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Abstract

The development of homozygous pure lines in wheat requires more than 3 and
6 years with and without offseason facilities. The traditional way of generation
advancement is time-consuming, laborious and high-cost task. In recent times,
advances in understanding the plant physiology and response of plants to differ-
ent photoperiod regimes have helped breeders to adopt rapid generation advance-
ment (RGA) protocols. These protocols have enabled the rapid generation of
homozygous lines with more number of crop generations per year while enhanc-
ing the rate of genetic gain. Breeding strategies such as marker-assisted backcross
breeding (MABB) and genomic selection (GS) can be easily integrated with RGA
technology to develop stress-resilient modern wheat varieties quickly and effi-
ciently. Generally, standardized protocols of doubled haploid (DH) technology
and speed breeding are available and can be employed to reduce the time required
to achieve homozygosity and develop a cultivar in wheat. In this chapter, we
discuss different RGA protocols, their adaptive costs and limitations for success-
fully applying these strategies for accelerated breeding and maximization of
genetic gain through an increased number of generations per year.
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71 Introduction

According to the United Nations (UN) estimate, the global human population will be
approximately 10.0 billion by 2050 (Yadav et al. 2018). The growing population and
climate change have escalated global food security concerns. Additionally, land
shrinkage for crop production due to environmental reasons and anthropogenic
factors such as rapid urban and commercial development warrants the need to
produce more crops per unit area. Besides fulfilling the food demand of the growing
human population on planet earth, the science of plant breeding plays a pivotal role
in adapting cropping systems under changing climate scenarios. The conventional
breeding techniques demand colossal time and efforts to result in a successful and
popular crop cultivar.

Wheat (Triticum aestivum L.) is one of the major food crops grown and consumed
worldwide (Yadav et al. 2021). Conventional wheat breeding programmes globally
have significantly delivered numbers of improved varieties with superior grain yield
and resistance against various stresses in the past 100 years. However, in the present
context, the progress achieved through conventional breeding looks slow, owing to
lengthy breeding cycles, which often take approximately 10 years from cross to
variety release. Despite increased wheat production due to bumper yields of the crop,
which is achieved with fertilizer-responsive high-yielding wheat cultivars, the
research community is far behind the target as far as wheat improvement is
concerned. The current mean annual genetic gain in wheat has been around 1%,
whereas the requirement is increasing by 1.7% annually. Therefore, 1.0 billion
tonnes of wheat have to produce by 2050 to meet the target wheat requirement
(Tadesse et al. 2019). At this juncture, rapid breeding cycles can play a crucial role in
enhancing genetic gain by hastening the development and release of wheat cultivars
with superior yield, stress resilience and quality traits.

Rapid generation advancement (RGA) techniques have been developed in many
crops to quicken the breeding cycles and breeding advancement (Bhattarai et al.
2009; Depauw and Clarke 1976; Gaur et al. 2007; Ishigaki 2010; Rizal et al. 2014;
Wang et al. 2011). The RGA technique was first proposed by Goulden (1939).
Grafius (1965) suggested some modifications for the existing protocols, and subse-
quently, the most recent application of it in new form was proposed as ‘speed
breeding’ (Watson et al. 2018). The time requisite in variety development depends
on the number of cropping seasons required to create homozygous and stable
genotypes followed by crossing two parents. In wheat, if only one crop generation
is produced a year, it takes seven to nine cropping seasons or years to create
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homozygous lines after hybridization. Therefore, production of doubled haploids
(DH) and employment of rapid generation advance (RGA) methods are most
common contemporary tools being practiced in reducing the number of years
required to produce stable homozygous lines and to develop cultivars in a short
period. Many crops have utilized these procedures to fast-track the breeding cycles
and achieve genetic improvement in less time. RGA approaches also significantly
reduce the harvest time of crops to speed up the agricultural research to ensure better
food production to deal with the increasing population pressure. Application of new
protocols called ‘speed breeding’ (Atlin et al. 2017), which has been designed to
accomplish up to six wheat generations in a single year (Watson et al. 2018).
Therefore, furnishing as an advantageous mechanism in minimizing the duration
of breeding cycles (Alahmad et al. 2018). This technology involves the generation of
complete plants by sowing immature seeds harvested at physiological maturity
under controlled conditions. RGA methods enhance the genetic gain rate by reduc-
ing the time between the crop to crop and with accelerated selection cycles. In
addition, the number of phenotyping methodologies was reshaped to the speed
breeding system and has been expanded to permit the characterization and selection
for crucial traits in wheat. For example, seminal root phenotyping for drought
tolerance (Richard et al. 2015), grain dormancy for tolerance to pre-harvest
sprouting and disease resistance traits like adult plant resistance (APR) to leaf rust
(Hickey et al. 2011; Alahmad et al. 2018), stripe rust (Riaz et al. 2016), yellow spot
(Dinglasan et al. 2016) and crown rot (Alahmad et al. 2018) in bread wheat. In
comparison to pedigree/bulk breeding methods, RGA protocols are much easier and
effective as they do not involve selection and maintenance at every generation. As
most of the RGA protocols are designed to undertake under a controlled environ-
ment, thus the risk of local harsh weather conditions could be eliminated in achiev-
ing the target of generation advancements. RGA provides additional advantages in
terms of space as we employ the single seed descent (SSD) method of generation
advancement, which uses a single seed per plant and less time to generate the next
immediate generation of seeds. In RGA, selections are not practiced in the early
generations (F,-F,4) of segregating populations, which saves time and avoids any
risks of losing valuable genotypes, possessing unfavourable linkages. Here in RGA,
the early generations are developed under controlled greenhouse conditions, which
are very equipped with breeders. Subsequently, the advanced stable generations (Fs-
F¢) are evaluated under field conditions for the agronomic and other physiological
traits. The rapid breeding methods help in deploying crop improvement strategies
with much more efficiency on a pilot basis at the regional research centres to fasten
the breeding progress. Further, the integration of contemporary crop breeding
techniques with RGA methods helps to overcome the limitations of varying
photoperiods and adverse seasonal changes associated with field conditions with
mere or no losses of breeding germplasm.
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7.2 Importance of Rapid Breeding Cycles in Wheat

