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Abstract In order to rapidly adapt to the evolving
climate and sustainably nourish the growing global
population, plant breeders are actively investigat-
ing more efficient strategies to enhance crop yields.
In this study, we present the development of a bread
wheat mapping population and backcross breeding
program, serving as a valuable genetic resource for
mapping the effects of different alleles on trait per-
formance. We employed innovative methodologies
to rapidly introgress traits into the bread wheat cul-
tivar. Specifically, we utilized two parents, including
Tosunbey x Tahirova2000, in a recombinant inbred
line population, in addition, a backcross strategy was
applied with line 148 (obtained by crossing Tosunbey
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x Tahirova2000 with high gluten quality) as the
recipient parent of the Nevzatbey cv., known for its
awnless feature. The two most important applications
of the rapid breeding method are extending the light
period and breaking dormancy in early harvested
seeds. Both applications were successfully imple-
mented in our study. Our vegetation periods rang-
ing from approximately 50-60 days. Additionally,
an early genotype in our developed population was
harvested in 40 days. Considering that the genotype
underwent a 15-day vernalization period, the gen-
eration cycle, including vernalization, drying, and
refrigeration, was completed in a total of 64 days.
Notably, we employed not only biochemical markers
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for selection but also incorporated the rapid genera-
tion advance technology known as ‘speed breeding’,
allowing us to develop BCsF, within a span of two
years. We posit that this approach proves instrumental
in swiftly transferring genes for multiple target traits
into adapted wheat cultivars or in pyramiding desir-
able traits within elite breeding material.

Keywords Rapid breeding method - Marker-
assisted selection - Bread wheat - Trait introgression

Introduction

In the next three decades, the global human popula-
tion is projected to increase by 25%, reaching a total
of 10 billion (Hickey et al. 2017). It becomes impera-
tive to attain substantial genetic gains in yield and
relatied traits to align with the projected demand. This
task must be accomplished notwithstanding the desta-
bilizing impacts of climate change on crop production
(Ober et al. 2021). Traditional breeding methods have
successfully generated crops that are both nutritious
and high-yielding, facilitating mechanized harvest-
ing to meet the escalating food demands of the grow-
ing population. However, developing an improved
cultivar through traditional plant breeding involves
cycling and evaluating numerous generations, a time-
consuming process necessary for introducing and
testing multiple traits of interest (Hickey et al. 2019).
Recently, the technology known as ‘speed breeding’
for rapid generation advancement has been success-
fully implemented in bread wheat (Alahmad et al.
2018). Speed breeding, with its flexible protocols
and methodology that significantly reduces genera-
tion time, emerges as a pivotal approach in expediting
breeding and research programs. Speed breeding in
fully enclosed, controlled-environment growth cham-
bers can accelerate plant development for research
purposes, including the phenotyping of adult plant
traits, mutant studies, and transformation. The use of
supplemental lighting in a glasshouse environment
allows rapid generation cycling through single seed
descent (SSD) and holds potential for adaptation to
larger-scale crop improvement programs. This tech-
nique enables the attainment of up to six generations
per year for spring wheat, durum wheat, and barley
(Watson et al. 2018). Moreover, several phenotyping
protocols tailored to the speed breeding system have

@ Springer

been devised, facilitating the characterization and
selection of crucial traits. Examples include seminal
root traits contributing to drought adaptation (Richard
et al. 2015), grain dormancy for tolerance against pre-
harvest sprouting (Hickey et al. 2010), and disease-
related traits, including adult plant resistance to leaf
rust (Riaz et al. 2016), stripe rust (Hickey et al. 2011),
and yellow spot (Dinglasan et al. 2016) in bread
wheat as well as above and below ground traits in
durum wheat (Alahmad et al. 2018).

Cereal breeding programs typically require a sub-
stantial timeframe of 10-15 years to transfer novel
genes into adapted germplasm. Recognizing the
imperative for accelerated delivery times, the applica-
tion of biotechnology emerges as a pivotal strategy.
Various breeding methodologies leveraging molecu-
lar markers have been implemented to enhance pro-
gress in this context. These strategies include marker-
assisted recurrent selection (Eathington et al. 2007),
genome-wide or genomic selection (Poland et al.
2012), marker-assisted gene pyramiding (Costa et al.
2010), and marker-assisted backcrossing (Septining-
sih et al. 2009). It is crucial to note that the efficacy
of these techniques relies heavily on efficient phe-
notyping, involving the measurement or quantifica-
tion of lines, hybrids, or cultivars, and the identifica-
tion of genotype—phenotype relationships. Despite
these advancements, continuous improvements in
crop breeding efficiency remain imperative to meet
the escalating demands for agricultural commodities
in the future (Hickey et al. 2017). Marker-assisted
selection (MAS) is constrained by its applicability
only when the target gene or quantitative trait loci
(QTL) responsible for the trait of interest are identi-
fied. Consequently, MAS proves to be less feasible
for complex traits, particularly those with limited
knowledge regarding the underlying genetic controls
(Budak 2013). The application of trait introgression,
developed to involve the combination of both speed
breeding and marker-assisted selection (MAS), could
be implemented in the chosen set after phenotypic
selection within the speed breeding system (Hickey
et al. 2017). Recent advancements in plant genom-
ics, coupled with the decreasing cost of sequencing,
have empowered plant researchers to refocus their
attention towards crop plants. Despite these advance-
ments, the prolonged generation times of numerous
crop plants persist as a significant entry barrier. How-
ever, the integration of these tools and resources with
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speed breeding presents a compelling incentive for
plant breeders to directly engage in research on crop
plants. This amalgamation has the potential to further
expedite research in crop improvement.

