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Abstract

Background Improving the rate of genetic gain of cereal crop will rely on the accelerated crop breeding pipelines
to allow rapid delivery of improved crop varieties. The laborious, time-consuming traditional breeding cycle, and
the seasonal variations are the key factor restricting the breeder to develop new varieties. To address these issues,

a revolutionized cost-effective speed breeding protocol for large-scale rice germplasm advancement is presented
in the present study. The protocol emphasises on optimizing potting material, balancing the double-edged sword
of limited nutritional dose, mode and stage of application, plant density, temperature, humidity, light spectrum,
intensity, photoperiod, and hormonal regulation to accelerate rice growth and development.

Results The plant density of 700 plants/m?, cost-effective halogen tubes (B:G:R:FR-7.0:27.6:65.4:89.2) with an intensity
of ~750-800 pumol/m?/s and photoperiod of 13 h light and 11 h dark during seedling and vegetative stage and 8 h
light and 16 h dark during reproductive stage had a significant effect (P < 0.05) on reducing the mean plant height,
tillering, and inducing early flowering. Our results confirmed that one generation can be achieved within 68-75 days
using the cost-effective SpeedyPaddy protocol resulting in 4-5 generations per year across different duration of rice
varieties. The other applications include hybridization, trait-based phenotyping, and mapping of QTL/genes. The
estimated cost to run one breeding cycle with plant capacity of 15,680 plants in SpeedyPaddy was $2941 including
one-time miscellaneous cost which is much lower than the advanced controlled environment speed breeding
facilities.

Conclusion The protocol offers a promising cost-effective solution with average saving of 2.0 to 2.6 months per
breeding cycle with an integration of genomics-assisted selection, trait-based phenotyping, mapping of QTL/genes,
marker development may accelerate the varietal development and release. This outstanding cost-effective break-
through marks a significant leap in rice breeding addressing climate change and food security.
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Background

The changing environment and growing population
require significant increase in rice yields. The current
rate of genetic gains in cereal crops is not adequate to
meet the future demand. The seasonal variations and
long generation time often limit to only 1-2 generation
per year. The duration of seed-to-seed is one among the
major bottlenecks in accelerating crop improvement.
The traditional breeding practices used to develop new
crop varieties are generally time-space-resource consum-
ing and unable to keep up with the exponential rising
demand for cereal production [2]. The advances in tech-
nologies enable the researchers and breeders to acceler-
ate the advancement of novel crop varieties [5-7]. Atlin
et al. [3] suggested that reducing the time of breeding
cycle or accelerated breeding is one of the simplest ways
to increase the genetic gain.

To address these limitations, various breeding tech-
niques involving pedigree, bulk/modified bulk, single
seed descent (SSD), shuttle breeding, doubled haploid
(DH) and the rapid generation advancement (RGA) have
been exploited in the self-pollinated crops to reduce the
generation times and to foster the development of cli-
mate-resilient crops [16, 22, 24, 35]. Further, the speed
breeding concept has been introduced to efficiently man-
age the environmental factors [15, 38]. Speed breeding
mainly rely on temperature control, photoperiod exten-
sion, and the early seed harvest. It promotes the fast and
accelerated growth and development from vegetative to
reproductive stage in the high-density planting [8-10]
reducing generation times and advancing multiple gen-
erations per year. The flexibility in speed breeding pro-
tocols allows it to line up and integrate with diverse
research purposes including hybridization, phenotyping,
population development, gene stacking, genomic selec-
tion, and genomic editing [29]. The plant breeding has
produced many high-yielding crops that have allowed the
growth of human population to continue for the past 100
years. The development of next-generation climate resil-
ient high yielding varieties involving accelerated breeding
will meet the requirement of population expansion in the
coming decades.

The speed breeding technology has facilitated the rapid
phenotyping in wheat and European barley [4, 17], intro-
gression of useful allelic variation from the wild relatives
in lentil [21], accelerated the development of herbicide-
tolerant chickpea [12] and soyabean [19], and salin-
ity tolerant rice [26]. The seed vernalization protocol in
wheat and barley allowed five generations per year using
speed breeding conditions [11] and six generations per
year have been optimized in Cannabis sativa [32] and
cassava (Rodrmguez et al. 2023 [28]) with different light
conditions. These practical breeding outcomes highlight
the potential of worldwide suite of the speed breeding
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techniques to substantially accelerate the crop genetic
gain.