Wheat is affected by various biotic stresses comprising of diseases caused by fungi,
bacteria, viruses, nematodes, etc. and insects pests. Among the biotic stresses,
diseases caused by fungi are very critical to achieve the potential yield of newly
bred wheat cultivars. These diseases pose hurdles in the realization of the maximum
yield output. The major diseases are rusts, powdery mildew, foliar blights and
upcoming blast disease, whose impact on wheat production is well established
(Figueroa et al. 2018). Rust diseases constitute the highest economically important
fungal diseases of wheat and have a wide distribution in wheat-growing regions
across the globe Babu et al. (2020). Norman E. Borlaug famously and appropriately
said, ‘rust never sleeps’, which means rust pathotypes continuously evolve. A
constant vigil on their occurrence at the global level and continuous breeding efforts
are needed to be one step ahead of these rust pathogens. These pathogens can
transform themselves into new races, biotypes or variants, which can evolve in a
short span of time. Therefore, the rapid breeding cycles support the wheat breeding
against such type of ever-evolving rust pathogens through rapid generation advance-
ment. Rapid screening under control conditions using speed breeding can be a
possibility in a short time. The six generations of disease-resistant material can be
achieved in a single year through screening against rust using rapid breeding cycles.
Against leaf rust of wheat, 15 genotypes were tested at Wellington under field
conditions and speed breeding. There were not many differences in the disease
reaction patterns in susceptible and resistant cultivars under both conditions. But
these accelerated breeding cycles with the technology of speed breeding hastened the
screening process and can enable the development of resistant cultivars.

New biotic stresses in crops have appeared across the globe during the last few
decades intimidating food safety and security. Till date, diseases and pathotypes of
exotic origin such as the Ug99 race of wheat stem rust and blast of wheat are not
reported from India, which can be noted as a remarkable success of our wheat
researchers and policymakers working under the aegis of India’s National Agricul-
tural Research System. Apart from the Ug99 race of stem rust, the blast is another
emerging disease in wheat caused by Magnaporthe oryzae pathotype Triticum
(MoT). Since its first report in 1985 from the Parana state of Brazil, the wheat
blast has spread to different countries and reached Bangladesh in Southeast Asia in
2016 (Mottaleb et al. 2018). Although the anticipatory breeding efforts are going on
prior to the occurrence of wheat blast disease in the country. Nevertheless, speed
breeding that enabled rapid breeding cycles may support the screening of potential
genotypes against wheat blast disease under anticipatory breeding programmes at
different sites in the countries where this disease exists. The ever-evolving pathogens
like Magnaporthe oryzae pathotype Triticum (MOT) can push back by utilizing
rapid breeding cycles, which allow six wheat generations in a single year and hasten
the disease resistance breeding. However, handling of pathogenic inoculum, rapid
inoculum multiplication, inoculations and latent period required for symptom
expression under screening are to be tested on a wider scale for better adaptability
of rapid breeding cycles in wheat resistance breeding programmes.
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7.3 Maximizing Genetic Gain Through RGA

Genetic gain is an improvement in the mean trait value within a population over
breeding cycles as a response to selection (Crespo-Herrera et al. 2017). The disparity
in the realized genetic gain across the world could be due to germplasm nature, crop
duration, agronomic practices, prevailing weather conditions, soil and many other
factors. However, developing advanced crop cultivars through improving several
agronomic traits has ever been the major reason to increase the genetic gain via grain
yield productivity enhancements. Genetic gains have primarily been studied by
systematic evaluation of historical varieties released over different points of time
(Beche et al. 2014). In wheat, a shorter duration findings have estimated more than
1% genetic yield gain per year (Underdahl et al. 2008).

More interestingly, the generation cycle (L) is the single parameter in the
denominator of the breeder’s equation for estimating genetic gain. Thus, the expo-
nential increase in genetic gain would be possible by manipulating the time factor
compared to other factors such as additive variance, additive genetic variation within
the population(s,), selection intensity(i) and selection accuracy (r) in the genetic
gain equation. Eberhart (1970) later introduced the ‘L’ into the denominator as a way
to evaluate efficiency by expressing the response to selection as change over time.

