, when other breeders
harvested only one generation in a year (Ortiz et al. 2007). In
this, selected plant material from one location were shifted
to another location after each generation, thereby halving
the time required to develop a new cultivar (from 10-12

(d) biotron breeding system (BBS) for generation advancement in
rice; (e) in-vitro nurseries to induce meiosis and mitosis to accelerate
the generation advancement; (f) comparison of generation advance-
ment using speed breeding, greenhouse, and conventional (field)
breeding methods in wheat, chickpea, and brassica

to 5-6 years) (Borlaug 2007). Shuttle breeding motivated
breeders across the globe, including India, to adopt double
harvest seasons to advance the segregating generations.

Scientists from the Punjab Agricultural University (PAU),
a premier agricultural university of India, have adopted shut-
tle breeding programs since 1990 for major Kharif and Rabi
crops (Fig. 1b). The main season is harvested in Ludhiana
(i.e., mid-June to mid-October for the Kharif crops and
November to the end of April for the Rabi crops, while the
additional season is taken at the National Rice Research
Institute, Cuttack, Odisha, for the rice (December to May),
and at high altitudes such as Wellington (Tamil Nadu) and
Lahaul-Spiti (Himachal Pradesh) for the Rabi crops (May
to September).

Though the main focus of shuttle breeding is to speed up
the breeding, Borlaug perceived the supplementary rewards
of shuttling genotypes between the two geographical loca-
tions. Firstly, the broader adaptability of breeding material
due to continued exposure of genotypes to contrasting envi-
ronments involving different disease spectra, soil types, and
environmental stresses. Secondly, the photo- and thermo-
sensitive genotypes were selectively eliminated from the
breeding population, allowing the development of semi
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dwarf wheat varieties across the globe (Ortiz et al. 2007).
In addition, photo and thermo-insensitive genotypes reduce
the generation time by allowing early flowering. This gave
sufficient time to shift breeding material from one place
to another during shuttle breeding. The major limitations
of shuttle breeding are the cost for transport of material,
resources, labour etc., chance of losing genetic material dur-
ing transportation and the short time between crop cycles.

Doubled haploid (DH): single recombination to attain
homozygosity

Producing homozygous lines is time-consuming part of
breeding, taking years in a traditional breeding program
(Santra et al. 2017) and can be overcome by using DH tech-
nique, which is the two-step approach to homozygosity in
one round of recombination (Forster and Thomas 2005). In
the first step, haploid plants will be generated by culturing
gametophytic cells (Kasha and Kao 1970); making crosses to
induce chromosome elimination (i.e., Bulbosum technique,
wheat X maize system, etc.) (Laurie and Bennett 1988) and
using haploid inducer stocks (indeterminate gametophyte
1 (igl) in maize and CENH3 in Arabidopsis thaliana)
(Guo et al. 2004; Ravi and Chan 2010) (Fig. 1c). In the
second step, haploid plants will be treated with colchicine
to induce chromosome doubling to develop homozygous
diploid plants. Cell culture and chromosome elimination
are the most promising techniques for haploid production.
However, the genotype specificity and the requirement of
tedious tissue culture for these techniques restrict their wide-
spread application. In maize, haploid plants (~3%) can be
produced by crossing female plants having ig/ mutations
with male plants carrying mutations for the dmp (domain of
unknown function 679 membrane protein) gene (Guo et al.
2004). CENH3 is the centromere-specific histone-3 variant
that plays an important role in assembling the kinetochores.
The null mutants of CENH3 (ex., cenh3-1) interfere with
the assembly of kinetochore in the centromeres, thereby
affecting the chromosomal separation during cell division
(Jiang et al. 2003). The mutant forms of CENH3 (i.e., cenh3)
were utilized to induce haploid production in A. thaliana
(Ravi and Chan 2010). By crossing CENH3 mutants with
their wild type, paternal (25-45%) or maternal (4-5%) hap-
loid plants depending on whether the mutants were used as
female or male parents, respectively, were produced (Ravi
and Chan 2010). Several attempts were made to produce
haploid plants by editing the N-terminal tail of CENH3 in
rice (0.3-1%), tomato (0.2-2.3%) (Kalinowska et al. 2019),
and maize (0.065-0.86%) (Kelliher et al. 2016). In addition
to N-terminal editing, efforts were also made to induce hap-
loid production by editing the C-terminal region of CENH3
(Ashtiyani et al. 2015; Kuppu et al. 2015) or by replacing
the crop CENH3 with its wild relatives (Maheshwari et al.
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2015). The C-terminal edited and CENH3 replaced point
mutants are viable and fully fertile with an improved haploid
recovery rate.

In addition to the above techniques, PAU, Ludhiana has
deployed the detached tiller culture technique for DH pro-
duction. This technique has dramatically reduced the time
required to develop homozygous lines, thereby speeding up
the breeding process in wheat (Srivastava and Bains 2018).
Reduced time and increased efficiency of wheat breeders to
develop new cultivars can bring about high-yielding, better-
adapted seed options at a faster pace (Bains et al. 1995).
Technological limitations involving-tissue culture laborato-
ries encumber the widespread application of DH technology.
Furthermore, acute genotypic specificity, low frequency of
haploid production, contamination of DH’s with aneuploids
and mixed haploid-diploid types, depleting genetic varia-
tion, and daunting selection efficiency are challenges of DH
technology.

Biotron breeding system (BBS): an artificial growth
chamber for rice breeding

Biotron breeding system (BBS) is a rapid and reliable
method of producing advanced generations of rice using
artificial growth chambers supplemented with controlled
temperature and CO,, accompanied by tiller removal and
embryo rescue (Ohnishi et al. 2011) (Fig. 1d). Programmed
lighting and temperature systems inside the biotron signifi-
cantly shorten the life cycle of famous rice variety "Nip-
ponbare" to about 2 months. However, tiller removal and
embryo rescue are limiting the application of BBS to large
breeding populations.