In the framework of this investigation, the viability
of the speed breeding method was evaluated through
a comprehensive series of steps: (1) establishment of
a mapping population through the crossbreeding of
Tosunbey cv., and Tahirova2000 cv., (2) implementa-
tion of a backcross program utilizing marker-assisted
selection, involving the pairing of Nevzatbey cv. with
line 148, and (3) generation of elite seeds through
the application of the speed breeding method. These
meticulous procedures were undertaken to systemati-
cally assess the effectiveness and potential applica-
tions of the speed breeding method within the scope
of this study.

CCT =1982K

Real time 1 2

Material and methods

Establishment of the plant growing room for speed
breeding

The conversion of a south-facing corridor in the fac-
ulty of Bioengineering at Karamanoglu Mehmetbey
University of building into a plant growth room was
undertaken in this study. A designated area of 20 m?
within the corridor was enclosed using an aluminum
frame, and six tables measuring 90X 180 cm were
installed. Each table was equipped with two G, LED
lamps, each with a power output of 160 W, manu-
factured by Planktekno Light Company in Turkey.
The spectrum values for the LED lamps are detailed
in Fig. la, illustrating a broad-spectrum with a
peak value at a wavelength of 660 nm. Positioned
on the table floor at a height of 100 cm, the LED
lamps were assessed for their Lux values at various
heights using a Trotec BFO6 Luxmeter. The PPFD
(Photosynthetic Photon Flux Density) values were
determined in pumol/m?/s by applying the coefficient
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. Purple LEDs are on, while curtain is closed.

The room is illuminated by sunlight and white LEDs from 10 to 12 moming hours, with the curtains drawn open.
Conversely, the lights are switched off, and the plants are left in darkness from 22 to 24 night hours.
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Fig. 1 The spectrum values for the LED lamps (violet: 380-399 nm; blue: 400-499 nm; green; 500-599 nm; red:600-700 and dark

red: 701-780, respectively) and table regarding light regime
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provided by the LED manufacturer (Table 1). Nota-
bly, the plants positioned 80 cm away from the LED
lamps received a photon intensity of 300 umol/m?%/s.
The experimental results substantiate the efficacy of
the LED lamps, indicating their adequacy for foster-
ing the growth of healthy plants.

The lighting schedule for the plant growth room
was configured with a 21-h light period followed
by a 3-h dark period. Within this regimen, Plant-
ekno LEDs remained illuminated for 9 h, from 1 to
10 am. At 10 am, the Plantekno LEDs were turned
off, and the room’s curtain opened automatically.
Subsequently, during this period, two AltunLEDs
emitting white light with a power of 120 W each,
along with sunlight from the windows, illuminated
the room for 3 h. Between 1 and 10 pm, the Plante-
kno LEDs resumed lighting for another 9 h, and the
room’s curtain closed automatically. Subsequently,
between 10 pm and 1 am, the room remained in
darkness for 3 h (Fig. 1b).

Table 1 Lux and pumol values of LED lamps at different
heights

Distance from LED (cm) Lux value PPFD
umol/
m%/s
100 5000 235
90 5700 268
80 6400 301
70 7300 343
60 8300 390
50 9800 461
40 11,800 555
30 14,500 682

Fig. 2 Some of the growth
chamber viewes
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Temperature settings for the room were main-
tained at 25+ 1 °C during the illuminated period and
18+ 1 °C during the dark period, facilitated using an
air conditioner (Mitshubishi SRK71M-S) for both
heating and cooling. Ventilation for the plant growth
room was achieved by opening windows between 10
am and 1 pm, especially during the summer. The rela-
tive humidity within the room fluctuated between 60
and 70% in winter and 50-60% in summer. To pre-
vent excessive humidity, a dehumidifier (Tropec TTK
70 E) was employed. Reflective films were applied
to the walls and aluminum frame of the plant growth
room to enhance light efficiency (Fig. 2).

