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ABSTRACT

Sorghum, the fifth most cultivated crop worldwide, is vital for
food, fodder, fuel, and industrial applications. Developing
multi-stress tolerant and nutrient-rich sorghum lines remains a
central breeding objective. This proposal outlines the creation
of a customized synthetic sorghum zygote, regenerated in vitro
into plantlets and released as cultivable varieties within a
shortened timeframe. Using the reference genome (BTx623,
~732 Mbp), alleles linked to yield, drought tolerance (PIN
genes), pest resistance (shoot fly), disease resistance
(anthracnose), mineral density (Fe/Zn transporters), and
quality traits are mined in silico from mapping populations and
wild races. These alleles are sequentially assembled across ten
chromosomes into designed haplotypes, targeting SVs, PAVs,
SNPs, InDels, and gCNVs. The reconstructed genome is
synthesized via molecular DNA printing, converted into
synthetic zygotes, and regenerated through tissue culture.
Stabilized lines are advanced via speed breeding and validated
in multi-location trials, aiming to deliver a “synthetic ideotype”
sorghum with enhanced resilience.
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INTRODUCTION

Sorghum (Sorghum bicolor L. Moench) is ranked as the fifth most cultivated cereal worldwide, following maize,
rice, wheat, and barley (Godfray et al. 2010; FAO, 2021). Its versatility is unmatched: it serves as a staple food
in semi-arid regions, a source of fodder for livestock, a raw material for biofuel production, and a key ingredient
in brewing and sweetener industries (Figure 1). Sorghum'’s resilience to drought and marginal soils has made
it indispensable in regions where other cereals fail, particularly across sub-Saharan Africa and South Asia. Yet,
despite its adaptability, sorghum yields remain relatively low compared to other cereals, and nutritional
deficiencies, especially in iron (Fe) and zinc (Zn), persist among populations that depend on it as a dietary staple
(Mace et al., 2013; Connorton et al., 2017).

Traditional sorghum breeding has focused on improving yield, salt tolerance, drought tolerance, and
resistance to pests such as shoot fly (Atherigona soccata) and diseases like anthracnose (Colletotrichum
graminicola) (Figure 2) (Prom et al., 2009; Aruna et al,, 2011; Ashraf & Foolad , 2013). However, the polygenic

J. Current Opinion Crop Sci., 2026; Volume 7(2): 123-135 123


https://doi.org/10.62773/jcocs.v7i2.406
mailto:vgshobhana@gmail.com

nature of these traits, coupled with sorghum’s large and complex genome (~732 Mbp), has slowed progress
(Paterson et al., 2009). Marker-assisted selection and genomic selection have accelerated trait introgression,
but the timelines for developing stable, multi-trait cultivars remain long—often spanning decades.
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The challenge is compounded by the need to integrate multiple traits simultaneously: yield stability under
drought, pest and disease resistance, and micronutrient enrichment. Conventional breeding pipelines struggle
to achieve this integration efficiently. Thus, there is a pressing need for transformative approaches that
compress breeding timelines while enabling precise trait stacking.

Synthetic biology offers a radical departure from conventional breeding. Advances in DNA synthesis and
molecular printing now allow for the design and assembly of entire genomic regions with unprecedented
precision (Shukla etal. 2018; Yang et al.,, 2019; Bhat etal. 2020; Huang et al., 2021; Yang & Reyna-Llorens,
2023). In parallel, computational tools and curated genomic databases such as SbGDB and SorghumBase
provide access to allelic diversity across mapping populations and wild races (McCormick et al., 2018;
Shukla et al., 2018; Sattler et al.,, 2018). Together, these resources enable the conceptualization of a “synthetic
ideotype” a plant designed from the ground up by stacking beneficial alleles into engineered haplotypes.

The notion of a synthetic sorghum zygote, printed from DNA and regenerated via tissue culture, represents
a paradigm shift in crop improvement. Instead of relying on recombination and selection across generations,
breeders could directly assemble genomes with desired traits. This approach could compress breeding
timelines from decades to a few years, especially when combined with speed breeding protocols that accelerate
generational turnover (Watson et al., 2018; Wang et al., 2020; Hayakawa et al., 2024; Zhang et al., 2024; Prabhu
etal, 2026).