Tanaka and co-workers introduced the simplified-BBS
(sBBS) that eliminates the need for tiller removal and
embryo rescue but controls CO, levels and day-length inside
the growth chambers (Tanaka et al. 2016). Compared to 2
months in BBS, the sSBBS could reduce the interval between
generations in "Nipponbare" to less than 3 months. In addi-
tion, sBBS helped to develop the isogenic lines of "Oboro-
zuki" and "Akidawara" for WxI-1, a low amylose allele by
allowing four generations of rice in a year. To accomplish
many generations per year, this approach can also be applied
to other crops.

In-vitro nursery: rapid cycles of meiosis and mitosis
to reduce generation time

This is the concept of inducing meiosis in single somatic
cells and fusing a desirable combination of gametes to yield
appropriate genotypes (Fig. 1e). Here, the generation time
is governed by how fast new gametes are produced and uni-
fied to form zygotes (Gerald et al. 2013). These zygotes
could be induced to undergo further meiosis to produce
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new gametes (Kranz’ and Lorz 1993). This contrasts with
the in-vivo system, where the breeder needs to wait until
flowering and seed maturity to produce the next generation.
Finally, selected gametes or cell lines could be transformed
into mature plants.

The benefit of in-vitro nurseries is the accelerated devel-
opment of inbred lines by completing 12 cycles of recom-
bination and selection in a year. In addition, these nurser-
ies help in: (i) overcoming self-incompatibility through
bypassed pollination; (ii) MABC for targeted gene intro-
gression; (iii) gametic selection to improve the selection effi-
ciency; and (iv) producing artificial seed through encapsu-
lated somatic embryos. This system has broad applicability,
including trees, photo, thermo-sensitive species, apomictic
species, and annual crops. Although the proposed idea is
novel and innovative, it has the several drawbacks. Some
of them includes: (i) ability to induce meiosis and produce
gametes in vitro; (ii) genotype specificity for regeneration;
(iii) unintended selection for loci; and (iv) the phenomenon
of somaclonal variation, which counteracts homozygous and
homogeneous line production (Gerald et al. 2013).

Speed breeding: NASA’s inspiration to curtail
generation time

Just imagine that, in an era of creeping genetic progress, a
breeder thinks of harvesting 6 or 7 generations of a crop in a
year to have F,-derived lines within 12 months, thus, releas-
ing variety in 6-7 years instead of 10—12 years (Fig. le).

Transforming this fantasy into reality necessitates techno-
logical improvement and intervention in the various devel-
opmental stages of crop plants. Over the last century, sci-
entists from various disciplines are consistently engaged in
technological improvements to harvest six or seven genera-
tions in a year (Fig. 2). For the first time, plant physiologists
showed the ability of plants to grow under artificial light
using carbon arc lamps (Siemens 1880). Later, the effects
of continuous light on plant growth and flowering were
investigated in many crop plants (Arthur et al. 1930). In the
early 1980s, NASA partnered with Utah State University
to evaluate world germplasm collections of wheat in search
of suitable genotypes for food production in space condi-
tions (Bugbee and Koerner 1997) leading to development of
"USU-Apogee," a high-yielding, full-dwarf hard red spring
wheat variety. The major revolution came with use of light-
emitting diodes (LEDs) with reduced operational costs to
bolster indoor propagation (Bula et al. 1991; Stutte 2015).
Inspiration from NASA experiments and the reduced cost of
LEDs help the scientists from the University of Queensland
to achieve the vision of harvesting six or seven generations
in a year (Watson et al. 2018) (Fig. 2).

Speed breeding involves a set of protocols that use the
optimal light quality, intensity, photoperiod, and tempera-
tures to accelerate flowering in crop plants. In addition,
speed breeding also uses the immature seed harvesting to
curtail the generation time (Hickey et al. 2019). Species
specific protocols are available to induce flowering under
specific environmental cues. Speed breeding has been
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successfully used to accomplish up to eight generations per
year in lentil, seven generations in faba bean (Mobini et al.
2015), six generations in spring wheat, durum wheat, barley,
chickpea, and pea (Watson et al. 2018), five generations in
winter wheat (Cha et al. 2021), pea (Mobini and Warken-
tin 2016), soybean, rice, and amaranth (Jiahne et al. 2020),
four generations in canola (Watson et al. 2018) and pigeon
pea (Saxena et al. 2019), and 3—4 generations in ground-
nut (O’Connor et al. 2013). High-density planting in speed
breeding units reduces the space requirement and costs
involved in developing inbred lines (Ghosh et al. 2018).

Speed breeding systems

Since the introduction of speed breeding various protocols
and speed breeding units have been adapted depending
on the species. Watson et al (2018) used the sophisticated
growth chambers to reduce the generation time. It needs
the exposure of long-day crops to protracted photoperiod
(i.e., 22 h of light), elevated temperature (22 °C during day
and 17 °C at night), and high-humidity (>70%). White
LED bars, far-red LED lamps, and quartz iodide lamps
were used as light sources and were optimized to ramp-up
and down to mimic natural dawn and dusk conditions. The
light quality (i.e., blue/red light ratio) was set to 360-380
and 490-500 umol/m?*/s at the bench-height and adult plant
height stages, respectively. They also proposed high-pressure
sodium lamps as a light source in the temperature-regulated
glasshouses. This system does not include changes in light
and temperature to create a ramping up and down. Simi-
larly, scientists at ICRISAT, Hyderabad (International Crops
Research Institute for the Semi-Arid Tropics, Hyderabad),
proposed a low-cost greenhouses facilitated with natural
light and evaporative air coolers for generation advancement
in pigeon pea (Saxena et al. 2019). Watson et al (2018) also
suggested the low-cost, homemade rooms (insulated) fitted
with LB-8 LED light-boxes (140 cm above the bench) and
domestic air conditioners (21 °C during the day and 18 °C
at night). In this system, lighting was set to run a 12 h pho-
toperiod for 4 weeks and then increased to an 18 h photo-
period. The lights did not ramp up and down during the day
and night switch.