Growing the mapping population

In this study, a total of 10,000 F, seeds resulting
from the Tosunbey/Tahirova2000 cross were sown in
the field. From this F, generation, 1000 spikes were
carefully selected in the field based on their tall and
early heading characteristics. Subsequently, the seeds
obtained from these selected spikes were utilized to
establish a recombinant inbred line population using
the speed breeding method. The selection criteria
of tall and early heading genotypes aimed at utiliz-
ing this population for drought tolerance studies. To
introduce rye translocation into the mapping popu-
lation, Tahirova2000, which carries the 1BL.1RS
rye translocation, was employed as a parent. Seeds
from the resulting recombinant inbred line popula-
tion underwent a vernalization process in a petri dish
within a refrigerator at 4 °C in the dark for approxi-
mately 30 days. Following vernalization, the plants
were transferred to multiple pots measuring 6.5 cm in
height and 4 X4 cm in diameter. A white peat bedding
substrate (Klasmann TS1 from Germany) served as
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the soil source in the pots, and the seeds were manu-
ally sown, with one plant per tray. Fertilization was
initiated after stem elongation using a fertilizer con-
taining a combi nutrient, considering that the peat
already contained plant nutrients in the early stages of
plant development. Additionally, a 1% calcium nitrate
solution was applied weekly through foliar spraying
(Ghosh et al. 2018). Various developmental stages
of the plants, including first leaf emergence, third
leaf emergence, booting, heading date, anthesis, and
harvest time, were meticulously recorded. The single
seed descent method, as proposed by Brim (1966),
was employed to advance the population. Harvesting
occurred approximately 17-20 days after flowering,
and the harvested spikes were dried in an incuba-
tor for one week at an average temperature of 35 °C.
The dried seeds underwent a soaking process in Petri
dishes for five days at 4 °C, followed by germination
in plant growth cabins at 20 °C, marking the com-
mencement of the vernalization process for the ger-
minating seeds. This population showcases favorable
genetic diversity and phenotypic variation, underscor-
ing its suitability for continued development and utili-
zation in breeding programs.

Marker-assisted backcross breeding

In the hybridization process, Nevzatbey, character-
ized by the awnless feature, and with 7x+9y HMW-
GS was employed as the male parent to verify the
hybrid nature of F, plants, as the awnless trait is
dominant. The female parent was the coded line
148 with 17x+ 18y HMW-GS, and an awned line
obtained from crossing Tosunbey with Tahirova2000.
F, and BC|F, seeds were generated within a climate-
controlled greenhouse. Subsequent generations,
including BC,F,, BC;F,, and BC,F;, were cultivated
using the speed breeding method in the plant grow-
ing room, culminating in the production of BCsF,

generation seeds. Vernalization for 30 days was
applied to both the recurrent parent and hybrid geno-
types. Germinated seeds were then transferred to jiffy
tablets (diameter of 4 mm), and vernalization was
conducted in a lightened growth cabinet at 4 °C with
a 12-h illuminated period. After completing the ver-
nalization process, genotypes were transferred to pots
at four different sowing times with one-week inter-
vals. Pots with a volume of 2.5-3.5 L (Akyuz from
Turkey) were utilized in the backcrossing program.
The growth period of the plant, in which the first
crossing was performed, was designated as the gen-
eration period. Peat welding, fertilization programs,
and other procedures were executed similarly to those
in the mapping population operations.

Screening of hybrid seeds was conducted using
SDS-PAGE and PCR methods. The detection of High
Molecular Weight Glutenin Subunits (HMW-GS) in
wheat genotypes was conducted using the Sodium
Dodecyl Sulfate Polyacrylamide Gel Electrophore-
sis (SDS-PAGE) method, as outlined by Masci et al.
(2000) and Gianibelli et al. (2001). For this purpose,
one-third of the hybrid seeds was utilized for SDS-
PAGE analysis, while the remaining two-thirds of
the segment containing the embryo were reserved for
sowing in the next generation. For the PCR, genomic
DNA isolation from young leaves was performed
using the Zymo ZRPlant/Seed DNA Miniprep D6020
kit following the kit’s procedure. Primer sequences
utilized in the study are provided in Table 2 The
classical PCR reaction was carried out with 1 U Taq
DNA polymerase, 1 X PCR Buffer solution (contain-
ing 1.5 mM MgCl2), forward and reverse primers,
200 uM dNTP, and 50 ng DNA sample in a total vol-
ume of 20 pL. The PCR protocol included an initial
cycle of 5 min at 95 °C, followed by 35-38 cycles of
30 s at 94 °C, 30 s at 58-60 °C, and 30 s at 72 °C.
A final extension cycle of 2 min at 72 °C was also
included. The annealing temperature was optimized

Table 2 Primer sequences

. Glu-BI gene
to be used in the research

Primer sequences (5'-3")

References

Bx 17

By 18

F: CGCAACAGCCAGGACAATT
R: AGAGTTCTATCACTGCCTGGT
F: TTCTCTGCATCAGTCAGGA

R: AGAGAAGCTGTGTAATGCC
F: TACCCAGCTTCTCAGCAG

R: TTGTCCCGACTGTTGTGG

Ma et al. (2003)

Lei et al. (2006)

Lei et al. (2006)
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for Bx and By primers, and samples were amplified at
the optimized annealing temperature. The amplified
products were analyzed by electrophoresis in a 1.5%
agarose gel and visualized after staining with eth-
idium bromide. Gel images were captured using the
BioRad (ChemiDoc MP) gel imaging system.