Genetic gain (AG) = (o,)(i)(r)/L

This equation keeps its importance in any crop breeding programme. The quan-
tum of improvements is measured in terms of few parameters that the breeder can
manipulate to gain maximum in important economic traits. The application of RGA
methods in breeding programmes is found to be very much essential in achieving
genetic gains, very quickly and efficiently, by reducing the °‘L’. Knowing the
complexity of crop breeding programmes, in understanding genetic and phenotypic
information to carry out selections, there is a need to incentivize the breeding teams
for better exploitation of parameters deciding the genetic gains. Among the
parameters in the breeder’s equation, the generation cycle is the simplest to perceive,
economical to deploy and the very potent parameter for enhancing the genetic gain.
The generation cycle involves recycling of breeding materials from advanced
segregating materials into the crossing block when the breeder determines that the
genotype is over-performing than the average breeding value of the individuals in
the population. The breeding values are usually estimated as genomic estimated
breeding value (GEBV) using advanced estimates predicted from genomic selection
models.

The most preferred way to increase the genetic gain is to reduce the generation
cycle time without altering the growth and development of the crop plants. In wheat,
it takes an average of 9-10 years to come out with a commercial wheat cultivar
(Atlin et al. 2017). After the development of the variety, it takes a longer time in its
commercialization and spread, which hinders in achieving the maximum genetic
gains in any breeding programmes. The vernalization requirement of winter wheat to
enter into flowering stage is very well-known phenomenon, and the same adds to the
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prolonged cycle time of wheat (Davidson et al. 1985; Evans 1987). Many recent
studies showed exciting findings that long exposure to cold temperatures has
drastically reduced the cycling time in wheat (Watson et al. 2018). This strategy
can be readily applied in wheat to reduce the cycle time and enhance the genetic gain
as described in the breeder’s equation.

As discussed earlier, though accelerating generation cycles will be the best
approach to enhance the genetic gains, it has been very much underexploited by
global breeding programmes across the world. The plant breeders emphasize the
other three parameters of the breeders’ equation, namely, heritable additive genetic
variance, selection intensity and selection accuracy. Though these are very effective
in the first few breeding cycles, they cause diminishing gains, leading to increased
costs and decreased efficiency. A linear increase in heritability is an almost impossi-
ble task, and it does not increase the genetic gains linearly. The other two factors,
selection accuracy and selection intensity, need a larger population size and come
with higher cost investments in larger field trials and more replications to effectively
reduce the amount of genetic gain achievable from the breeding materials. The
impact of short breeding cycles in most breeding programmes is much greater than
heritability or reduced selection proportion of breeding materials. Compared to the
pedigree method, most RGA methods reduce the cultivar development time to
3—4 years, and there is still an opportunity to reduce the generation time to 1 or
1 0.5 years in many of the cereals and legumes. This can be achieved if the crop of
interest is not very much sensitive to photoperiod and does not have specific
photoperiod requirements. It is very common in many breeding programmes that
the parents are selected only when they are completely stabilized and homozygous,
which lengthen the breeding cycles. There are many approaches available wherein
breeding values estimated on non-inbred individuals are considered and used as
parents to maximize the genetic gains. Any typical breeding programme with an
offseason facility would take two seasons a year and generate fixed lines in 3 years
before taking up yield trials in the larger plots and multi-locations. Then the parents
are selected among these better performing lines, and they would be cycled into the
crossing blocks.

More typically, as well as understood phenomena, breeding cycles could be
accelerated by carrying out selections in early generations of selfing, and the selected
can be used as parents instead of waiting until later stages of fixation of lines. This
will not only save time; it will also improve the breeding value of the population to
develop better cultivars. As proposed by many workers, the recurrent selection is
entirely based on crossing among individuals in the early generations of breeding
and developing diverse lines instead of obtaining highly homozygous lines. In most
recent times, invention of useful platforms like GS has greatly contributed in
selecting parents based on the GEBVs, but still, experiments have to prove its
effectiveness in estimating correct breeding values. Overall, recent advancements
in achieving more generations in a year and fast-tracking the breeding programmes
have shed a ray of hopes in maximizing genetic gains across the crops.
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7.4  Accelerated Breeding Technologies in Wheat
7.4.1 Doubled Haploidy (DH)

With the availability of inadequate natural resources, land and water, and climate
change-mediated stresses, the yield of staple food crops needs to be increased over
time. Continued genetic gain in these major food crops requires innovative breeding
technologies like doubled haploid (DH) technique which can significantly shorten
the breeding cycles along with maintaining the genetic gain. Using DH strategy, the
breeding process can be shortened to about 67 years, and rapid development of
homozygous lines can be achieved instead of six to ten generations of inbreeding
(Fig. 7.1; Prigge et al. 2012) which is a significant innovation to speed up varietal
development (Dunwell 2010). Doubled haploids in wheat can be induced through
anther culture and wide hybridization. However, it has commonly been experienced
in recent years that the wheat x maize system of haploid induction is an effective and
versatile tool among the available methods involving chromosome elimination.
Major wheat breeding programmes in the world like CIMMYT, ICARDA and
PBI Sydney regularly utilize DH strategy in their wheat breeding programmes for
genetic studies of economically important traits like rust resistance, nutritional
quality, etc. Several countries, namely, China, Canada, France, Hungary and
Romania have already released several wheat varieties developed through DH origin
(Tadesse 2013). The wheat x maize DH production strategy is an integral part of the
wheat breeding programme of Australia, which is dominated by two major
companies, namely, Australian Grain Technology Pty. Ltd. (AGT) and Longreach
Plant Breeder (Kuchel et al. 2005). Longreach came up with a wheat variety in 2016
named ‘Longreach Reliant’, developed through wheat x maize DH strategy. Public
institutions in Australia like Plant Breeding Institute, University of Sydney, South
Australian Research and Development Institute and Department of Agriculture and
Food, Western Australia, have also employed this technique in their wheat breeding
programmes for basic and applied research. In USA, wheat varieties ‘Bond CL’ and
‘Gallagher’ were developed in 2004 and 2012 by Colorado State University (Haley
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Fig. 7.1 Rapid development of homozygous wheat lines through DH strategy
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et al. 2006) and Oklahoma State University using wheat x maize crosses. In Japan,
the DH wheat cultivar ‘Sanukioyume-2000" was developed through wheat x maize
system (Yuichi et al. 2002).