By using the LED-controlled lighting system, Jahne
et al. (2020) designed the simple speed breeding proto-
col for accelerating generation advancement in short-day
crops. It includes the speed breeding boxes with reflecting
surfaces fixed inside the growth chambers and different LED
modules (CompLED, Relumity, and Growking) emitting
wavelength-specific light spectra (viz., blue-light or far-red
enriched light). The growing conditions inside the box were
well maintained with 28 °C day and night temperatures, 80%
humidity, and 10 h of light.
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Adopting sophisticated growth chambers and glasshouses
as amenities are too expensive, but given the importance of
generation advancement, (Chiurugwi et al. 2019) proposed
alternative approaches (i.e., speed breeding capsules and
centres) for accelerated breeding of orphan crops. Firstly,
they have supposed to build “speed breeding capsules” out
of waste containers (typically refrigerated or steel-coated)
by providing a source of light, temperature, and irriga-
tion. Speed breeding components could also be arranged
in ‘kit’ form and assembled in-situ to further reduce the
cost incurred in setting-up the capsules for poorly funded
areas. These capsules can be used to grow plants of different
heights in both warm (ventilator) and cold (insulator) cli-
mates. The second approach was to establish “speed breed-
ing centres” at the regional stations to provide training and
trait integration services. These centres would be equipped
with the necessary facilities for carrying out speed breeding.
Scientists at the ICRISAT, Hyderabad, the IITA, Nigeria
(International Institute of Tropical Agriculture, Nigeria), and
the ICARDA, Beirut (International Centre for Agricultural
Research in the Dry Areas, Beirut) intend to develop speed
breeding units and such alliances may benefit the improve-
ment of critical orphan crops via generation advancement.

Speed breeding for long-day and short-day crops

Long-day crops, including wheat, barley, chickpea, mus-
tard, and pea, are cool-season crops require a longer light
period of 14—16 h for flowering. In contrast, short-day crops
flower only when the light hours fall below the critical day
length (i.e., 8—10 h). Some of the agriculturally important
short-day crops includes cereals (maize, rice, and millets),
legumes (pigeon pea), and oilseeds (soybean and ground-
nut). The number of light hours plays an important role in
flower induction by altering the activity of phytochromes.
During the daytime, plants accumulate higher amount of
far-red light-absorbing active phytochromes (Pfr). During
the dark period, Pfr will slowly convert to its inactive, red-
light absorbing form (Pr). Extending photoperiod above
the threshold hours will prevent the conversion of Pfr to Pr
and will affect the flower initiation in photoperiod sensitive
crops. For instance, accumulation of Pfr above the threshold
level will trigger the early flowering in long-day crops (Carre
et al. 2008). This characteristic feature of long-day crops has
been exploited to reduce their generation time. For instance,
by exposing the crops to 22 h of light, a group of scientists
from the University of Queensland achieved early flowering
in spring wheat (6 generations per year), winter wheat (5
generations per year), durum wheat (6 generations per year),
barley (6 generations per year), chickpea (6 generations per
year), pea (6 generations per year), and canola (four genera-
tions per year) (Watson et al. 2018) (Table 1).
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Table 1 List of speed breeding protocols developed in long-day and short-day crops

Crop Field/green-  Speed breeding Methodology References
house genera- generations
tion
Days  Cycles
Long-day crops
Lentil (Lens culinaris) 102-107 45 8 Optimum flurprimidol, indole-3-ace- Mobini et al. (2015)
tic acid, zeatin and light intensity
- 34 22 h light with 25-28 °C and 2 h dark Idrissi (2020)
with 12-18 °C under SSD
Pea (Pisum sativum) 60-80 - 5.3 Flurprimidol, photoperiod (20 h light Mobini and Warkentin (2016)
with 500 upM m~2 s~! light inten-
sity), temperature (21 °C at light
and 16 °C at dark), 266 plants/m?,
and hydroponics with fertigation
- 6 22 h light/2 h dark with 22/17 °C Watson et al. (2018)
temperature, immature seed harvest
and drying
- 4-5 Hydroponics, temperature Cazzola et al. (2020)
(2042 °C), photoperiod (22 h
light provided with T5 fluorescent
tubes), flurprimidol antigiberelin
and immature seed harvest
Sugarcane (Saccharum officinarum) — >365 - - Short-day and constant supply of Hale et al. (2017)
nutrients to induce synchronous
flowering
Spring wheat (Triticum aestivum) 145-155/105 62 6 22 h light/2 h dark with 22/17 °C Watson et al. (2018)
temperature, immature seed harvest
and drying
Durum wheat (Triticum durum) 150-155/105 62 6
Barley (Hordeum vulgare) 130-150/110 55 6
Chickpea (Cicer arietinum) 150-160/90 58 6
Canola (Brassica napus) 135-150/120 75 4
Model grass (Brachypodium dis- 75 45 4-6
tachyon)
Oat (Avena sativa) 114 72 3.2-4.9 22 h of photoperiod, controlled Gonzalez-Huitron et al. (2021)
temperature and early seed harvest
with SSD
Winter wheat (Triticum aestivum) 160-180 - 5 Expose wheat seeds to protracted Cha et al. (2021)
photoperiod (22 h of light) and shift
to speed breeding units
Faba bean (Vicia faba) 104 54 7 Optimum flurprimidol, indole-3-ace- Mobini et al. (2015)
tic acid, zeatin and light intensity
80 - 6-benzylaminopurine (BAP) Mobini et al. (2020)
(cytokinin) application and cold
treatment
Potato (Solanum tuberosum) 140 - - Speed breeding using protracted pho- James Hutton Institute
toperiod is under development
Short-day crops
Groundnut (Arachis hypogaea) 125-145 89 34 Continuous light, with 28/17 °C O’Connor et al. (2013)
temperature, high-intensity light
and SSD
Tomato (Solanum lycopersicum) 80 - - Introgression of continuous light Gonzalez-Huitron et al. (2021)

tolerance gene chlorophyll a/b bind-
ing protein 13 (CAB-13) to increase
productivity under continuous light
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Table 1 (continued)