Although speed breeding is a powerful technique to
increase the pace of genetic gain in crop species, it has
several limitations. The major concerns include lack of
the advanced controlled environment facilities, large
scale multiplication of germplasm, stable supply of elec-
tricity and maintaining a comfortable temperature, and
reliable water especially in the resource-poor nations
with inadequate facility and infrastructures [10, 27].
For the establishment, regular proper maintenance, and
smooth running of such high-cost facility; the developing
countries need to invest more and more in plant breed-
ing education, research, and the employee retention to
support such long-term crop improvement projects and
the scientific advancements [39]. It requires cutting-
edge technologies, solid infrastructure to regulate envi-
ronmental factors, which is a major limitation in many
developing countries due to the limited institutional
and government support, lack of facilities and special-
ized equipment. The cost can be reduced using ground-
breaking local technologies with solar-powered light and
temperature controls and semi-controlled field-based
systems [29, 33]. The availability of a low-cost infra-
structure highlights the versatility of the speed breed-
ing, which can be custom-made according to the local
resources and purposes.

Direct Seeded Rice (DSR) is a promising technology
with water and labour-saving possibilities. The attri-
butes required in a variety meant for direct seeding
include anaerobic germination, ability of seed to emerge
from depth, resistance/tolerance to bacterial late blight,
brown plant hopper, brown spot, iron deficiency toler-
ance, weed competitiveness, tolerance to micronutri-
ent deficiency, root plasticity for drought tolerance and
nematode tolerance. However, limited genomics-assisted
breeding efforts utilizing high throughput markers have
been made for developing rice cultivars specifically for
direct seeded conditions. Considering this, the present
study aims to present a cost-effective facility for large
scale advancement and off-season affordable pheno-
typing of rice germplasm which has served well in the
development and validation of SNP based Kompetitive
Allele Specific Polymorphism (KASP) assays and in the
introgression and development of inbred lines containing
important direct seeded traits such as anaerobic germi-
nation and deeper sowing depth.

Materials and methods

Transformed local infrastructure for SpeedyPaddy

The SpeedyPaddy protocol was standardized at School
of Agricultural Biotechnology, PAU (30° 54’ N latitude,
75° 48’ E longitude, and 247 m above sea level). Punjab
is situated in north-eastern part of India and experiences
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extreme hot and cold weather conditions. The average
temperature in winter season ranges 7 to 15 °C maximum
to 0 to 8 °C minimum. The average relative humidity in
winter season remains 70%.

The existing 67.16 m? fiber sheet screenhouse facility
with basic water and power supply was used to standard-
ized the low-cost common man speed breeding protocol.
The existing facility is equipped with twenty units of low-
cost halogen based 500-watts light tubes, two 1500-watt
capacity coiled heaters and one greenhouse humidifier
(Eurotemp, model no: HW-26 MC03).

Plant material

The protocol was standardized using early (PR126,
PB1509), medium (PR121, PR128, PR129), late duration
(Swarna, Samba Mahsuri) rice varieties in 2018-2019.
The standardized protocol was validated on segregating
generations including F,, F;, F, generations and advanced
breeding lines in 2019-2020, and 2020-2021. The vali-
dated protocol is being utilized since 2021 for hybridiza-
tion, generation advancement, trait based-phenotyping,
marker-assisted selection, and development of homozy-
gous improved advanced breeding lines.

Prerequisites for rice plant establishment

A total of 16 portable aluminum benches of 2.0 m length
and 1.2 m width each were used to place 160 plastic crates
of 40 cm width, 60 cm length and 7 cm height each. The
21 wells (21”"x11”x3.25"), 50 wells (21”x11”x2.0”) and 98
wells (21”x11"x1.5") plug trays and pots, (volume: 490.2
cm?) were used for establishment of rice plants.

Optimization of protocol for SpeedyPaddy

Major requirements for the speed breeding include effi-
cient utilization of space, regulated temperature, humid-
ity, and light source.

Optimization of rice germination

Early and uniform germination serves as an important
pillar for rice plant establishment. We tested eight differ-
ent combinations of soil, farmyard manure and cocopeat
while keeping the other parameters constant to standard-
ize the best combination for early germination.

Optimizing plant density for growth characteristics

The plant density at spacing of 1 plants/0.14m? in pots,
21 plants/0.14m? 50 plants/0.14m?, and 98 plants/0.14m?
in plug trays and was tested. The effect of plant density
on vegetative growth, tiller number, plant height and
maturity were studied.

Optimization of nutrient composition and application
Different combinations of nutritional doses, the
mode, type, and stages of application were studied
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(Supplementary Table 1). Two different sets of standard-
ization experiments were conducted with three treat-
ments in each set. In the first set, the mode and type of
nutritional doses were standardized. Building on the
results, the second set of experiment was conducted to
identify the exact stage of nutrient application.