In Canada, 12 years after the release of the first wheat DH variety, 27 wheat
varieties were released that were developed through wheat x maize crosses approach
at wheat breeding centres of Universities of Saskatchewan, Agriculture and Agri-
food Canada and Manitoba (DePauw et al. 2011). Another widely used high protein
variety, ‘Lillian’ having the gene Gpc-B1/Yr36, was also a product of DH technol-
ogy (DePauw et al. 2011). In India, during the year 2015-2016, two DH lines
PBW751 and PBW755 developed by Punjab Agricultural University, Ludhiana,
were tested under National Initial Varietal Trials in a coordinated programme
(Srivastava and Bains 2018). India’s first wheat DH cultivar, ‘Him Pratham’, was
bred at Himachal Pradesh Agricultural University, Palampur, through wheat X
Imperata cylindrica crosses (Chaudhary et al. 2014), and was released in 2013.
Integration of the DH technology combined with marker-assisted breeding can also
effectively expedite wheat improvement programmes. In conclusion, wheat x maize
DH production strategy offers an opportunity for rapid development of homozygous
lines through accelerated breeding and therefore is reflected in the release of so many
wheat varieties from major wheat breeding programmes across the globe.

7.4.2 Shuttle Breeding

Shuttle breeding refers to raising two or more crop generations in contrasting
environments to shorten the breeding cycle and advance the generations. Shuttle
breeding was initially employed at the International Maize and Wheat Improvement
Centre (CIMMYT) by Norman E. Borlaug (Borlaug 1968). CIMMYT had identified
two sites for shuttling their breeding material, namely, the Toluca station (19°N
latitude, 3660 m ASL), which is in the state of Mexico, and Ciudad Obregon station
(27.50N latitude, 40.8 m ASL) in the state of Sonora, in Mexico. These Toluca and
Obregon stations have diverse climatic conditions with respect to rainfall, tempera-
ture and photoperiods. These differences in climatic conditions allow various
diseases to infect wheat and help in an efficient screening of breeding material
against them. This shuttle breeding not only helps in reducing the breeding cycle
time by half but also aids in developing climate-resilient, widely adapted wheat
germplasm in a limited time. Researchers at CIMMY T routinely use shuttle breeding
to identify disease-resistant, water and resource use efficient, heat-tolerant, high-
yielding and better end-use quality lines to be supplied to international partners in the
form of nurseries. With regard to shuttle breeding programme of CIMMYT in
Mexico, segregating populations are grown in two environmentally contrasting
sites. The Ciudad Obregon site is fertile and sunny suitable for identifying high-
yielding lines grown under irrigated conditions. At this site, lines are also tested for
water use efficiency, heat tolerance, leaf and stem rust infection and end use quality
traits. The Toluca station has a cooler and high land environment with high humid-
ity. These climatic conditions favour efficient screening of breeding material against
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stripe rust, Septoria tritici blotch (STB) and fusarium. At Cd. Obregon, planting of
wheat is done in the month of November, and harvesting is carried out in the month
of April or May. On the other hand, at the Toluca site, planting is done in May/June,
and the produce is harvested in the month of October. The segregating material is
routinely shuffled between these two sites, making it a useful approach for selecting
the lines and studying the inheritance of simplex or complex traits at a relatively low
cost. The CIMMYT wheat breeding programme has also extended its shuttle
breeding facility at the Njoro station in Kenya to screen wheat germplasm for
resistance against Ug99 and other variants of stem rust. Every year thousands of
wheat breeding lines from many countries are screened at this site against the deadly
Ug 99 stem rust race.

The wheat genetic enhancement programme at International Centre for Agricul-
tural Research in the Dry Areas (ICARDA) also utilizes a shuttle breeding
programme for developing wheat germplasm lines suitable for rainfed and irrigated
ecologies throughout the world. For spring bread wheat, a shuttle breeding approach
involving the winter-summer cycle at Terbol station (34° N; 36° E, 900 m ASL) in
Lebanon, winter cycle at Merchouch station (33.6° N; 6.7° W, 430 m ASL) in
Morocco, the Sids station (29° N; 31° E, 32.2 m.a.s.l.) in Egypt and the summer
cycle at the Kulumsa station (08° N; 39° E, 2220 m.a.s.l) in Ethiopia is being
followed (Tadesse et al. 2019). ICARDA has established germplasm phenotyping
facilities in partnership with national programmes of the above-mentioned countries.
In this context, Merchouch station is utilized for screening against stripe rust,
Septoria, Hessian fly resistance and drought tolerance. The Sidi Alydi stations in
Morocco are being used for terminal drought stress; Sids station in Egypt for yield
potential; Izmir station in Turkey for SRT and APR screening against rust;
Wadmedani station in Sudan for heat tolerance; and Kulumsa station for stem and
stripe rust, Septoria blotch and Fusarium blight (Tadesse et al. 2019).