Seeds displaying heterozygosity for the 17x+ 18y
and 7x+9y High Molecular Weight Glutenin Subu-
nits (HMW-GS) in the GluB1 allele were selected as
parents for the subsequent generation. PCR screening
in the first backcross generation was implemented to
validate the SDS-PAGE results.

Production of single spike for elite seed production

In the context of variety protection breeding and the
exploration of the speed breeding method’s appli-
cability for enhancing the seed production of newly
developed lines, a comprehensive approach was
implemented. Initially, the High and Low Molecular
Weight Glutenin Subunits (HMW-GS and LMW-GS)
were determined using the SDS-PAGE method in
60 seeds sourced from the elite line. The lines were
found to exhibit the same HMW-GS and LMW-GS
patterns. Subsequently, 60 seeds were planted in
pots with a diameter of 7X7 cm, a height of 8§ cm,
and a volume of 0.30 L. The fertilization and mainte-
nance processes mirrored those outlined in the work
package for developing the mapping population.
Following the growth period, the seeds from the 60
harvested plants were subjected to a five-day drying
process in an incubator. From the dried seeds, 500
were stored at 4 °C for four days, and subsequently,
they were allowed to germinate at 20 °C for two days.
The germinated seeds were then planted in multiple
pods with a height of 6.5 cm and a diameter of 4 cm.
This approach aimed to not only ensure variety pro-
tection but also to assess the potential of the speed
breeding method in expediting the seed production of
newly developed lines, facilitating their rapid intro-
duction into production.

Results
Cultivation of recombinant inbred line population

To establish the recombinant inbred line mapping
population, F, seeds were generated through the
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crossbreeding of Tosunbey and Tahirova2000. Subse-
quently, F; seeds were sown to produce F, seeds, and
about 10,000 F, seeds were meticulously selected in
the field, prioritizing traits such as tall stature, early
maturation, and desirable panicle characteristics.
From this selection, 1000 F; generation spike were
chosen under field conditions. The seeds obtained
from these selected spikes were employed in the
development of the recombinant inbred line popula-
tion using a speed breeding method, leading to the
acquisition of seeds from the Fq generation.

In the cultivation process, plants within the recom-
binant inbred line population underwent vernalization
in a refrigerator at 4 °C for approximately 30 days
(Table 3). During the F; generation, two distinct
sets of trays were organized based on the number of
buds on the tillers. A total of 868 seeds were sown
in 84-cell trays with a bud height of 5 cm and a bud
diameter of 3.5%3.5 cm, determined by the number
of tiller buds. Additionally, 70-cell trays with a bud
height of 6.5 cm and a bud diameter of 4 X4 cm were
utilized. Harvesting took place 56 days after the sow-
ing date. Considering the use of vernalized wheat, an
additional 30 days were included in the cultivation
period, resulting in the completion of one generation
in 86 days. The extension of the vernalization process
to 30 days, from the initially planned 15-20 days in
this study, was due to the identification of vernaliza-
tion genes in Tosunbey and Tahirova2000 varieties,
aiming to account for potential vernalization gene
combinations in the offspring.

Moving on to the F, generation, 784 seeds
were sown in 70-cell trays with a bud height of
6.5 cm and a bud diameter of 4x4 cm. Harvest-
ing occurred 57 days after sowing, and as the level

Table 3 Duration of growing stages of mapping populations
(day)

Growing stages

Generations

F, F, F F F

Vernalization time 33 33 29 30 31
Output of the 1stleaf  Exist Exist Exist Exist Exist

Output of the 3rd leaf 6 5 7 8 7

Booting 26 28 27 25 27
Heading date 31 32 32 31 30
Anthesis 35 36 36 34 34
Harvest time 56 57 53 56 54
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of homozygosity increased, distinctions in flowering
and maturation dates among genotypes became more
pronounced. Late-flowering lines were harvested on
the 69th day when the plants were still notably green,
and seeds harvested while still green exhibited no
issues with germination (Fig. 3a).Concerns about los-
ing late-flowering lines due to non-germination were
minimal, aligning with the research’s goal of creating
early flowering lines, although it was acknowledged
that the total number of lines set in the research’s
might not be reached (Fig. 3b).

In the subsequent Fs generation, 730 seeds were
sown in 70-cell trays with a bud height of 6.5 cm and
a bud diameter of 4 X4 cm. Like the previous genera-
tion, the increase in homozygosity percentage led to
a heightened difference in flowering times between
early and late-flowering lines. While early flowering
plants were ready for harvest 53 days after sowing,

Fig. 3 Visual summary of
a F5 generation: a harvested
spike, b germination of
seeds, ¢ fully grown plant
and d seedlings growth

some genotypes among the early-flowering lines did
not flower during the harvest period, either due to
new flowering or lack of vernalization. The juxtapo-
sition of late-flowering lines resulted in a visual pat-
tern, as shown in Fig. 3c.