Optimization of light source, photoperiod, and
temperature

The effect of light source and photoperiod was studied to
select the high resource efficient and low-cost set-up. The
light source includes natural sunlight, full spectrum light
bulbs, and low-cost halogen based 500-watts light tubes.
Two different photoperiods at different stages of plant
growth and development were tested for 500-watts light
tubes (Supplementary Table 2). The full spectrum light
bulbs and the halogen based 500-watts light tubes main-
tained the PPFD of ~750-800 umol/m?/s at plant canopy
height and 30-32 °C temperature during day hours. Dur-
ing night hours the 23 to 25 °C temperature was regu-
lated using two 1500-watt capacity coiled heaters.

Tuning and tweaking of early seed harvest

To reduce the crop duration, the prematurely harvested
seeds after 10, 12, 15 days of anthesis were kept in an
incubator at 38 °C for the conversion from milky to the
maturation stage for 24 h. Dry seeds were treated with
100 ppm of GA; 2% CaCl,, 1% KH,PO, and 40 ppm
Na,SeOj at 16 to 18 °C for 20 h. The treated seeds were
washed 2-3 times with distilled water and sown directly
into the plug trays for the next cycle of SpeedyPaddy.

Validation of SpeedyPaddy protocol

After standardization, the validation of the Speed-
yPaddy protocol was conducted at different levels. The
SpeedyPaddy protocol was used for the advancement of
segregating generations, hybridization, trait-based phe-
notyping including screening for anaerobic germination
and germination from deep sowing depth and raising of
populations for mapping of QTL/genes.

Results
Optimization of protocol for SpeedyPaddy
The four different experiments were conducted to opti-
mize the protocol for SpedyPaddy. Each experiment was
conducted keeping one variable factor and other con-
stant factors. The optimization includes (i) early and
uniform germination, (ii) plant density for growth char-
acteristics, (iii) nutrient composition, mode, and stages of
nutrient application, and (iv) light source, temperature,
and photoperiod.

First, we have standardized the rice germination. To
check the early and fast germination, eight treatments
involving different combinations of soil (S), farmyard
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manure (FYM) and cocopeat (C) were tested on 7 dif- 3). The average value of early and uniform germination
ferent varieties {early (PR126, PB1509), medium (PR121, across varieties of different durations was calculated. The
PR128, PR129), late duration (Swarna, Samba Mahsuri)}  early and uniform germination at 5 days after sowing
used in the present study (Fig. 1a, Supplementary Table (DAS) was observed in treatment 3 (5-50%: FYM-50) and
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Fig. 1 The graphiillustrates the effects of eight different treatments on the average days to germination. The mean days to germination of the 7 different
varieties {early (PR126, PB1509), medium (PR121, PR128, PR129), late duration (Swarna, Samba Mahsuri) was calculated and the mean days to germination
were evaluated on the Y-axis. While eight different combinations of soil, farmyard manure and cocopeat are plotted on the X-axis using the box plots. For
the box plots, the boxes denote 25th to 75th percentile, whiskers denote full data range, and the cross symbols denote the mean and center lines denote
the median. The alphabets shown above the boxes (a, b, ¢, d, e, and f) represent statistical significance between the different treatments computed using
Tukey's test (P<0.05)
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treatment 4 (S-30%: FYM:70) followed by 6 DAS in treat-
ment 7 (S-50: FYM-40: C-10) and 7 days after sowing in
treatment 5 (S-20: FYM-60: C-20). The very late germina-
tion 12 DAS was observed in treatment 6 (S-60: FYM-0:
C-40). All the eight different treatments had a significant
effect (P<0.05) on rice germination (Fig. 1b).

Secondly, we examined the effect of four different plant
densities. The plant density of 4 plants/0.14m? in pots,
21 plants/0.14m? in 21 wells tray, 50 plants/0.14m? in
50 wells tray, and 98 plants/0.14m? in 98 well plug trays
was tested (Fig. 2a). The effect of plant density on vegeta-
tive growth, tiller number, plant height and days to flow-
ering was studied. The number of tillers in pots ranged
from 2 to 5 tillers/plant, in 21 well trays ranged from 2
to 3 tillers/plant, in 50 wells plug trays from 1 to 2 tillers/
plant, and single tiller in 98 wells tray. The plant density
had significant effect (P<0.05) on plant height (Fig. 2b
and c) and days to flowering (Fig. 2d). The plant height
in pots, 21 wells, 50 wells and 98 well trays varied from
85 to 100 cm, 85 to 95 cm, 82 to 92 cm, and 52 to 58 cm,
respectively (Supplementary Table 4). The average days
to flowering in early duration varieties was 75 days in

100
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pots, 71 days in 21 well trays, 67 days in 50 well trays and
56 days in 98 well trays (Supplementary Table 5).