Crop Field/green-
house genera-

tion

Speed breeding
generations

Days  Cycles

Methodology References

Sorghum (Sorghum bicolor) 100-120 88 -

Rice (Oryza sativa) 90-120 -

95-105 -

78-85 5

60-65 6
Amaranth (Amaranthus spp.) 95-100 -

Soybean (Glycine max) 100-140 70 5

77 5

63-81 5

Pigeonpea (Cajanus cajan) 120-190 - 4

Split culm (which produces crossed ~ Rizal et al. (2014b)
and selfed seeds in the same panicle
of the uniculm plant) and embryo

rescue

Regulation of CO,, day-length and Tanaka et al. (2016b)
maintains an appropriate root

volume

Field-based RGA with <40 cm? soil/
plant

CO, (560-800 ppm) supplementa-
tion, 10 h light (far-red), 27/25 °C
temperature, 260 cm? soil/plant

Richard et al. (2018)

Jihne et al. (2020)

CO, regulation, tiller removal, and
embryo rescue

8 h light and 30 °C

CO, (560-800 ppm) supplementa-
tion, 10 h light (far-red), 27/25 °C
temperature, 260 cm? soil/plant

Richard et al. (2018)

Richard et al. (2018)
Jdhne et al. (2020)

Fluorescent lamps with 14 h
photoperiod, 30/25 °C day/night
temperature, CO, regulation
(400-600 ppm), and improved
crossing efficacy

CO, (560-800 ppm) regulation,
10 h light (blue light enriched)
(480-1511 nm), 27/25 °C tempera-
ture, immature seed harvest, and
260 cm?® soil/plant

Tanaka et al. (2016b)

Jdhne et al. (2020)

Red-blue light coupled with photo-
thermal conditions

Harrison et al. (2021)

Immature seed germination for RGA
and a “single pod descent”

Saxena et al. (2019)

Short-day crops are sensitive to Pfr accumulation and
will flower only when the duration of dark hours are suf-
ficient to convert most of the Pfr to Pr (Carre et al. 2008).
Therefore, the principle of using extended photoperiod is
not an appropriate technique to induce early flowering in
photoperiod-sensitive, short-day crops (Stetter et al. 2016).
However, preliminary evaluation and selection of photo-
period-insensitive and phytochrome-deficient accessions of
rice, maize, pigeon pea, soybean, etc. is an optional oppor-
tunity to grow short-day crops under extended photoperiod
(Izawa et al. 2000). The conversion of the active form of
phytochromes to an inactive form using specific light inten-
sities (i.e., far-red light) will induce early flowering under
extended photoperiod. Such opportunities were exploited to
reduce generation time in groundnut (O’Connor et al. 2013)
and soybean (Jdhne et al. 2020).

Such opportunities are not for all short-day crops
and their genotypes. Therefore, it is advised to devise
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crop-specific speed breeding protocols for these crops. Con-
cerning these requirements, German scientists demonstrated
the LED-based speed breeding protocols for soybean, rice,
and amaranthus (Jihne et al. 2020). Their initial experiments
noticed the delayed and heterogeneous flowering among
the soybean genotypes evaluated for different light regimes
with an increased photoperiod (low red; 600—700 nm to far-
red; 700—-800 nm light). Finally, they established a protocol
to achieve five generations of rice, soybean, and amaran-
thus in a year by adjusting the 10 h of light period with
enhanced blue-light (450490 nm) without providing far-red
(> 700 nm) light. Far-red light helps to induce early flower-
ing in some accessions of rice (by 20 days) and amaranthus
(by 10 days). These results highlight that speed breeding
protocols developed for one crop cannot be readily inter-
changed with another crop. Specifically, light quality needs
to be taken into account for the best genotype-independent
speed breeding techniques.
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Speed breeding for high-biomass crops

High-biomass crops, including sugarcane, potato, sweet
potato, etc., are propagated vegetatively. The commercial
cultivars of these crops (called clones) are becoming more
susceptible to prevailing biotic and abiotic stresses. This
can be overcome by developing climate-resilient and pest
and disease-resistant clones. The conventional techniques
of hybridization and clonal selection are inefficient in meet-
ing these demands, as it requires at least 10-14 years to
release the best clone as a variety (Mahadevaiah et al. 2021).
Speed breeding offers an excellent opportunity to shorten
the breeding cycle by performing faster crosses and clonal
selection, thereby accelerating varietal release. There are no
reports on the application of speed breeding in these crops,
except little effort made in sugarcane to induce flowering
by providing artificial light (Hale et al. 2017). High-speed
potato breeding (HISPOB) has been proposed to develop
new potato varieties within 2 years (Horizon 2020; https://
cordis.europa.eu/project/id/666729). The proposed strategy
may bring high-yielding clones/varieties with resistance to
prevailing diseases. Therefore, establishing speed breeding
protocols for high-biomass crops may accelerate their breed-
ing cycle and also helps in sustainable production.