The Indian wheat breeding programme was initiated around 1905. However, till
1962 the pace in developing improved varieties was slow. The varieties developed
during these 60 years were tall with weak stems and were unsuitable for intensive
agriculture (Smale et al. 2008). After the onset of the ‘Green revolution’, semi-
dwarf, lodging tolerant, disease-resistant, fertilizer-responsive genotypes were
developed. During this period, the regional station of ICAR-Indian Agricultural
Research Institute, at Wellington, was effectively utilized for shuttle breeding
purpose. The seeds of imported Mexican varieties (Sonora 64, Lerma Roho) were
multiplied at JARI-Wellington during 1964-1965 (SMS Tomar personal communi-
cation). After this, this station was regularly utilized for generation advancement and
screening breeding material against leaf and stem rust. After the harvest of wheat in
the month of April/May (winter season), the sowing is immediately taken (May/-
June, off-season) at IARI- Wellington station, and the breeding material with one
generation advanced is made available in the month of October for planting at main
season again. This station is now providing space for many major wheat breeding
centres for screening their breeding material against rusts, powdery mildew, fusar-
ium head blight and generation advancement (Fig. 7.2).
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Another important shuttle breeding facility is provided by the regional station of
ICAR-Indian Institute of Wheat and Barley Research at Dalang Maidan, Lahaul
Spiti, Himachal Pradesh. This station is regularly utilized for screening the breeding
material against stripe rust, generation advancement and making corrective crosses.
Major institutes working on wheat improvement programmes in North India like
ICAR-TARI New Delhi, ICAR-IWBR Karnal, CCSHAU Hisar, ICAR-IARI
Shimal, HPKV Palampur, GBPUAT Pantnagar, etc. are utilizing this station as an
off-season nursery (Fig. 7.2). These two stations working with major wheat breeding
centres are playing an important role in assisting the breeding of improved wheat
varieties with resistance to many biotic stresses.

7.4.3 Speed Breeding

The development of cultivars with conventional generation advancement procedures
requires several years after the crossing of selected parental lines. The four to six
generations of inbreeding are typically required to have the advanced stable lines for
evaluation of grain yield and agronomic traits (Watson et al. 2018). This is even
time-consuming for wheat having the off-season generation advancement through
shuttle breeding with two generations per year. Globally, shuttle breeding in wheat
improvement has been effectively utilized over the past decades, and the pace of
yield gain has remained at par with the rising wheat demand. However, by 2050,
crop production including wheat needs to double to fulfil the projected good grain
requirement resulting from population growth, diet shifts and increasing biofuel
consumption (Ray et al. 2013). Globally, the grain yield of wheat was increased by
0.9% per year, non-compounding rates, which is less than the required growth rate,
i.e. 2.4% per year to double production by 2050 (Ray et al. 2013). Further, the
presence of the narrow genetic base of breeding stocks is also a tremendous
challenge to achieve the required growth rate of 2.4% per year. At the current growth
rate of wheat production, global production would increase by only 38%, which
would fall very short to meet projected demand. Therefore, the accelerated genetic
gain of grain yield is the utmost requirement to meet the projected demand and save
millions of people from hunger and starvation. The breeders’ equation clearly shows
that genetic gain can be enhanced by increasing the selection intensity, accuracy and
additive genetic variance and shortening the breeding cycle. Tweaking selection
accuracy and intensity can lead to minor improvements in genetic gain; however,
shortening the breeding cycles per year would be very useful to boost the rate of
genetic gain substantially (Li et al. 2018). From the equation, it is well evident that
genetic gain can be double if the breeding cycle is reduced to half while maintaining
the other factors like selection intensity, heritability and additive genetic variance as
such. The shortening of breeding cycles per year can be accomplished by shuttle
breeding and speed breeding under controlled artificial conditions.