At the third step of standardization of SpeedyPaddy
protocol, we examined the effect of six different com-
binations of nutritional doses, the mode, and stages of
nutrient application (Supplementary Table 1). At the first
step, the mode and type of nutritional doses were stan-
dardized followed by the experiment to identify the exact
stage of nutrient application. It is important to main-
tain the optimal nutritional stress to reduce vegetative
growth and avoid plant death. The water was constantly
provided in the trays to avoid any kind of drought stress
during vegetative growth. The application of nutrient was
found to be more effective by solubilizing it in tray water
rather than the foliar spray (Fig. 3a). The phytotoxicity
was observed in the treatment involving foliar spray. The
solubilized application ensured slow and long-term effect
of nutritional dose (Fig. 3a). The induction of nutritional
stress before the seedling establishment turned out to be
lethal and led to high plant death. The effect of gradual
decrease of nutritional dose at seedling and vegetative
stage was studied. The application of nutrients in form

Sambha
Mahsuri

PR126  PB1509 MTU1010 PR121 PR128 PR129 PR130  Swarna

HPot m21wellstray ® 50 wellstray 98 wells tray

Fig. 2 Optimization of SpeedyPaddy protocol for plant density for growth characteristics (a) The four different types of potting material tested to study
the effect of plant density on plant height and days to flowering. The plant density of 1 plants/0.14m? in pots, 21 plants/0.14m? in 21 wells plug tray,
50 plants/0.14m? in 50 wells plug tray, and 98 plants/0.14m? in 98 well plug trays was tested (b) The comparison of plant height in 21, 50 and 98 wells
plug tray with plant density of 21, 50 and 98 plants in 0.14m?, respectively. (c) The bar graphs representing the effect of four different plant densities on
the mean value of plant height of different varieties tested in the present study. The alphabets above the bar graphs (a and b) designate the statistical
significance between different plant densities groups of eight different varieties computed using Tukey's test (P<0.05). The different plant densities are
presented on X-axis and the plant height of different varieties are shown on the Y-axis (d) The bar graphs representing the effect of four different plant
densities on the mean value of days to flowering of different varieties of variable duration (early duration: PR126, PB1509 and MTU1010; medium duration:
PR121, PR128, PR129; late duration: Swarna, Samba Mahsuri) tested in the present study. The alphabets above the bar graphs (a, b, ¢, and d) designate the
statistical significance between different plant densities groups of eight different varieties computed using Tukey's test (P <0.05)
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Fig.3 Optimization of SpeedyPaddy protocol for composition of nutrients, mode, and stages of application of nutrients (a) Effect of six treatments involv-
ing different mode of nutrient application, different combinations of nutrients, and application of nutrient at different stages of growth and development.
The alphabet T designates the treatment and number designate the treatment number. T1: treatment 1 designate the foliar application of 1% NPK at 7th
day, 1% FeSO, at 15th day, 1% Zn nutrients at 18th day, 1% FeSO, at 22th day, 1% NPKand 1% Zn at 32th day and 1% NPK at 40th day of growth cycle; T2:
treatment 2 designate the application of 1% NPK at 7th day, 1% FeSO, at 15th day, 1% Zn nutrients at 18th day, 1% FeSO, at 22th day, 1% NPKand 1% Zn
at 32th day and 1% NPK at 40th day of growth cycle via fertigation; T3: treatment 3 designate the application of 5% MS basal media at 7th day, 10% MS
basal media at 15th day, 5% MS basal media at 22th day, and 10% MS basal media at 32th day of growth cycle via fertigation, T4: treatment 4 designate the
application of 1% NPK at 7th day, 1% Zn at 15th day, 1% NPK at 22th day, 1% Zn at 28th day, 1% NPK at 32th day, and 1% NPKat 45th day of growth cycle
via fertigation; T5: treatment 5 designate the application of 0.5% NPK at 7th day, 0.5% Zn at 15th day, 0.5% NPK at 18th day, 1% NPK at 28th day, and 1%
NPK at 45th day of growth cycle via fertigation; T6: treatment 6 designate the application of 0.5% NPK at 7th day, 0.5% Zn at 15th day, 0.5% NPK at 18th day,
and 1% NPK at 28th day of growth cycle via fertigation. The pictorial representation of root system represents the effect of MS media on the root system
and the without MS media represents the root system in treatment (T6) (b) The graph illustrates the effects of four different treatments (T2, T4, T5 and T6)
on the mean days to flowering of different varieties of variable duration (early duration: PR126, PB1509 and MTU1010; medium duration: PR121, PR128,
PR129; late duration: Swarna, Samba Mahsuri) tested in the present study. The mean days to flowering were evaluated on the Y-axis. While four different
treatments are plotted on the X-axis using the box plots. The plants in the treatments T1 and T3 did not survive. For the box plots, the boxes denote 25th
to 75th percentile, whiskers denote full data range, and the center lines denote the median. The alphabets shown above the boxes (a, b, ¢, and d) repre-
sent statistical significance between the different treatments computed using Tukey's test (P < 0.05). (c) The comparison of plant height in treatments T4,
T5 and T6 (d) The effect of treatments T6 (left) and T4 (right) on panicle length, and (e) The effect of treatments T6 (left) and T4 (right) on grain number
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of basal MS media showed negative impact on root sys-
tem. The root growth was highly reduced in the treat-
ment involving application of nutrients via MS media
compared to the treatment involving nutrient applica-
tion in form of NPK and Zn (Fig. 3b). The application
of nutrients in treatment 4 was in same manner as that
of field conditions, whereas in treatment 5, the stages of
nutrient application was kept same as field conditions,
but the dose was reduced to half at seedling growth stage
(Supplementary Table 1). Only three nutrient dose was
applied in treatment 6 compared to four nutrient doses in
treatment 5 (Supplementary Table 1). The average plant
height in treatment 2, 4, 5 and 6 was 92, 91, 66 days and
55 cm, respectively (Supplementary Table 6). The average
days to flowering in treatment 2, 4, 5 and 6 was 85, 81,
71 days and 58 days, respectively (Supplementary Table
7). The analysis revealed a significant difference among
the treatment groups in terms of reducing the flowering
time (P<0.05) (Fig. 3c). The nutrient application in form
of 0.5% NPK (14N:14P:14K) at 7—8 days and 18th day of
seedling growth stage, 0.5% Zn at 15th day of seedling
growth and 1% NPK at 28th day of vegetative growth
showed significant effect on plant height (Fig. 3d), panicle
length (Fig. 3e) and grain number (Fig. 3f).