In the F; generation, 680 seeds were planted in
70 cm multiple pots. Harvesting took place after
56 days, and the subsequent drying and refrigeration
procedure was carried out for these seeds, consistent
with the process in every generation. The 627 ger-
minated seeds were then planted in 70 cm multiple
pots as the F, generation. In this generation, plants
were harvested 54 days after planting, following the
speed breeding procedure. As this generation marked
the conclusion of plant cultivation the plants were
expected to reach full maturity. With the anticipation
that all seeds would mature in this generation, a total
of 627 lines were obtained.

@ Springer
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In a comprehensive assessment across all genera-
tions, the vernalization period for the plants ranged
from 29 to 33 days. Despite this, it was observed that
in some generations, there were plants heading with-
out undergoing vernalization, possibly due to specific
genetic factors. The vernalized plants exhibited the
development of first leaves. The emergence of the
third leaf varied between 5 and 8 days, depending
on the generations. The time for plants in the popu-
lation to reach the booting period ranged between 25
and 28 days, again dependent on the generations. In
all generations, plants headed in approximately one
month, and flowering occurred 3—4 days after head-
ing. Harvesting was conducted roughly 20 days after
flowering. Figure 3d presents a photo of the 2-leaf
stages of the Fs generation plants.

Briefly, the F1 to F8 generations of Tosunbey
and Tahirova2000 were bred focusing on traits such
as height and early maturity. Vernalization lasted
30 days, different flowering times were observed
among generations, and 627 lines were obtained at
the end of the process, indicating genetic influences
on branching and flowering.

Backcross program and molecular analysis

The backcross program involved using the awnless
Nevzatbey cv. as the male parent in hybridizations,
resulting in awnless F1 plants. The BC,F,, BC,F,,
BC;F, and BC,F, generations were successfully
cultivated using the speed breeding method, and
seeds of the BCsF, generation were obtained. Prior
to initiating the hybridization program, optimization
of the plant growth room and cultivation of summer
varieties were carried out to ensure smooth opera-
tions. Once confirmed, the hybridization program
commenced. Parental and hybrid genotypes under-
went a 30-day vernalization process, followed by the
transfer of germinated seeds to jiffy tablets for fur-
ther vernalization in a lighted growth cabinet. After
completing the vernalization process, genotypes were
transferred to pots in the plant growth room at four
different planting times. In the backcross program,
each hybrid plant exhibited different development in
each backward generation due to varying combina-
tions of vernalization and photoperiod genes. Data on
development periods were not collected for individual
plants as in the population study. The generation time
was recorded based on the earliest plant and the first
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hybrid spike. The generation period for hybridized
seeds in the BC,F, generation was 75 days, reduced
to 64 days in the BC,F, generation. The BC;F, gen-
eration took 70 days from seed sowing to hybrid
harvesting. In the BC,F, generation, a five-week ver-
nalization period was implemented, resulting in the
harvest of the first hybrid spike in 60 days. Despite
a 7-day increase in vernalization time, the genera-
tion period was shortened by 10 days, achieving a
three-day reduction in the total generation time com-
pared to other backcross generations. More than 100
hybrid seeds were obtained in each generation, and
they underwent scanning using SDS-PAGE and PCR
methods. Seeds carrying heterozygous genes encod-
ing the 17x+ 18y and 7x + 9y High Molecular Weight
Glutenin Subunits in the GluB3 allele were selected
as parents for the next generation. Figure 4a illustrates
the selection of hybrid seeds carrying specific genes
for the next backcrossing program, with emphasis on
the heterozygous state of the GIuB3 allele. This selec-
tion process was consistently applied in each back-
cross generation (Fig. 4b—d). The successful execu-
tion of the backcross program and molecular analyses
demonstrates the potential for genetic improvement
and trait selection in subsequent generations.

The R3-encoded primer was utilized to distinguish
lines carrying and not carrying the Bx17 gene. The
band produced by line 148 carrying the Bx17 gene is
indicated with a yellow arrow. The Nevzatbey (NB)
variety, lacking the relevant gene, exhibited double
bands (highlighted by a red arrow). As known, the
gene in the Nevzatbey variety, situated in the rel-
evant locus, encodes the 7+ 9 High Molecular Weight
Gluten subunit. Considering that lines 1, 2, 3, and
4 are heterozygous for the relevant gene, the bands
they produce are represented by both yellow and red
arrows. Some pictures of the seeds, plants and ver-
nalization processes in the hybridization program are
given Fig. 5a—d.

In summary, the backcross program involves the
use of awnless Nevzatbey cv. was used as male par-
ent producing awnless F1 plants. Thanks to speed
breeding, it has successfully bred subsequent genera-
tions (BC1F1 to BC5F1). Before hybridization, plant
growth room conditions were optimized and summer
varieties were planted. Each hybrid plant developed
differently due to different vernalization and photo-
period genes. Over 100 hybrid seeds were obtained
in each generation screened for specific glutenin
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Fig. 4 SDS-PAGE and PCR electrophoretic banding pattern views of backcross program and molecular analysis; a SDS-PAGE of
BC/F, generation, b SDS-PAGE of BC,F; ¢ SDS-PAGE of BC;F, and d 1.5% agarose gel showing of BC,F, generation

subunits. Seeds carrying the desired genes were
selected as parents for the next generation, ensuring
successful genetic improvement and trait selection in
subsequent generations.