The objectives of the synthetic ideotype framework are centered on designing a next-generation sorghum
ideotype that strategically integrates multiple resilience and productivity traits. The proposal emphasizes yield
stability under variable climates, drought tolerance mediated by PIN gene family regulation (Xu et al., 2015; Jha
etal, 2019), pest resistance particularly against shoot fly (Atherigona soccata) (Aruna et al., 2011), and disease
resistance with a focus on anthracnose (Colletotrichum graminicola) (Prom et al, 2009). Additionally, the
framework targets micronutrient enrichment through Fe/Zn transporter regulation (Connorton et al,, 2017).
By mining alleles linked to these traits, assembling them into functional haplotypes, and reconstructing the
genome via DNA printing, the framework aims to generate synthetic plantlets that can be rapidly stabilized into
lines. These lines will then undergo rigorous multi-location trials to validate their performance across diverse
agro-ecological zones, ensuring both adaptability and long-term sustainability.

If realized, the synthetic ideotype framework could revolutionize sorghum breeding by compressing
timelines from decades to years, enabling precise trait stacking across multiple stress and nutritional
dimensions, and serving as a transferable model for synthetic crop design in other cereals such as rice, maize,
and wheat. Beyond sorghum, this approach holds promise for advancing global food security, climate resilience,
and biofortification initiatives. The introduction of synthetic ideotypes in crop breeding could mark the
beginning of a new era in plant genomics—one where breeders move beyond incremental gains to holistic,
engineered solutions for global agricultural challenges (Li et al., 2020).

MATERIALS AND METHODS

Genomic Resources and Data Mining

The foundation of the synthetic ideotype framework lies in the availability of high-quality genomic resources.
The sorghum reference genome BTx623 (~732 Mbp) provides a comprehensive map of gene families, structural
variants, and regulatory elements (Paterson et al,, 2009) (Table 1). Curated databases such as SbGDB and
SorghumBase (McCormick et al., 2018) (Figure 3) were employed to identify allelic variants associated with
key agronomic traits.

Allele mining

The synthetic sorghum ideotype framework prioritizes key trait categories, beginning with yield stability
through loci associated with grain size, panicle architecture, and photosynthetic efficiency. For drought
tolerance, it emphasizes PIN gene family members that regulate auxin transport (Xu et al., 2015; Kato etal,,
2018). Pest resistance is targeted via alleles conferring resilience against shoot fly (Atherigona soccata) (Aruna
et al,, 2011), while disease resistance focuses on anthracnose resistance loci (Colletotrichum graminicola)
(Prom et al,, 2009). Finally, micronutrient enrichment is addressed through Fe/Zn transporters, notably Yellow
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Stripe-Like (YSL) and Fe®* transporters (Connorton et al.,, 2017), ensuring nutritional enhancement alongside

stress resilience.

Table 1. Candidate traits, gene families, and genomic loci mined from sorghum databases

Trait / Candidate Gene Families /  Representative Genomic References

Objective Alleles Loci / References

Yield stability Grain size regulators, QTLsonChr1,3,6 Paterson et al., 2009;
panicle architecture genes Mace etal,, 2013

Drought PIN gene family (auxin PIN1, PIN3, PIN5 loci Xu et al, 2015

tolerance transport)

Pestresistance  Shoot fly resistance alleles ~ QTLs mapped in resistant Arunaetal, 2011

germplasm

Disease Anthracnose resistance Resistance loci on Chr 5, 9 Prom et al., 2009

resistance genes

Micronutrient  Yellow Stripe-Like (YSL) YSL2, YSL3, NRAMP loci Connorton et al., 2017

enrichment transporters, Fez*

(Fe/Zn) transporter genes

Quality traits Starch biosynthesis genes, = Wx, SBE, and kafirin loci McCormick et al,, 2018

protein quality regulators

Ever growing number of genetic resources for allele mining !!!!

5

The sorghum bicolor genome database at the
US Joint Genome Institute (Release 2.1)
The sorghum genome information portal at

genomes

Gramene Genomes online database

The sorghum genome browser at Ensembl Pfam

(Release 1.4) UniProt

The sorghum genome browser at PlantGDB PANTHER

(Release 1.4) The database of Crop Wild Relatives

A comparative pangenomic database for plant

Plant tRNA-derived fragment database

Morohoshi: The sorghum transcriptome
database at RIKEN (Japan)

The Sorghum transcription factors in the
PlantTFDB, Pehing University, China
Sorghum functional genomics

The African Plant Database
Eppo Global Database
Germinate Sorghum Database

DNA polﬁmm annotation Database

Functional Gene Discovery Platform for
Sorghum at Purdue University, US
Plant genome and systems biology

Plant competing endogenous RNA Database
Sorghum QTL Atlas

Figure 3. Genetic resources for allele mining in Sorghum
Haplotype Assembly and Genome Design