We have conducted five distinct experiments to study
the effect of light source and photoperiod (Fig. 4a). The
light source includes natural sunlight, full spectrum light
bulbs, and low-cost halogen based 500-watts light tubes.
Different photoperiod and source of light had vary-
ing effect on flowering. The full spectrum artificial light
and halogen based 500-watts light tubes maintaining the
B:G:R:FR - 7.0:27.6:65.4:89.2, and an intensity of ~750—
800 pmol/m?/s at plant canopy height with photoperiod
of 13 h light and 11 h dark during seedling and vegeta-
tive stage and 8 h light and 16 h dark during reproduc-
tive stage had a significant effect (P<0.05) on reducing
the mean flowering time among tested rice varieties as
compared to field or natural sunlight spectrum (Supple-
mentary Table 8), Fig. 4b. The high-cost full spectrum
artificial light and cost-effective halogen bulb with varia-
tions in the photoperiod showed similar results. The
night hours temperature between 23 and 25°C was regu-
lated using two 300-watts capacity coiled heaters.

Premature seed harvesting and hormonal treatment
reduce maturity time

To accelerate the seed maturity and reduce the total crop
time in SpeedyPaddy, the panicles of rice plants were
tagged on the day of anthesis and harvested prematurely
at early dough stage 15 days after anthesis (Fig. 5a and
b). The seeds were dried at 38°C for 24 h for maturation
and dormancy breakage (Fig. 5¢ and d). Following this,
four different germination agents including GA,, CaCl,,
KH,PO, and Na,SeO; were tested to check their effect
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on inducting early and uniform germination (Fig. 5e).
The treated seeds were directly sown to the plug trays
containing soil and farmyard manure (Fig. 5f). Out of
these, the treatments containing 100 ppm of GA; and
2% CaCl, were most effective with 70% and 65% germi-
nation induction, respectively. The lowest germination
percentage of 20% was observed in the seeds treated with
KH,PO, (Supplementary Table 10).