In speed breeding, environmental conditions for crop growth are artificially
manipulated under fully enclosed, controlled environment growth chambers aiming
to accelerate flowering and seed set to advance to the next breeding generation as
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quickly as possible. The research and findings related to speed breeding are not of
recent time; the systematic findings had been reported back to the year 1880.
Siemens (1880) reported the effects of continuous light on the growth of quick-
growing crops such as mustard, carrot, beans, cucumber and melons. Since then,
research work on deciphering the effect of artificial environment on plant growth and
development and improvement in LED technologies have been carried out (Pfeiffer
1926; Arthur et al. 1930; Bula et al. 1991; Darko et al. 2014; Stutte 2015). The first
dwarf wheat variety, ‘USU-Apogee’ suited for rapid cycling under controlled
conditions, was developed by NASA and Utah State University (Bugbee and
Koerner 1997). However, the term ‘speed breeding’” was coined by researchers at
the University of Queensland after getting inspiration from NASA in 2003. The
systematic and very efficient protocol of speed breeding in wheat was designed by
the researchers of the same organization (Watson et al. 2018; Ghosh et al. 2018).
This technique requires the crop-specific optimal quality light, light intensity, day
length and controlled temperature to speed up photosynthesis and flowering, which
is coupled with early harvest of seed to shorten the generation time (Hickey et al.
2019). It is appropriate for variable germplasm and does not necessitate specialized
laboratory facilities for in vitro culturing (Hickey et al. 2019). Speed breeding is a
highly adaptable platform to achieve rapid generation advancement, where up to six
generations per year can be achieved in bread wheat and durum wheat (Watson et al.
2018). The basic purpose of speed breeding is to develop the panel of homozygous
lines with sufficient diversity retention after crossing parental lines as early as
possible. Therefore, it would be very useful in accelerating the wheat improvement
programme through faster generation of populations and adult plant phenotyping for
specific traits (Watson et al. 2018) and identification of genomic regions associated
with traits of interest. This technique would be very useful in harnessing the diversity
present in gene banks by an integrated approach using a combination of speed
breeding and genomic selection that could accelerate gene bank mining (Li et al.
2018). Speed breeding can be effectively integrated with novel breeding strategies
like genomic selection to enhance the genetic gain per unit of time and multiplex
genome editing with CRISPR-Cas9 tool for large-scale genome re-writing (Li et al.
2018) to understand the complex biochemical pathways and/or improvement of trait
of interest. In Australia, the first spring wheat variety, i.e. DS Faraday, was released
in 2017 after discovering new sources of resistance and genomic regions linked with
DNA markers in the Vavilov wheat collection (Riaz et al. 2017).

7.4.4 Marker-Assisted Backcrossing

In marker-assisted backcross breeding (MABB), initially genomic regions
associated with a trait of interest are identified with the QTL mapping approach
utilizing the mapping population developed either from bi-parental crossing or
natural population having sufficient variability for a trait of interest (Gaikwad
et al. 2020). MABB is quite effective in transferring traits controlled by few genes
and having a large effect on the phenotypic appearance of the target trait. In
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conventional backcross breeding, at least six to eight backcrosses are required to
completely recover the recurrent parent genome (Collard et al. 2005). This typical
formula, i.e. (2" * '=1)/2" * !, gives the theoretical percentage of the recurrent parent
genome after n generations of backcrossing under no genetic drift (Collard et al.
2005). The recurrent parent genome recovery would be 75% in BC1; 87.5% in BC2;
and 93.8% in BC3; likewise, four to six generations are needed for almost recovery
of recurrent parent genome. However, recurrent parent genome recovery is average
recovery over all individuals of the entire population. Some of the individuals might
be carrying a more percentage of recurrent parent genome than average genome
recovery. For rapid generation advancement and fixation of homozygosity, the
selection of these individuals having high parent genome recovery is crucial. In
this regard, molecular markers are very useful, by which researchers can select the
individuals having the high proportion of recurrent parent genome. As a result,
maximum recurrent parent genome recovery within two to three backcrosses and
the target trait of interest is possible, making rapid generation advancement feasible.
In MABB, tightly linked flanking markers to QTLs or gene(s) of interest and evenly
distributed genome-wide markers from other genomic regions of the recurrent parent
are employed for selection, the introgression of target QTLs and retrieval of recur-
rent parental genome (Collard et al. 2005). Although recurrent parent genome
recovery in MABB largely depends on the number of markers, population size in
each backcross generation and selection strategies (Rai et al. 2018). Frisch et al.
(1999) did the computer simulation study to compare selection strategies with
respect to proportion of the recurrent parent genome recovery, number of marker
data points and population size in each generation for effective introgression. He
observed that increasing population sizes from generation BC; to BC; reduced the
required marker data points by 50% without disturbing the proportion of the
recurrent parent genome recovery. In BC; and BC,, two-stage selection (1. select
individuals carrying the target allele and 2. select one individual which is homozy-
gous for the recurrent parent allele at the maximum number of all markers across the
genome) is superior to three- and four-stage selection because it reaches a larger
recurrent parent genome proportion with given population size. However, suppose
the removal of linkage drag is on high priority. In that case, three-stage (in addition
to two-stage, ‘Select individuals homozygous for the recurrent parent allele at most
flanking markers’) and four-stage (in addition to three-stage, ‘Select individuals
homozygous for the recurrent parent allele at all additional markers on the carrier
chromosome’) selection should be applied. A four-stage selection approach reduced
the required number of marker data points by as much as 75% compared to all
markers across the genome. The shortening of backcross generations, i.e. from six to
three, with the requirement of moderate population sizes and the number of marker
data points, is viable and efficient method to accelerate the breeding program.
MABB can also be very effectively integrated with speed breeding for getting the
maximum output per unit of time in the wheat improvement program.
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7.4.5 Genomic Selection