Production of single spike and molecular analyses for
elite seed production

In our investigation, single spike from an elite line,
developed for seed production, were efficiently pro-
duced using the speed breeding method. The primary
objective of this endeavor is to assess the applicabil-
ity of the speed breeding method in preserving vari-
ety purity for variety conservation breeding. Addi-
tionally, we aim to expedite the seed production of
newly developed lines, facilitating their swift integra-
tion into production.

Initially, the High and Low Molecular Weight Glu-
tenin Subunits were identified in 60 seeds of the line

through the SDS-PAGE method (Fig. 6). Consistent
band patterns were observed among the lines, lead-
ing to the planting of 60 seeds in pots with a diam-
eter of 7X7 cm, a height of 8 cm, and a volume of
0.30 L. Genotypes were harvested 60 days after
planting and subsequently dried in an incubator for a
period of 5 days (Table 4). Among the dried seeds,
500 were stored at 4 °C for 4 days, followed by a ger-
mination period of two days at 20 °C. The germinated
seeds were then transplanted into multiple pots with
a height of 6.5 cm and a mesh diameter of 4 x4 cm.
Harvesting was conducted 59 days after planting,
adhering to the rapid breeding method (Table 4).
Notably, when cultivated in 7 cm diameter pots,
the plants exhibited tillering, with their spike reach-
ing approximately 7-8 cm. Conversely, when grown
in 4 cm pots, the plants did not display tillering, and
their spiks remained around 3-4 cm in size. Fig-
ure 7a—d show photographs of plants grown in the

@ Springer
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Fig. 5 Visual summary of a generation from speed breeding technique; a hybridized seed and spike, b germination and transplanting
of the hybridized seed, ¢ seedlig of the hybridized plant and d hybridized plant

Fig. 6 SDS-PAGE gel image of the elite line
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Table 4 Duration of growing stages of the elite line (day)

Growing stages Generations
Generation 1 Generation 2

Vernalization time 15 16

Output of the 1st leaf 3 3

Output of the 3rd leaf

Booting 32 29

Heading date 37 35

Anthesis 40 39

Harvest time 60 59

rapid breeding room and where elite seed production
was attempted.

Briefly, we efficiently produced single spikes from
an elite seed line using speed breeding. Our aim was
to evaluate its effectiveness for cultivar maintenance
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Fig. 7 Image summary of a generation from speed breeding technique; a and b elite seed production in 7 cm diameter viole, ¢ elite
seed production in 4 cm diameter viole and d spike obtained in elite seed production from 4 cm diameter viole

and rapid seed production. First, 60 seeds were ana-
lyzed for glutenin subunits and planted in 7X7 cm
pots. After harvesting in 60 days, the seeds were sub-
jected to drying, germination and transplanting in
smaller pots.

Discussion

The most constraining factor in modern plant breed-
ing is the duration needed for the production of seg-
regation populations or the dependence on seasonal
fluctuations in the development of genetic material.
In breeding initiatives oriented towards line develop-
ment, following the selection and intermating of par-
ents, it typically necessitates 4—6 plant generations
to yield genetically stable homozygous lines suitable
for field evaluation (Bhatta et al. 2021). To expedite
this process, plant breeders have employed various

strategies, including doubled haploid technology
(Forster et al. 2007) and shuttle breeding (Ortiz et al.
2007). In contrast to doubled haploid technology,
speed breeding is suitable for diverse germplasm and
eliminates the need for specialized labs for in vitro
culturing (Hickey et al. 2019). This approach entails
cultivating plant populations in environments condu-
cive to early flowering, thereby hastening the genera-
tion time (Gonzalez-Barrios et al. 2021). In this tech-
nique, plant breeders can develop genetic material in
the segregation population regardless of the season
(Watson et al. 2018). The benefits of speed breeding
are substantial. From early experiments with artificial
lighting to the utilization of cutting-edge technolo-
gies such as LED lights and solar power, speed breed-
ing demonstrates its potential to revolutionize crop
breeding. The speed breeding technique comprises
three main innovation points. Firstly, the lighting
duration is extended to 22 h per day, mimicking the
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16-h daylight period typical of summer greenhouse
programs. Secondly, seed harvesting occurs approxi-
mately 15-20 days after anthesis, while the grains
are still green. Unlike previous practices that har-
vested seeds at physiological maturity, this approach
aims to shorten the generation time. Lastly, harvested
seeds are dried in an incubator and stored at 4 °C for
3-5 days in a refrigerator to break seed dormancy
and ensure germination. Researchers have devel-
oped and detailed the protocols of the speed breeding
method, testing it on various plants in greenhouse and
plant growing cabin conditions. Bread wheat, durum
wheat, barley, oats, chickpeas, peas, forage peas,
quinoa, and Brachypodium distachyon were among
the species investigated. The research revealed that
many plants can be cultivated in small areas using
this method, which can be implemented in small plant
growth cabins at low costs (Ghosh et al. 2018).