Speed breeding for fruit tree crops

Fruit tree crops are challenged by several stresses which
affect the quality and quantity of fruit production. Genetic
improvement of fruit tree crops is the best solution to over-
come these challenges but is hampered by long juvenile
periods, dormancy, alternative bearing, complex genetic
architecture and reproductive biology, a high level of het-
erozygosity, linkage drag, and field costs (Flachowsky
et al. 2011). Conventional breeding approaches requires
15-20 years to develop a variety in these crops. Opportuni-
ties are available to reduce the breeding cycle, specifically by
reducing the juvenile periods through manipulation of tem-
perature and photoperiod; application of growth retardants;
trunk ringing and root pruning; micro-budding; grafting; and
creation of early flowering mutants. Efforts were made to
induce early flowering by engineering flowering genes, FT
in citrus, LFY in citrus and apple (Pena and Séguin 2001),
AP] in citrus and Sweet Kumquat (Duan et al. 2010), and
BpMADS4 in apple (Flachowsky et al. 2011). Such efforts
helped to reduce the juvenile period from 5 to 10 months
in apple (Nocker and Gardiner 2014) and from 7 to only
2 years in chestnut (Baier et al. 2012). This technique of
reducing the juvenile period by engineering early flowering
genes is popularly called "FastTrack" breeding. In addition
to reducing the juvenile period, FastTrack breeding also
accelerates the trait introgression from wild species with-
out the linkage drag. For instance, overexpression of the

mutant MADS4 transcription factor helped to develop fire
blight resistant apple lines (i.e., F5 generation) within 7
years (Flachowsky et al. 2011). Integrating speed breeding
with FastTrack breeding may further reduce the breeding
cycle by harvesting multiple generations in a year. However,
the plant architecture of fruit tree crops is the major con-
straint which prevents them from growing under controlled
growth chambers. Further efforts are needed to reduce the
plant height or to develop special growth chambers that can
fit tree crops which may help to reduce the juvenile periods,
thus accelerating the varietal developmental in trees.

Intervening key developmental stages to reduce
generation time

Growth and development are the fundamental and conspicu-
ous characteristics of crop plants. During this process, plants
pass through various developmental stages, including ger-
mination/emergence, vegetative growth, budding and flow-
ering, grain-filling, ripening, and senescence. Each species
has specific periodicity of transit from one stage to another,
which is influenced by many intrinsic and extrinsic factors.
Reducing the transition phase, specifically from the vegeta-
tive to the reproductive, needs in-depth knowledge regarding
the developmental processes of species, so that breeders can
effectively reduce the breeding cycle (Fig. 3).

Breaking seed dormancy and inducing faster germination
is the foremost step of physiological intervention to reduce
the breeding cycle. Seed dormancy can be overwhelmed
by germination-promoting factors such as light, cold treat-
ment (stratification), and chemicals such as sulphuric acid
(scarification), gibberellins, KNO;, and NO (Penfield 2017).
Immature seed harvesting, drying, and cold stratification
breaks the seed dormancy and thereby reduce the genera-
tion time by 15 days in wheat, barley, soybean, and lentil
(Watson et al. 2018; Jahne et al. 2020). The creation of null
mutants of LECI, LEC2, FUS3, and ABI3, genes coupled
with embryo rescue helped to overcome the dormancy and
enhance the germination of immature wheat seeds (har-
vested between 8 and 12 days after pollination) (Raz et al.
2001).

Crop plants usually shun flowering immediately after
germination and display a short juvenile phase of repro-
ductive incompetence. Transition period from vegetative
to reproductive stage can be reduced by encountering the
early genotypes, altering the plant growth regulators (PGRs;
Auxin, Cytokinin, and flurprimodal), creating the stress
(viz., drought, heat, and high-density planting), controlling
temperature and photoperiod conditions. Genotypes like
"USU-Apogee" and “Fast-Flowering Mini-Maize (FFMM)”
with a very short life cycle can be used to accelerate the
breeding cycles by reducing vegetative phase (Bugbee and
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Fig. 3 Intervening the key developmental stages of plants to reduce generation time

Koerner 1997; McCaw et al. 2016). Exogenous applica-
tion of PGRs will improve plant growth and development.
For instance, application of (i) IAA (indole-3-acetic acid)
and 4-CL-IAA (4-chloro-IAA) enhanced the growth and
seed setting in green gram (Ali et al. 2008); (ii) auxins and
cytokinins induced early flowering in white lupin (Saeid
et al. 2011) and lentil (Khalil et al. 2006); (iii) flurprimidol
reduced the internodal length and vegetative growth in field
pea and grass pea (Ochatt et al. 2002); and (iv) flurprimidol
and 4-CL-TIAA enhanced the anthesis and pod setting in faba
bean (Mobini et al. 2015). Exposing to stress conditions,
such as drought and heat at key developments stages will
induce early flowering as a stress escape mechanism (Wada
and Takeno 2010; Hatfield and Prueger 2015). High-density
planting (> 1000 plants/m?) may also induce the early flow-
ering by restricting the availability of nutrients and room
for root growth (Watson et al. 2018). Many plant species,
including economically important cereals such as wheat and
barley, the model plant A. thaliana, and the legume plant
lupin (Lupinus angustifolius L.), require prolonged cold
exposure (vernalization) to induce flowering (Trevaskis et al.
2007; Bielska et al. 2020). Manipulating various genetic
(viz., VRNI1, VRN2, and VRN3) and epigenetic (viz., DNA
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methylation and histone modifications) mechanisms of ver-
nalization could hasten the flower induction in these species
(Trevaskis et al. 2007).

The developmental processes of the plants can also be
accelerated by optimizing the light quality and duration.
Extended photoperiod (22 h light) promotes early flower-
ing in long-day crops like wheat, barley, chickpea, pea, and
mustard (Watson et al. 2018). However, except for some
phytochrome-deficient or insensitive genotypes of rice, sor-
ghum, and soybean, most of the short-day plants are sensi-
tive long day light (i.e.,> 12 h) (Jdhne et al. 2020). There-
fore, it is of foremost importance to optimize the duration
and quality of light to induce early flowering in short-day
crops. For instance, by adjusting the photoperiod and appro-
priate combination of red to blue light ratios researchers
were able to induce early flowering in soybean (by 23 days),
rice (by 60 days), and amaranth (by 35 days).