To enhance wheat productivity, breeders need to use novel breeding strategies which
can boost larger genetic gains in shorter times. The capacity of RGS methods to
ensure the logistical and cost benefits has its own substantial advantages in crop
breeding. The possibility of choosing parents from early generations of breeding
cycles (first or second stage of selfing after hybridization) has largely proved their
benefits in achieving maximum genetic gains. Though an effective combination of
various contemporary approaches in practical crop improvement programmes
remains challenging and requires substantial validation. A recent breeding strategy
termed ‘genomic selection’ (Meuwissen et al. 2001) in crop plants has been studied
carefully by many workers, and the primary advantage it offers is through reduced
cycle time but not the increased accuracy. In its comparison, RGA with much lower
cost involvement has the same capacities as genomic selection allows for more
quickly realized genetic gains with the reduction in generation cycles. These two
tools (GS and RGA) affect important steps in the breeding cycle, including choosing
better candidates through selection and the production of seeds for the next genera-
tion and reducing the length of the breeding cycle with increased genetic gain per
unit of time. Reductions in cycle time due to these methods are useful due to the
more accurate selections and evaluation of homozygous, stable lines in replicated
yield trials, which is not easier in pedigree and bulk methods without a proper
selection and advancement among segregation generations of breeding cycles.

The only major point to be noted when anyone thinks to integrate GS in breeding
programmes is the genotyping of fixed lines, which makes it non-economical. It
could be employed to enhance the number of selection and individual genotypes
with a standard budget provided genotyping is cheap as compared to field
phenotyping. The GS has become an integral part of most wheat breeding
programmes and has proved its effectiveness in accurately predicting yield, quality
and disease resistance traits. Many parametric and nonparametric genomic predic-
tion models with high accuracy have been proposed on specific experimental designs
and data sets. Compared to phenotypic selection, GS contributes to higher genetic
gain with slightly reduced selection accuracy, which is compensated by lowering
breeding cycles (Heffner et al. 2010). Further, in winter wheat, Heffner et al. (2010)
employed and trained GS model in the material developed from Fj5 lines, which are
generated through rapid generation advance (RGA) scheme. The accuracy of geno-
mic predictions relies mainly on the training population, and it needs a larger size of
the population with due consideration to the genetic relatedness of the population
from which individuals are selected. Moreover, higher epistasis in the total genetic
variance would need nonparametric models, and the additive genetic variance can be
easily predicted using parametric models.

The higher genetic gains in any breeding programmes are more profound when
breeding approaches bring rapid changes in the factors affecting genetic gains. It can
be achieved through exploring methods which allow an increase in selection inten-
sity, reduced generation cycles and higher heritability of important traits. The
approaches like RGA and GS could enhance the genetic gains achieved per unit
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area with a positive impact on these factors. GS is very phenomenal in improving the
‘i’ component (selection intensity), and RGA shortens the generation time (L). In
addition to the higher selection intensity and the reduced generation time, these
approaches in combination are more effective in reducing the costs of breeding
programmes. The GS approach would reduce the large-scale field evaluations of
individual lines and allows a larger number of different populations to be tested
(Endelman et al. 2014). Therefore, GS increases the genetic gains per unit time with
lesser costs in the development of new cultivars. Because of phenotyping of only
selected individuals with minimal replication, increase both the accuracy and inten-
sity of selection. Lorenz (2013) and Riedelsheimer and Melchinge (2013) in their
simulation studies confirm that the use of genomic prediction usually led to an
increased response to selection. Before advanced yield testing, selective screening
of genotypes in an early stage of selection with markers linked to few economically
important traits like disease resistance would be advantageous in increasing the
selection intensity (7). But, due to undesirable linkages or correlations between
some of the characteristics evaluated under early generations, it may not be feasible
to select lines based on the early generation testing compared to more advanced
generation testing for traits like yield and quality. The intense selection in early
generations can result in reduced response to selection in addition to selection
intensity and genetic gain. Hence, parallel testing should be done to study the impact
of early generation selection prior to testing of advanced generations on overall
genetic gain for important economic traits.

In conclusion, as genomic selection can be carried out on immature seedlings, it
could reduce the breeding cycle time to a year or even less, and a new generation
cycle can be initiated as soon as the selected candidates reach maturity through rapid
generation advancement. Optimization of resources is also possible as GS reduces
the size from F5 generation onwards. It provides a significant advantage compared to
traditional breeding through increasing the genetic improvement rate by tenfold. The
only prerequisite in the successful integration of RGA and GS is to have an
optimized breeding programme and strategies to reduce breeding cycle time in a
cost-effective way.

7.5 Procedures and Protocols of Rapid Generation
Advancement

7.5.1 Doubled Haploidy (DH)

In wheat, the fixation of target marker loci to stabilize crop yield, stress resilience
and other agronomic traits using traditional breeding techniques would take several
years for continuous inbreeding and selection. Doubled haploid production in wheat
would be the best alternative to facilitate the wheat breeders to achieve line fixation
in a single year and deliver lines with cent per cent homozygosity in a very short
period. There are several strategies to produce DHs in wheat, including interspecific
hybridization, microspore culture and wheat x maize-based crossing system. Among
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Fig. 7.3 Production of DH in wheat: (a) growing maize as a pollen source, (b) wheat in controlled
conditions from synchronization, (c) the emasculated wheat plants, (d) 2,4-D treated ears of wheat,
(e) the ears with caryopses harvested, (f) growing haloid plants under tissue culture, (g) culturing
haploid plants under tissue culture facility, (h) hardening haploid plants under controlled
conditions, (i) tillering in haploid plants, (j) colchicine-treated haploid plants, (k) planting and
hardening colchicine-treated plants and () the production of DH seed on colchicine-treated plants

these, wheat x maize-based system is the easiest and feasible method, which works
on the principle that the chromosomes of maize are eliminated on crossing with
maize which is followed by an embryo rescue technique and doubling of wheat
haploid chromosomes using colchicine (Sadasivaiah et al. 1999; Ushiyama et al.
2007). In wheat doubled haploids were successfully employed in gene/QTL
mapping and GWAS, including several genetic studies (Collard et al. 2005;
Czembor et al. 2003; Trkulja et al. 2012) (Fig. 7.3; Table 7.1).