Allelic variants were computationally stacked into designed haplotypes across all ten sorghum chromosomes,
with assembly targeting conserved regions of variation such as structural variants, presence/absence variants,
single nucleotide polymorphisms, insertions/deletions, and gene copy number variations (Mace et al., 2013).
Advanced bioinformatics pipelines were employed to align candidate alleles, resolve conflicts, and predict
epistatic interactions (Figure 4), ensuring coherent haplotype design. These designed haplotypes were then
validated in silico for stability and compatibility with known regulatory networks (Zhang et al., 2020), providing
a computational foundation for synthetic ideotype construction and downstream experimental validation.
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Figure 4. Workflow diagram showing allele mining — haplotype assembly — genome design

DNA Printing and Synthetic Zygote Formation

Advances in molecular DNA synthesis and printing technologies (Huang et al,, 2021) enable the reconstruction
of large genomic regions. The designed haplotypes were assembled into contiguous DNA sequences, which
were then printed using high-fidelity molecular printers (Fig. 5 & 6) (Weising et al., 2005; Sucher et al,, 2012).
The printed DNA was introduced into artificial zygotic constructs, forming synthetic zygotes. This step
represents the conceptual leap from conventional breeding to synthetic biology, bypassing recombination-

based allele introgression (Figures 5, 6, & 7).

Mind The Gap: On-Demand DNA
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Figure 5. Schematic of DNA printing and synthetic zygote formation
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Figure 6. Implications of 3D printing in molecular biology

DNA Printer:
Working Principle

The Ink

N

You Design Your
Own DNA Sequence

The Base
Material

The Printing
Process

PRESS ‘START” - WAIT JUST AROUT 2
HOURS

YOUR DNA IS PRINTED, PRIED

READY FOR FURTHER USE.

Enter it into the

A solid phase is used Kilobaser interface

Uses 4 “colors’ of The DNA is printed base

to print DNA on. This
column of special
material is integrated
in a microfluidic chip
(Kilobaser DNA
Synthesizer).

organic nucleoid
bases - adenine,
guanine, cytosine
and thymine.

by base, and passed to
the solid phase, where it
is bound to the previous
base. All the unbound
molecules are washed
away

A fresh microfluidic
chip A collection tube
A cartridge

Reagents

Figure 7. Working principle of DNA printer
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Tissue Culture and Plantlet Regeneration
Synthetic zygotes were regenerated into complete plantlets using standardized tissue culture protocols
(Sudhakar et al, 2016). Key steps included:
1. Callus induction from synthetic zygotic tissue.
2. Organogenesis and somatic embryogenesis under controlled hormonal regimes.
3. Rooting and shoot elongation in optimized media.
4. Hardening in greenhouse conditions to acclimatize regenerated plantlets.
Protocols were adapted to minimize somaclonal variation and ensure genetic fidelity of synthetic constructs.

Speed Breeding and Generational Advancement

Regenerated plantlets were advanced through successive generations using speed breeding facilities (Watson
et al,, 2018; Potts et al., 2023; Potts et al., 2023; Chaudhary & Sandhu (2024); Blinkov et al., 2025). Controlled
photoperiods, extended light exposure, and optimized nutrient regimes enabled up to six generations per year.
This accelerated stabilization of synthetic lines, reducing breeding timelines dramatically compared to
conventional methods (Figure 8).

EXPERIMENTAL PLAN

Printing out the genomic DNA, say,
the embryo through a DNA printer

0

Hardening the plantlets
in green house

Culturing of the embryo for
shoots and roots

Varietal
release in
4to5
years

Standardising protocols in a speed breeding
facility for the hardened sorghum plantlet

Figure 8. Comparative timeline of conventional breeding vs synthetic ideotype breeding

Validation and Multi-Location Trials
Stabilized synthetic lines were subjected to multi-location trials (MLTs) across diverse agro-ecological zones.
Evaluation criteria included:

1. Phenotypic performance: yield, drought tolerance, pest/disease resistance (Furbank & Tester (2011);

Blum (2014); Boyer (2010);

2. Nutritional profiling: Fe/Zn content in grains.

3. Environmental adaptability: resilience under variable climates.

4. Biosafety and regulatory compliance: assessment of ecological impact and food safety.
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Ethical, Biosafety, And Regulatory Considerations

Given the novelty of synthetic ideotype engineering, biosafety protocols were integrated into all stages.
Regulatory frameworks for genetically engineered crops were referenced, with emphasis on transparency,
ecological risk assessment, and stakeholder engagement. Ethical considerations included equitable access to
synthetic crop technologies and their role in addressing global food security.