The speed breeding method has been employed for
two crucial applications: extending the light period
and breaking dormancy in early-harvested seeds. Our
study successfully executed both applications. The
vegetation periods in our research ranging approxi-
mately between 50 and 60 days. Notably, within the
population we developed, an early genotype was har-
vested in just 40 days. Taking into account a 15-day
vernalization period for this genotype, the entire
generation cycle, including vernalization, drying,
and refrigeration procedures, was accomplished in a
total of 64 days. Speed breeding technology is gain-
ing prominence in contemporary plant breeding pro-
grams. This technique utilizes optimal light quality,
light intensity, day length, and temperature control to
expedite photosynthesis and flowering. Additionally,
early seed harvest is incorporated to reduce the gen-
eration time. Speed breeding protocols have proven
effective in the development of commercial peanut
varieties (O’Connor et al. 2013), chickpea varie-
ties (Gaur et al. 2007) and oat (Kigoni and Arbelaez
2023). Furthermore, protocols have been established
for grass pea, lentil, and quinoa to accelerate breeding
and research (Chiurugwi et al. 2019). These advance-
ments hold the potential to yield new varieties in the
near future (Ghosh et al. 2018; Lulsdorf and Banniza
2018). Watson et al. (2018) reported that depending
on the cultivar or accession, plants reached anthesis
in 35-39 days (wheat, with the exception of Chi-
nese Spring) and 37-38 days (barley), while it took
26 days to reach heading in B. distachyon. Alahmad
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et al. (2018) used the speed breeding method to select
different quantitative traits in durum wheat. A thou-
sand genotypes in the F, generation were selected for
root rot, leaf rust, plant height, number, and angle of
seminal roots. Astonishingly, they managed to com-
plete an entire generation of durum wheat in a mere
77 days. Potts et al. (2023) reported that under spe-
cific LED-supplemented glasshouse setups, up to
six generations of wheat and barley per year were
achieved at a density of 1000 plants/m>. Hickey et al.
(2017) applied a similar trait introgression technique
in wheat to rapidly introgress grain dormancy and tri-
ple rust resistance into two Australian spring wheat
cultivars within a two-and-a-half year period.

Speed breeding has emerged as a transformative
technique in the development of mapping popula-
tions. Traditionally, generating diverse segregating
populations for genetic mapping was a time-consum-
ing process. However, the ability of speed breeding
to rapidly cycle through generations has revolution-
ized this field. In this study, we utilized speed breed-
ing applications and selection methods for produc-
tion and cultivation of mapping population. In this
study we combined single seed descent (SSD) selec-
tion method with speed breeding technique. Speed
breeding incorporation of supplemental lighting in
a glasshouse environment facilitates rapid genera-
tion cycling through the application of single seed
descent (SSD), presenting the potential for adapta-
tion to larger-scale crop improvement programs.
Jahne et al. (2020) stated that specific breeding meth-
ods, such as single plant selection (SPS) and SSD,
align exceptionally well with the principles of speed
breeding. In contrast, conventional methods such as
traditional selection techniques, encompassing pure
line, recurrent, bulk, mass, and pedigree selection
do not align with the accelerated breeding demands
and precision required by speed breeding in modern
agricultural contexts (Jagadish et al. 2016). SSD is
frequently employed in breeding and research pro-
grams to streamline the development of homozy-
gous lines after a cross of traits. In addition, speed
breeding can be utilized to quickly introgress genes
or haplotypes into elite lines through marker-assisted
selection, offering an accelerated approach to genetic
improvement (Hickey et al. 2017). Speed breeding
using SSD programs is highly efficient, especially for
cereal crops like wheat and barley (Potts et al. 2023).
In another study, similar approaches have been used
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in peanut breeding research, where controlled condi-
tions, continuous light, optimal temperature, and SSD
were combined in a greenhouse setting. These efforts
consistently reduced the generation time for full-
season maturity peanut cultivars from 145 to 89 days
(O’Connor et al. 2013).

Strategic planning can be employed to establish
a sequential process involving DNA marker testing,
accelerated breeding, and field evaluation. Breed-
ing strategies involving the application of molecu-
lar markers that are being applied to enhance pro-
gress include marker assisted recurrent selection
(Eathington et al. 2007), genome-wide or genomic
selection (Poland et al. 2012), marker-assisted gene
pyramiding (Costa et al. 2010) and marker assisted
backcrossing (Septiningsih et al. 2009). Notably,
these techniques are reliant on efficient phenotyp-
ing of lines, hybrids, or cultivars and identification
of genotype—phenotype relationships. Nevertheless,
further improvements in crop breeding efficiency
are required to meet future demands for agricultural
commodities. The initial spring wheat variety was
developed utilizing speed breeding. In this instance,
speed breeding facilitated the expedited introgres-
sion of genes responsible for grain dormancy, inhib-
iting germination at crop maturity. This resulted in
the production of a high protein milling wheat with
enhanced tolerance to preharvest sprouting (Schwa-
ger 2017). Speed breeding could also expedite the
identification and utilization of allelic diversity
within wheat collections for resistance to leaf rust.
Integration of speed breeding with DNA markers
linked to established genes facilitated the discov-
ery of novel sources of resistance (Riaz et al. 2017).
Marker-assisted selection (MAS) has proven to be a
valuable tool in crop improvement programs. This
approach is most effective when concentrating on
a small number of genes with significant effects,
as seen with leaf rust resistance genes (e.g., Lr23)
in bread and durum wheat (Chhetri et al. 2017), as
well as Yrl5 in durum wheat (Yaniv et al. 2015).
Moreover, MAS can only be implemented if the tar-
get gene or quantitative trait loci (QTL) responsible
for the trait of interest are identified. Consequently,
MAS becomes less feasible for complex traits with
limited understanding of the underlying genetic
controls (Budak 2013). Alahmad et al. (2018) docu-
mented selection in early generations to enrich the