Validation of SpeedyPaddy protocol

Upon standardization and inclusive analysis of each
parameter pertaining to germination, nutrient dose and
application, induction of flowering and early maturation;
the parameters that showed significant effect on all the
tested varieties were compiled to formulate a final Speed-
yPaddy protocol. The final protocol was then validated on
different sets for the advancement of segregating genera-
tions, hybridization, trait-based phenotyping including
screening for anaerobic germination and germination
from deep sowing depth and raising of populations for
mapping of QTL/genes. Overall, the SpeedyPaddy pro-
tocol resulted in average saving of 51, 60 and 76 days in
the early, medium, and late duration tested rice varieties,
respectively (Fig. 5g). The SpeedyPaddy protocol enables
the possibility to advance 4-5 generations based on their
maturity duration (Supplementary Table 11).

A subset of 599 segregating breeding lines at F, gen-
eration developed through forward breeding approach
involving 14 different donors were advanced to F; and F,
in 2019-2020 in SpeedyPaddy facility (Fig. 6a). After field
evaluation of the above-mentioned breeding material
in 2020 kharif season, a subset involving 10 promising
breeding lines was selected and hybridization program
for introgression of QTL/genes associated with traits
improving adaptation of rice under DSR in background
of PR126 and PB1509 was initiated in October 2020 in
SpeedyPaddy facility. The F; seeds were harvested and
backcrossed in January 2021. A total of 20 panicles per
background was used to cross with each donor. The seed
set of F, seed ranged from 5 to 8 seeds per panicle. An
average of 70 to 75 F; seeds per cross was generated
and 45 to 50 seeds per cross survived after germination.
These seeds were then backcrossed and the backcross
seeds were advanced in April-June 2021 and BC,F, were
evaluated in 2021 kharif season under field conditions.
The plant selection was carried out under field conditions
and selected lines were advanced to BC,F,, BC,F; and
BC,F in SpeedyPaddy in 2021-2022. The breeding mate-
rial was evaluated and seed of selected lines was multi-
plied under field conditions in 2022 kharif season. The
breeding material reached to multilocation evaluation in
just two years because of SpeedyPaddy which generally
takes 6 to 7 years under traditional method. Another set
including 42 advanced breeding lines possessing different
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light and photoperiod. The alphabet T designates the treatment and number designate the treatment number. T1: treatment 1 designate the full spec-
trum artificial light (PPFD of ~750-800 pmol/m?/s, light/dark: 8 h/16 h at seedling, vegetative and reproductive stages); T2: treatment 2 designate the
full spectrum artificial light (PPFD of ~ 750-800 umol/m?/s, light/dark: 13 h/11 h at seedling and vegetative and 8 h/16 h at reproductive stages; T3: treat-
ment 3 designate the natural spectrum/no artificial light; T4: treatment 4 designate the halogen bulbs (B:G:R:FR-7.0:27.6:65.4:89.2, light/dark: 13 h/11 h at
seedling, vegetative and reproductive stages); T5: treatment 5 designate the full spectrum artificial light (halogen bulbs (B:G:R:FR -7.0:27.6:65.4:89.2, light/
dark: 13 h/11 h at seedling and vegetative and 8 h/16 h at reproductive stages) (b) A statistical comparison shows the difference between mean days to
flowering of different varieties of variable duration (early duration: PR126, PB1509 and MTU1010; medium duration: PR121, PR128, PR129; late duration:
Swarna, Samba Mahsuri) which was used for protocol optimization in SpeedyPaddy. The alphabets above the bar graphs (a, b, ¢, and d) designate the
statistical significance between treatments T1,T2, T4, and T5 of eight different varieties computed using Tukey's test (P < 0.05)
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Fig. 5 Optimization of SpeedyPaddy protocol for premature seed harvest and germination (a) The picture illustrates the tagging of panicles at anthesis
(b) Prematurely harvested panicle at 15 days after anthesis (c) Drying of prematurely harvested seeds at 38 °C for 24 h (d) dried panicle (e) treatment of
dried seed with GA;, CaCl, KH,PO, and Na,SeOj; for 20 h at 12 °C. (g) The statistical comparison shows the difference between mean days to flowering in
the field and SpeedyPaddy in eight varieties of different duration (early duration: PR126, PB1509 and MTU1010; medium duration: PR121, PR128, PR129;
late duration: Swarna, Samba Mahsuri), which was used for the optimization of protocol in SpeedyPaddy. The statistical significance was determined by