RESULTS & EXPECTED OUTCOMES
Synthetic Zygote Regeneration

The proposed workflow anticipates successful regeneration of synthetic sorghum zygotes into viable plantlets.
Early proof-of-concept experiments in related cereals suggest that synthetic constructs can be stabilized
through tissue culture protocols (Sudhakar et al., 2016). The expected outcome is the establishment of callus
cultures from printed DNA constructs, followed by organogenesis and somatic embryogenesis (Figure 9).

Synthesized

Synthetic Zygote Callus Embryo Plantlet Regeneration
Creation Induction Formation

Figure 9. Synthetic zygote regeneration workflow from callus to embryogenic tissue and regenerated plantlet.

This infographic visually narrates the four sequential stages of regeneration:
1. Synthetic Zygote Creation - insertion of synthesized DNA into a cell.
2. Callus Induction - formation of undifferentiated tissue in culture.
3. Embryo Formation - development of somatic embryos.
4. Plantlet Regeneration - growth of a complete plant from the embryo.

Trait Integration and Performance
The designed haplotypes are expected to confer multi-trait integration, including:
1. Yield stability: enhanced grain size and panicle architecture.
2. Drought tolerance: improved root architecture and water-use efficiency mediated by PIN gene
regulation (Xu et al,, 2015).
3. Pestresistance: reduced shoot fly infestation due to stacked resistance alleles (Aruna et al,, 2011).
4. Disease resistance: lower anthracnose incidence compared to conventional lines (Prom et al., 2009).
5. Micronutrient enrichment: elevated Fe/Zn concentrations in grains, addressing hidden hunger
(Connorton etal.,, 2017).

Breeding Acceleration

One of the most significant expected outcomes is the compression of breeding timelines. Conventional sorghum
breeding requires 10-15 years to develop and release a stable variety. By contrast, synthetic ideotype
engineering, combined with speed breeding protocols, could reduce this timeline to 3-5 years (Fig. 10).
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Figure 10. Comparative timeline chart showing conventional breeding vs synthetic ideotype breeding.

This visualization contrasts conventional breeding (10-15 years) with the synthetic ideotype approach (3-5
years), showing each stage from initial crosses to variety release. The blue solid line represents conventional
breeding, while the green dashed line represents synthetic ideotype breeding, making the acceleration in
timelines clear at a glance.

Scalability and Cross-Crop Potential

While sorghum serves as the model crop in this proposal, the synthetic ideotype framework is inherently
scalable. Similar strategies could be applied to rice, maize, and wheat, leveraging their reference genomes and
curated databases. The expected outcome is the establishment of a universal synthetic crop design pipeline,
adaptable to diverse cereals and potentially to legumes and oilseeds.

Biosafety and Regulatory Pathways

Expected outcomes also include the development of biosafety protocols tailored to synthetic ideotypes. Multi-
location trials will provide data on ecological impact, gene flow, and food safety. Regulatory frameworks will
need to evolve to accommodate synthetic biology approaches distinct from conventional GMOs.

Broader Impact

The synthetic ideotype framework is expected to:
1. Advance food security by delivering high-yield, stress-tolerant sorghum lines.
2. Promote climate resilience through drought-tolerant cultivars.
3. Address micronutrient deficiencies via biofortified grains.
4. Catalyze innovation in plant genomics and synthetic biology.

DISCUSSION
Feasibility and Technical Challenges

The synthetic ideotype framework proposed here represents a conceptual leap from conventional breeding to
synthetic biology. While the theoretical workflow, from allele mining to DNA printing and regeneration, is
scientifically grounded, its practical realization faces several challenges.
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First, genome complexity remains a major constraint. The sorghum genome, at approximately 732 Mbp,
contains extensive structural variation and regulatory networks that govern gene expression and epigenetic
modulation (Paterson et al., 2009; Mace et al., 2013). Designing haplotypes that integrate multiple beneficial
alleles without disrupting native regulatory architecture requires advanced computational modelling and
predictive genomics.

Second, allelic interactions and epistasis may influence trait stability. Stacking alleles for yield, drought
tolerance, and pest resistance could lead to unforeseen trade-offs, such as metabolic burden or altered
signalling pathways. Integrating systems biology approaches—such as gene network modelling and
transcriptomic profiling—will be essential to anticipate and mitigate these effects.