7.5.2 Speed Breeding

Speed breeding or accelerated plant breeding is a fast-accepting strategy among
plant research groups worldwide to achieve plant generations more rapidly and
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Table 7.1 A simple protocol for DH production in wheat is provided below

Steps
Emasculation of
wheat spikes

Pollination

Application of
2,4-D

Collection of
caryopses

Culturing caryopses

Growing haploid
plants

Colchicine
treatment

Production of
doubled haploids

Stages

Stage
I

Stage
I

Stage

Stage
I
Stage

Stage
I

Stage

Stage
I

Stage

Stage
I

Stage

Stage
I

Stage

Stage
I

Stage
I

Stage

Detailed procedure

Desired ear of the wheat should be medium hard, and anther
colour must be light green to green. Central florets of the
spikelets are cut off, leaving the primary and secondary florets
on the left and right side for better emasculation and seed set
Five to eight spikelets from the central portion of wheat ear
must be used for the emasculation and hybridization. Later the
emasculated spike is closed with crossing bags to avoid any
further pollen contamination

After 2-3 days of emasculation, a pool of fresh maize pollen is
dusted on to the spikelets for pollination. For good fertilization,
it may be done two times between 8.30 am to 12 noon and
2.00 pm to 3.30 pm

After the pollination, cover the spike again with a crossing
paper bag

Twenty-four hours after pollination, a drop of 150 ppm 2, 4-D
needs to be applied using a plastic pasture pipette at the central
portion of two florets.

The spikes should not be covered with crossing bag after 2, 4-D
spraying to avoid any fungal growth

Wheat ears are cut off from the wheat plants 20-21 days after
pollination and are placed in a flask with sterilized water. Later
caryopses are scooped out of florets carefully using forceps,
sterilized and cultured on to the medium on the same day
Full-strength Milton antibacterial soln. 0.95% w/w sodium
hypochlorite equivalent to 1.00% w/w available chlorine is
used for sterilization followed by rinsing three times with
distilled water

The caryopses are cultured on B5 medium in a 30-ml tissue
culture vial

Then keep the tubes in a refrigerator for 2 days at 4 °C,
followed by shifting to a growth chamber maintained at
20-22 °C with 16 h of light for 3 weeks

After 20 days, carefully transfer the haploid plants from tissue
culture tubes into small pots containing hardening soil media
without fertilizer

After 4-5 days, the plants are shifted to a net house for tillering
and establishment

The roots of haploid plants are thoroughly washed and treated
in 0.15% colchicine solution for 3 h. roots are dipped in the
solution up to the crown root level

After 3—4 h, plantlets will be removed from colchicine solution
and are washed thoroughly under running tap water

The plants will then be transplanted in larger pots filled with
soil

After 2 weeks, plants are transferred to a net house and grown at
22-30 °C for production of seeds
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develop varieties at a quicker pace. The procedures followed in undertaking the
speed breeding involve simpler protocols and are easily adopted by research groups
with minimal facilities with congenial environments. Under speed breeding, plants
are grown under controlled greenhouse conditions using optimal light intensity and
required day length and temperature. The conditions provided under these controlled
conditions can accelerate several physiological activities in plants, particularly
photosynthesis and flowering, consequently reducing the generation time. Addition-
ally, speed breeding also allows to accomplish four to six generations per year
instead of two to three generations which can be achieved where offseason facilities
are available or under the controlled conditions. The speed breeding protocols are
well established in some important staple crops and can be referred to Watson
et al. (2018).

7.5.3 Marker-Assisted Backcross Breeding

Plant breeders widely use marker-assisted backcross breeding to transfer gene(s) of
interest into superior agronomic lines. Commonly, those crops with less than two
generations that can be taken in a year would need at least 4 years to develop gene
introgressed lines (NILs). The integration of RGA with the MABB method can
enable the quick genetic fixation of lines through modifying plant’s growth
conditions such that early flowering and seed set is achieved as compared to normal
field conditions. The major benefits of RGA strategies compared to conventional
approaches are speed, technical simplicity, the requirement of fewer resources and
reduced costs. A schematic representation of integrating the RGA and MABB for
simultaneous characterization and introgression of genes is given in Fig. 7.4.

7.6 Conclusion

The rapid breeding cycles are very important in wheat (Triticum spp.), which can be
utilized to achieve superior wheat cultivars with better yield, disease resistance and
nutritional status within the shortest time required from hybridization to release of
varieties. Moreover, these rapid breeding cycles can be employed to get more yield
per unit area from better performing wheat cultivars in the near future, which will be
pertinent due to unfold urbanization and the development of commercial buildings
on agricultural land.
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Fig. 7.4 A schematic representation showing the integration of RGA and MABB for simultaneous
characterization and introgression of genes for various stress-resilient and agronomic traits
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