resulting population with favorable allelic com-
binations for multiple traits. They suggested that
greenhouse screening methods are adaptable and
deployable systems on their own, or can be inte-
grated with MAS if markers are accessible. In this
study, novel lines were developed utilizing both
the marker-assisted backcross method and a rapid
breeding approach. Extensive genotypic research
has been conducted on wheat quality, leading to
the effective development of markers. Wheat gluten
proteins, comprising high molecular weight (HMW)
and low molecular weight (LMW) fractions, are a
focus of investigation (Anderson et al. 2001). The
HMW glutenin subunits /A, IB, and /D, encoded in
the Glu-1 loci on the long arm of homologous chro-
mosomes, are denoted as Glu-Al, Glu-B1, and Glu-
D1, respectively (Shewry et al. 1992). Among the
genotypic factors influencing wheat quality, both
high and low molecular weight glutenin subunits,
as well as rye translocation, hold significant impor-
tance. HMW-GS have been extensively studied and
are closely linked to wheat quality. Researchers
have reported that these polymeric structures alone
contribute to 47-60% of the variation in the bread
quality of wheat (Rakszegi et al. 2005). Payne et al.
(1987) introduced a quality score for each subunit
based on the SDS sedimentation volume. Notably,
the 1x, 17x+ 18y, and 5x+ 10y HMW-GS combi-
nations, located in different loci, attain the high-
est score for protein quality. While the 2x+ 12y
allele pair at the Glu-DI locus is generally associ-
ated with poorer quality traits, the 5x+ 10y allele
is linked to superior quality traits. The utilization
of such technology for trait enhancement via back-
crossing to widely grown cultivars may result in
marginal advancements. However, for crops where
grain quality is paramount, this strategy may prove
more successful. The recovery of adaptation and
grain quality characteristics through backcross-
ing is likely to foster the development of improved
lines. This enhances the likelihood of identifying
individuals possessing all desired traits using MAS
in subsequent generations, rendering it more cost-
effective. The approach outlined in this research has
been modified for integration into speed breeding,
allowing for multi-trait selection simultaneously
with accelerated line development. Speed breeding
has minimized the duration needed to produce RILs
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with a significant level of homozygosity, requiring
only 12 months to reach the Fy generation.

Conclusion

We believe this to be the first report of deployment of
speed breeding technique was successfully deployed
in bread wheat (Triticum aestivum L.) to achieve six
generations per year while imposing MAS selec-
tion for gluten proteins. In our study, the plants were
subjected to a photoperiod of 21 h of light and 3 h
of darkness, with a temperature of 25 °C during the
light period and 18 °C during the dark period. LED
lamps with a broad spectrum, emphasizing intense
red light, served as the light sources. In the hybridi-
zation program study, one generation was completed
in approximately 70 days. The F1 to F8 generations
of Tosunbey and Tahirova2000 produced 627 lines.
Also, the backcross program involves the use of awn-
less Nevzatbey cv. it has successfully bred subsequent
generations. Over 100 hybrid seeds were obtained in
each generation screened for specific glutenin subu-
nits. Seeds carrying the desired genes were selected
as parents for the next generation, ensuring successful
genetic improvement and trait selection in subsequent
generations. We efficiently produced single spikes
from an elite seed line using speed breeding. Our aim
was to evaluate its effectiveness for cultivar mainte-
nance and rapid seed production. The results obtained
indicated that 3—4 generations of winter wheat can
be obtained using the rapid breeding method. The
rapid breeding method has become an important and
widely used approach worldwide. With this method,
we implemented selection in the early generations
to enrich the resulting population with favorable
allelic combinations for multiple traits and it is use-
ful to rapidly transfer genes for multiple target traits
into adapted wheat cultivars or pyramiding desirable
traits in elite breeding material. However, potential
advantages of speed breeding technology, there are
certain limitations to its widespread application in
crop breeding. These limitations may include the par-
tial loss of advancing populations, which could result
in the erosion of valuable genetic variability essential
for single seed descent breeding. Speed breeding must
therefore be integrated with other breeding techniques
as well as cost-efficient high throughput genotyping
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and phenotyping to speed up the generation, testing
and commercial release of crop varieties.
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