the t-test: ***P<0.001

QTL/genes associated with traits improving adaptability
of rice under DSR [31] were procured from International
Rice Research Institute (IRRI), Philippines in 2019 and
few seeds were planted in offseason to be used for vali-
dation for the developed KASP assays ([30], Fig. 6a). In
an experiment of trait-based phenotyping, a total of 1500
segregating breeding lines developed involving donors
for anaerobic germination and germination from deep
sowing depth were phenotyped in 2023—-2024 in the same
facility (Fig. 6b). The breeding lines possessing the ability
to germinate under anaerobic conditions as well as capa-
bility to germinate from deep sowing depth were selected
for further field evaluation. For the experiment involv-
ing mapping of genomic regions associated with germi-
nation from deep sowing depth, the F; seeds of PR126/
IRGC 128,442 were produced in field in 2019 kharif sea-
son. The F; seeds were advanced to F, and F, seeds were
also backcrossed to PR126 in 2019-2020 rabi season
under speedpaddy conditions. The F,s were advanced to
F; and the BC,F;s were backcrossed to PR126 to generate
BC,F;s. The mapping and fine mapping was conducted
on F,, and BC,F, .

Cost-effectiveness of SpeedyPaddy

The total estimated cost per breeding cycle of 3 months
includes cost of heaters, halogen bulbs, humidifier,
plastic crates, plug trays, nutrients, consumption of

electricity {(heaters: 2 (1500 watts each; halogen bulbs: 20
(500 watts each), humidifier (260 watts)}, labor and main-
tenance cost. The estimated cost to run one breeding
cycle in SpeedyPaddy was $2941 including one time cost
of plastic crates which is much lower than the advanced
controlled environment speed breeding facilities (Sup-
plementary Table 9). The existing plant capacity of the
fiber sheet screenhouse facility, SpeedyPaddy of 67.16 m?
was 15,680 plants.

Discussion

Traditional breeding for novel and improved cultivars
with market-preferred traits generally take more than
10 years in the absence of any technological interven-
tional in the pre-breeding programme [1, 13]. In early
era of breeding program, a significant amount of space,
time, and resources were devoted in the selection and
the genetic advancement stages. Depending upon the
distinct groups of Oryza sativa L., the vegetative stage
in rice ranged from 30 to 90 days, while the reproduc-
tive to maturation stage ranged from 30 to 40 days [40].
To accelerate the generation advancement and to reduce
the duration of breeding cycle, each growth stage must
be shortened. Therefore, aiming to save time through
rapid generation advancement, speed breeding involves
manipulation of the crop growing environment provides
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an opportunity to advance the next breeding generation
as quickly as possible [14, 18].

The optimization of protocol for long-day plants
involves standardization of nutrient stress, plant den-
sity, growth stage and growth parameters to achieve fast
growth, early flowering, and fast maturation [26]. Gener-
ally, a mixture of sand, cocopeat and farmyard manure is
recommended as potting material for the crop species. In
contrast, in our present study the treatments containing
cocopeat did not show good germination. This might be
probably due to low water retention, high potassium con-
tent of cocopeat and high pH. Our experimental results
demonstrated that combination of soil and farm yard
manure in ratio of S - 50%: FYM - 50 and S - 30%: FYM -
70% and covering of trays with clear plastic sheet for ini-
tial 5 days significantly improved germination. The clear
plastic sheet may provide the best covering via keeping
check for hydration and germination. After the estab-
lishment of rice seedling, the standing water in the plas-
tic crate until reproductive stage had shown to support
plant growth. The high planting density is one among

the low-cost speed breeding strategies appropriate for
the rapid advancement of generations, while maintain-
ing large population size required for the advanced selec-
tions. Our results revealed that the plant density of 98
plants/0.14m? or 700 plants/m?* was effective in reduc-
ing plant height, tillering, and inducing early flowering.
The spatial stress worked excellently to induce stunted
growth and low tillering. Low space induced competition
among plants, caused zero tillering, reduce weed stress,
and helped increase the number of plants in the screen-
house. In rice, up to four generations/year and shortening
of breeding cycle by 15 to 40 days were achieved with a
high-density planting of 400 plants/m? [25].

Nutrients are very crucial for the growth and develop-
ment of plant. The nutrient deficiencies and imbalances
at different stages of growth and development and mode
of nutrient application can adversely affect the plant
growth, development, and maturity. In our study, we
found that the limited application of nutrients at seed-
ling and vegetative stage had a significant impact on
maintaining the plant biomass, height, and induction of
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Fig. 7 The picture illustrates the detailed compilation on the final optimized SpeedyPaddy protocol

early flowering. Interestingly, we observed that restrict-
ing nitrogen application after stem elongation or flag leaf
emergence promoted early flowering in rice. The nega-
tive impact of MS media was observed on root system.
Similarly, slower primary root growth was observed in
Arabidopsis thaliana after application of MS media [20,
36, 37]. The application of NPK and Zinc was found to be
more effective by solubilizing it in tray water rather than
the foliar spray. The solubilized application ensured slow
and long-term effect of nutritional dose.