Applications of speed breeding

We have discussed the efficacy of speed breeding
to advance the generations of several crop plants by
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shortening the breeding cycle. In addition, speed breed-
ing can also favour adult plant phenotyping, rapid trait
introgression and pyramiding, synchronous flowering,
crop domestication, and genetic diversity mining.

Speed breeding enables the phenotyping of large seg-
regating generations for stable and highly heritable traits
such as resistance to yellow rust (Hickey et al. 2012),
brown rust (Riaz et al. 2016, 2018), stem rust (Riaz and
Hickey 2017), yellow spot (Dinglasan et al. 2016), crown
rot (Alahmad et al. 2018), and Fusarium head blight
(Watson et al. 2018). It also helps phenotype agronomic
traits, including root angle, number (Richard et al. 2018),
cuticular wax (Alahmad et al. 2018), flowering, height,
and pre-harvest sprouting (Watson et al. 2018). Combining
high-throughput phenotyping platforms with speed breed-
ing may speed up the gene discovery and their introgres-
sion into elite cultivars. The modified backcross method,
which combine speed breeding and high-throughput phe-
notyping, has successfully transferred multiple resistance
in elite barley cultivars (Hickey et al. 2017), pre-harvest
sprouting in spring wheat (Hickey et al. 2019), and salt
tolerance in rice (Rana et al. 2019). Rapid trait stacking
through “Speed-MAS” has been proposed to develop
super wheat pyramided lines by combining tolerant genes
for preharvest sprouting, rust, Fusarium head blight, and
salinity (Hickey et al. 2019). Speed breeding enables the
synchronous flowering by shifting the plants in step-wise
from long-day conditions to short-day conditions, which
facilitate the flower production at different stages (Jihne
et al. 2020). In addition, speed breeding facilitates acceler-
ated re-domestication through the production of synthetic
polyploids. Synthetics polyploids can be utilized in breed-
ing program to increase the genetic diversity or to transfer
the desirable alleles in cultivar background.

Inducing the targeted (using CRISPR-CA9) or ran-
dom mutations (using chemical or physical mutagens)
will produce the M, plants with novel phenotypes. The
M, plants need to be advanced to next generation and
evaluated before release as a variety which requires at
least 68 years to release a mutant variety. The lengthy
breeding process can be alleviated by integrating speed
breeding with mutation breeding (i.e., SpeedMUT) or
genome editing (i.e., Express edit). In this strategy, one
can grow the initial mutant generations (i.e., My—M5) or
Cas9 constructed plants in the speed breeding units to
advance their generation or to achieve rapid introgression
of mutant alleles. SpeedMUT and Express Edit can also
be combined with high-throughput phenotyping and MAS
to further improve the efficiency of breeding process. This
will help to develop the mutant variety or a variety with a
mutant allele in a short span of time (i.e., 5—6 years instead
of 8-10 years).

Speed DUS testing: hasten the registration of new
plant varieties

Plant Variety Rights (PVRs) are the intellectual property
prerogatives designed by the International Union for the
Protection of New Varieties of Plants (UPOV) to safeguard
the substantial economic investment of the plant breeders
(Helfer 2004). New plant varieties will be protected under
PVR only when they pass the DUS (Distinctness, Uniform-
ity, and Stability) and VCU (Value for Cultivation and Use)
tests (Yang et al. 2021). DUS testing evaluates the morpho-
logical traits in the field, thereby providing the foundation
for seed certification, plant varietal protection (PVP), and
plant breeder’s rights (PBR) (Jamali et al. 2019).

The dissemination of improved crop varieties to the
farmer’s field is delayed by the arduous and time-consum-
ing process of varietal registration. Currently, depending
on the country and the crop type, the overall timeframe for
variety registration might range from 2 to 4 years (Jamali
et al. 2020). However, it is conceivable that alterations to
the current registration procedure could hasten the deliv-
ery of improved varieties to farmers. Until this happens, the
lengthy procedures of DUS testing will prevent the utiliza-
tion of speed breeding techniques that attempt to accelerate
the development of new crop varieties.

"Speed-DUS testing” is an excellent approach to reduce
the DUS testing duration without violating the standard pro-
tocols proposed for DUS testing (Jamali et al. 2020). In this
technique, DUS testing will be carried out under RGA in
a shorter time period, replacing the labour-intensive field
evaluation of crop varieties. However, it is anticipated that
all DUS traits are not amenable for evaluation under speed
breeding units. In addition to this, the lack of facilities is
another major drawback, limiting its versatility. Even if
speed-DUS testing cannot be implemented to save time, the
method would still offer significant advantages to improve
the efficiency of DUS testing, which is the key requirement
for varietal registration and protection.

Global impact of speed breeding

As an economic assessment, conventional breeding meth-
ods have benefited from improved varieties for their invest-
ments. Information on economic returns from the breeding
of new varieties is available for the conventional (Brennan
et al. 2007), DH (Brennan 1989), and RGA methods (Len-
aerts et al. 2018). However, the economic benefit assess-
ments such as cost—benefit ratio, net present value, and
internal rate of returns are not available for speed breeding
techniques. Even though many crop scientists are willing
to adopt speed breeding systems, the high relative cost of
establishment and maintenance of speed breeding units (i.e.,
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3930 USD or 720.72 USD per annum) and the lack of eco-
nomic assessment encumber its implementation (Lenaerts
et al. 2018). Thus, a vigilant assessment of the different
variables impacting the relative costs and returns of speed
breeding is required before the economics of its usage can
be ascertained.

While studying the global impact of RGA, Lenaerts and
colleagues calculated the “multiplicator factors” of RGA on
the profits earned from conventional breeding methods and
applied them in a meta-analysis (Lenaerts et al. 2018). Their
models relied on the assumption of similar costs and ben-
efits from conventional and RGA methods. They showed the
higher economic benefits from adopting accelerated breed-
ing procedures. Such multiplicator factors can be used for

making the economic assessment of adopting accelerated
breeding techniques by any researchers.

For instance, by using the Eqs. 1 and 5 of Lenaerts
et al. we predicted the annual benefits and percentage of
incremental benefits for shuttle breeding (~ 2 years reduc-
tion), RGA (~ 3 years reduction), DH (~ 3 years reduction),
speed breeding (~ 4 years reduction), speed-GS (~5 years
reduction), speed-GS + speed-DUS (~ 6 years reduction)
over the conventional breeding method at different dis-
count rates (i.e., 1, 5 and 10%) (Figs. 4 and 5). In addi-
tion, we used the 13 economic assessment studies done
in rice and wheat for meta-analysis (Eq. 7 of Lenaerts
et al.) to compute the incremental benefits (Table 2). These
results showed that, percentage of incremental benefits are

Fig. 4 Time scale of varietal
development and the annual
benefits achieved through
conventional breeding, shuttle
breeding, double haploid (DH)
or rapid generation advance-
ment (RGA), speed breeding,
speed breeding with genomic
selection (SpeedGS), and
SpeedGS with SpeedDUS
(speed breeding with varietal
registration)

Annual benefits
(in billion dollar)

@ SpeedGS+SpeedDUS

@ Spced breeding

- Conventional breeding
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Breeding process
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Fig. 5 Incremental benefits of
accelerated breeding methods
over conventional breeding
approach at 1% (yellow), 5%
(orange), and 10% (blue) dis-
count rates
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Table 2 Incremental benefits (in million USD) of adopting different breeding schemes (with “n” year reduction) revealed by meta-analysis

SL.No Crop/tech-  Discount Benefitsin  Incremental benefits (imputed) References
nology rate conventional
method Shuttle DH/RGA Speed SpeedGS SpeedGS + Speed-
(reported) breeding n=3) breeding (n=5) DUS (n=6)
(n=2) (n=4)
1 Wheat 0.05 843.20 86.43 132.91 181.71 232.96 286.77 Barkley and
Reno (1997)
2 Bt Rice 0.05 618.80 63.43 97.54 133.36 170.96 210.45 Mamaril
(2002)
3 Upland rice  0.04 289.18 23.60 36.11 49.12 62.65 76.72 Pardey (2004)
4 Golden Rice 0.03 51.75 3.15 4.80 6.50 8.24 10.04 Zimmermann
and Qaim
(2004)
5 Rice 0.05 30323.97 3108.21 4779.82 6535.01 8377.95 10313.05 Fan et al.
(2005)
Rice 0.05 69491.02 7122.83 10953.52 1497575  19199.09 23633.59
6 Rice 0.05 50.55 5.18 7.97 10.89 13.97 17.19 Singh et al.
(2005)
Cold-toler-  0.05 91.82 9.41 14.47 19.79 25.37 31.23
ant rice
7 Golden Rice 0.03 5087.50 309.83 471.75 638.53 810.31 987.24 Stein et al.
(2006)
8 Rice 0.05 454.86 46.62 71.70 98.03 125.67 154.70 Jaroen-
sathapornkul
(2007)
9 Drought 0.05 0.41 0.04 0.06 0.09 0.11 0.14 Gautam (2009)
tolerant
rice
0.05 0.89 0.09 0.14 0.19 0.25 0.30
0.05 0.90 0.09 0.14 0.19 0.25 0.31
10 Rice 0.05 3001.40 307.64 473.10 646.82 829.23 1020.76 Brennan and
Malabayabas
(2011)
0.05 7894.51 809.19 1244.37 1701.32 2181.11 2684.89
0.05 11129.16 1140.74 1754.23 2398.40 3074.78 3784.98
11 Rice 0.05 859.31 88.08 135.45 185.19 237.41 292.25 Raitzer et al.
(2015)
0.05 2132.43 218.57 336.12 459.55 589.15 725.23
0.05 10655.30 1092.17 1679.54 2296.28 2943.86 3623.82
12 Wheat 0.05 5.35 0.55 0.84 1.15 1.48 1.82 Asadi et al.
(2017)
0.05 4.99 0.51 0.79 1.08 1.38 1.70
0.05 11.11 1.14 1.75 2.39 3.07 3.78
13 Frost toler- ~ 0.05 3510.21 359.80 553.30 756.47 969.81 1193.81 Mushtagq et al.
ant wheat 2017)

directly proportional to the number of years of breeding
cycle reduction (Fig. 5). Maximum incremental benefits
were achieved in speed breeding techniques integrated
with GS and DUS. Future economic assessments must
include the cost incurred in each breeding methods to
assess their economic benefits.

Low-cost, field-based speed breeding system
developed at PAU, Ludhiana, Punjab, India

PAU is the prestigious agricultural university in India, which
is devoted to helping millions of farmers to grow nutri-
tious crops through research and developments. Being the
"Mother of the green revolution," PAU has been dedicatedly
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engaged to solve the challenges encountered in the farmers
field since its establishment. However, fast-evolving diseases
and pests (Ex., wheat rust and blast), fluctuating climates
(heat and drought), and rising population force us to adopt
innovative, science-based technologies to accelerate crop
improvement. Having discussed above the studies that led
to the development of the speed breeding technique as a
potential tool to cut the generation time, we describe the
research to implement this system to the needs of a wheat
breeding program at PAU Ludhiana, India (Fig. 6).

Early sowing in germination trays (at the end of Sep-
tember) under controlled temperature (~ 16 °C) is the first
step of our field-based speed breeding protocol. Field trans-
planting of 15 days old seedlings (at two-leaf stage) during
mid-October demands special care for irrigation, weeding,
pest and disease control as they grow in unfavourable sea-
sons. Depending on the intensity and persistence of cold in
the early months of winter, plants confront anthesis at the
end of November or at the first week of December, which
means they are ready for harvesting at 15-20 days after
flowering (first generation). Following the artificial dry-
ing of spikes (at 37 °C for four days) and giving the cold
shock (at 4 °C for two days), seeds will be ready for the next
sowing (i.e., end of December or early January). December

planting commences flowering in the hot months (i.e., March
or April), necessitating frequent irrigation to alleviate the
thermal effects. High temperature coupled with frequent irri-
gation hasten the crop growth and brings maturity by the last
week of April to the first week of May (second generation),
which is an appropriate time to sow wheat in Himalayan
foothills in Keylong, Lahaul-Spiti, Himachal Pradesh (third
generation).