Although rice is non-sensitive to varying photoperi-
ods, the different types of light systems including halo-
gen lights, full spectrum lights and role of photoperiod
in achieving synchronized and early flowering were
studied to find the cost-effective system. Mimicking the
natural photoperiod trend of reduced exposure after the
tillering stage resulted in early flowering and reduced
plant height. The proper understanding of photoperiod-
sensitive and photoperiod-insensitive phases in rice is
required for inducing early flowering. Previous studies
showed the role of extended photoperiods in inducing
early flowering in both the short-day and long-day plants
[11, 15, 26, 38]. The plants exposed to photoperiods of
13 h light and 11 h dark for the initial seedling and veg-
etative stage, followed by an instant shift to the short-
day conditions of 8 h light and 16 h dark demonstrated
significant effect on inducing early flowering. This high-
lights the importance of photoperiod duration during the
specific seedling and vegetative stages in achieving uni-
form and early flowering in rice. With the cutting-edge

variable light spectrums, the quality, potency, flavour,
yield and accelerated varietal development can be
achieved. Interestingly, in our present study the plants
were extremely sensitive to the difference between red
and blue spectrum, which should not be interpreted as
exclusion of other spectrums. The balance between the
two (high red-to-blue spectrum ratio (2R>1B) using low-
cost halogen lights (B: G:R:FR-7.0:27.6:65.4:89.2) only can
give rice crop very precise instructions on how to grow.
Further, we maintained 30-32°C temperature during day
hours and 23 to 25°C temperature during night hours and
humidity of 70% throughout the experiments. However,
it is worth mentioning that although the balance between
temperature and humidity facilitated the early flowering,
but reduced plant height, panicle length, grain size, grain
number and both filled and chaffy grains were observed.
It indicates the impact of stress conditions on seed devel-
opment and grain quality. Significant variations were
observed in the flowering and maturity of the tested vari-
eties in SpeedyPaddy compared to the field conditions.
Overall, the SpeedyPaddy protocol resulted in average
saving of 51, 60 and 76 days in the early, medium, and late
duration tested rice varieties, respectively (Supplemen-
tary Table 11). Importantly, our optimized Speedypaddy
parameters yielded positive results in late duration vari-
eties, such as Swarna and Samba Mahsuri, which typi-
cally takes 150 days to flower in the field but only 58 to
60 days in the Speedypaddy facility. These findings high-
light the importance of manipulating the photoperiod
duration during specific stages to accelerate flowering in
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rice. Furthermore, the protocol provides accurate knowl-
edge about the transition of rice crop from the photope-
riod-insensitive to the photoperiod-sensitive phase via
provision of extended daylight exposure, leading to the
significant saving of crop development time.

Speed breeding for any crop requires an inclu-
sive understanding of its physiological growth stages.
Although, speed breeding is a valuable approach to
fast-track the conventional breeding programme, but
it requires technical expertise, effective, modern, and
complementary plant phenomics facilities, adequate
infrastructure and continuous financial support for the
research and development activities [23, 34]. The inno-
vative solutions such as the small indoor speed breed-
ing kit with fitted LED lights, humidity and temperature
controls powered by the solar system and the semi-con-
trolled field-based systems with high-dense planting,
temperature-humidity controller, and nutrient stress
could be developed using the existing technologies. In the
present study, we have exploited the available resources
to achieve target of 4 to 5 rice generations per year with
a minimum cost of ~US$ 2623/breeding cycle including
some one-time miscellaneous cost.

The details on the final optimized SpeedyPaddy proto-
col are presented in Fig. 7. Our final optimized cost-effec-
tive SpeedyPaddy protocol with available infrastructure,
demonstrates a remarkable impact of accelerated breed-
ing in rice crop research. The standardized protocol was
validated to expedite crossing, marker development,
trait-based phenotyping for anaerobic germination and
germination from deeper depth, mapping of genes/QTLs
and advancement of generations activities. The breeding
lines developed using SpeedyPaddy protocol reached to
multilocation evaluation trials within 2 years instead of
the usual 6 to 7 years required.

Conclusions

The optimized SpeedyPaddy protocol offers a promis-
ing cost-effective solution to rice science community
for addressing the limitations of resources, solid infra-
structure, longer generation times and climate change
constraints. The average saving of 2.0 to 2.6 months per
breeding cycle with an integration of genomics-assisted
selection, trait-based phenotyping, mapping of QTL/
genes, marker development may accelerate the varietal
development and release, ultimately increasing the rice
genetic gain.
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