The field-based speed breeding protocol helped to har-
vest three generations (two in Ludhiana and one in Keylong)
of wheat in a year without demanding expensive growth
chambers and greenhouses, which are mostly unaffordable in
many developing and under-developed countries (O’Connor
et al. 2013). In this protocol, segregating generations are
consistently experiencing the challenges encountered in
the field, which provides the additional benefit of not los-
ing superior genotypes in the later generations (due to ‘field
shock’) (Saxena et al. 2019). Since there are no space restric-
tions as in growth chambers, our protocol favours the simul-
taneous advancement of large numbers of crosses (about
30-40 crosses involving different combinations), which is
impossible in speed breeding chambers. Further opportuni-
ties to improve the protocol to achieve an additional genera-
tion (i.e., 4 generations in a year) by implementing embryo

Parents will be grown in main
Parent A X Parent B season and crossing will be done
i to produce F, seeds
F, > F, seeds will be sown in ] Frist
l Keylong to harvest F, seeds] generation
Third
generation F Early sowing in trays 28" September
in Ludhiana lz ~200 F, plants — ~16°C
Sowing < F ) v ) L
End Dec/ mid Jan 3 Field _, 12"Oct. — Light irrigation
| transplanting 2 leaf stage
Harvesting ¢ ' . Seconfl
End Apr./early May Anthesis — Nov.or — Pests and insects| generation
| early Dec. Proper weeding in Ludhiana
Ready for next sowing
in Key|ong Harvesting — 15-20 DAP
!
Need Changes in the Avrtificial drying — 38 ° C for 4-5 days
protocol due to genotypic !
differences and it may be Cold temperature — 4 °C for 2 days
improved to achieve four shock
generations per year. Next sowing

Fig. 6 Field-based, low-cost, speed breeding protocol developed by PAU, Ludhiana for generation advancement in wheat
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rescue or immature seed harvest (Raz et al. 2001) provided
with lighting facilities can be exploited. Plant breeders with
limited resources can benefit by adopting our field-based,
low-cost speed breeding technique to advance segregating
generations and achieve a higher genetic gain.

Challenges and future prospects

Speed breeding techniques offer an excellent opportunity
to accelerate the breeding process by reducing generation
time. Besides their potential applications, the technique has
certain limitations, as others do. These includes: (i) lack of
trained breeders to handle the growth chambers; (ii) lack of
financial and infrastructure facilities; (iii) inadequate elec-
tricity and water sources; (iv) requirement of genotype and
species-specific protocols; (v) inadequate phenotyping; and
(vi) probable loss of superior genotypes in growth chambers
or/and while transferring in to the field.

Growth chambers supplied with electricity (to control
temperature and lighting) make the speed breeding units
unaffordable for many researchers. Greenhouses (Watson
et al. 2018) or refrigerated shipping containers (Chiurugwi
et al. 2019) fitted with energy-efficient lighting (low-cost
LEDs) and temperature control systems (i.e., inverter-based
air-conditioners) supplemented with solar power can be
utilized in the less resourced countries. Regional research
stations and agricultural universities must collaborate with
national and international organizations to gather resources
and build speed breeding infrastructures. In addition, gov-
ernments need to regulate their policies and practices to real-
locate funds to train the plant breeders and to establish speed
breeding units.

Since each crop species and their genotypes are unique
in growth and development, currently devised speed breed-
ing protocols are not for all crop species. Researchers must
devote resources towards establishing species or genotype-
independent speed breeding protocols by optimizing grow-
ing conditions such as light, temperature, and growing media
(Jdhne et al. 2020).

Shorter generation time keeps the breeders busy in pre-
paring seed material, sowing, and harvesting. In the mean-
time, they cannot perform for trait selection. Introducing
high-throughput phenotyping specialist equipment’s, such
as drones fitted with cameras and other sensors, into speed
breeding units permit multi-trait phenotyping (speed-phe-
nomics) (Hickey et al. 2019). In addition, speed breeding can
also be integrated with genomic tools, such as MAS (Speed-
MAS), MABC (Speed-MABC), MARS (Speed-MARS), and
GS (Speed-GS). These genomic tools circumvent laborious
phenotyping and facilitate multi-trait selection under growth
chambers (Hickey et al. 2019).

Elevated temperatures and extended photoperiods may
reduce the population size, resulting in the loss of valuable
genetic variability required for later generation selection
(Saxena et al. 2019). Field transfer of speed-bred advanced
breeding lines may experience a sudden ’field shock,” which
may further reduce the size of the breeding population or
may eliminate the superior genotypes. It can be overcome
by growing the generations alternatively in the field (in the
main season) and speed breeding units (in the off-season).
Though it may not fully exploit the speed breeding tech-
nique, but there will be the benefit for field adaptive traits.

Conclusion

Growing human population and changing climatic condi-
tions demands for the accelerated crop improvement to meet
the world’s food requirement. Speed breeding accelerates the
breeding process by reducing generation time and, thereby,
helps to harvest multiple generations in a year. Integration
of speed breeding with other breeding tools, such as high-
throughput phenotyping, MAS, GS, MABC, MARS, muta-
tion breeding, and genome editing may further accelerate
the genetic gain per unit time. A field-based, low-cost, speed
breeding protocol developed by PAU, Ludhiana, may help
breeders to harvest at least three generations of wheat in
a year without demanding the expensive greenhouses or
growth chambers.
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