Third, infrastructure requirements pose logistical challenges. Molecular DNA printers capable of
synthesizing large genomic constructs are still emerging technologies (Huang et al.,, 2021). Similarly, tissue
culture and regeneration protocols for sorghum, though established (Sudhakar et al, 2016), require
optimization for synthetic constructs to ensure genetic fidelity and minimize somaclonal variation.

Comparative Advantage Over Conventional Breeding

Despite these challenges, the synthetic ideotype approach offers distinct advantages over conventional
breeding. Traditional methods rely on recombination and selection across multiple generations, often
constrained by linkage drag and environmental variability. In contrast, synthetic ideotype engineering enables
precise trait stacking and rapid generation advancement through speed breeding (Watson et al., 2018;
Gao, 2021).

The comparative timeline (Figure 10) illustrates this acceleration: conventional breeding typically spans 10-
15 years, whereas synthetic ideotype breeding could achieve stable variety release within 3-5 years. This
compression of timelines has profound implications for responding to climate change, emerging pests, and
nutritional demands. Moreover, the approach enhances reproducibility and scalability. Once a synthetic genome
design is validated, it can be replicated across laboratories and adapted to other crops with minimal
modification. This reproducibility contrasts sharply with the variability inherent in field-based breeding
programs.

Biosafety, Ethics, and Regulatory Considerations

The introduction of synthetic ideotypes raises important biosafety and ethical questions. Unlike transgenic
crops, which involve the insertion of foreign genes, synthetic ideotypes reconstruct entire genomic regions
using native alleles. This distinction may simplify regulatory approval but necessitates new frameworks for
evaluating ecological impact and food safety (Ricroch et al.,, 2016).

Ethical considerations include equitable access to synthetic crop technologies and the potential for
intellectual property monopolization. Ensuring open-source genomic designs and collaborative research
models will be critical to prevent technological inequity. Furthermore, transparent communication with
farmers and consumers will help build trust in synthetic biology applications in agriculture.

Future Directions

The next frontier lies in integrating artificial intelligence (AI) and machine learning (ML) into synthetic ideotype
design. Predictive algorithms can model gene interactions, simulate phenotypic outcomes, and optimize
haplotype configurations before physical synthesis. Al-driven allele mining could uncover novel gene
combinations for stress resilience and nutritional enhancement. Additionally, coupling synthetic ideotype
engineering with CRISPR-based genome editing could refine trait expression and regulatory control. CRISPR
could be used to validate synthetic constructs or introduce fine-tuned modifications post-regeneration
(Liu etal. 2019; Zhao et al., 2019). Long-term, the synthetic ideotype framework could evolve into a universal
crop design platform, enabling rapid customization of plant genomes for specific agro-ecological zones. This
vision aligns with global initiatives for sustainable agriculture, climate adaptation, and biofortification.
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Limitations and Outlook

While the conceptual framework is visionary, it remains largely experimental. The success of synthetic zygote
regeneration and genome-scale DNA printing in major crops has yet to be demonstrated. Pilot studies in model
species will be essential to validate feasibility.

Nonetheless, the synthetic ideotype concept provides a blueprint for future innovation. It bridges genomics,
bioinformatics, and synthetic biology, offering a pathway toward precision crop design. As technologies mature,
the integration of computational design, molecular synthesis, and accelerated breeding could redefine the pace
and scope of agricultural improvement.

CONCLUSIONS

The present manuscript outlines a visionary framework for synthetic ideotype engineering in sorghum,
integrating genomic mining, DNA printing, tissue culture regeneration, and speed breeding into a unified
pipeline. This approach reimagines crop improvement as a design-driven process rather than a generational
exercise in selection. By leveraging the reference genome (BTx623), curated databases (SbGDB, SorghumBase),
and advanced molecular synthesis technologies, the proposed workflow demonstrates how precision genomics
can converge with synthetic biology to accelerate breeding timelines and expand the frontiers of plant
innovation. The synthetic zygote concept, printing designed haplotypes and regenerating them into complete
plantlets, represents a paradigm shift in agricultural biotechnology. It moves beyond the incremental gains of
conventional breeding toward a holistic reconstruction of crop genomes tailored for multi-stress tolerance,
nutritional enrichment, and climate resilience. The integration of speed breeding further compresses timelines,
enabling rapid stabilization and evaluation of synthetic lines within 3-5 years, compared to the 10-15 years
required by traditional methods. While the framework remains largely conceptual, its implications are
profound. The successful realization of synthetic ideotypes would transform not only sorghum breeding but
also the broader landscape of crop design. It would enable precision stacking of alleles for complex traits,
predictive modeling of phenotypes, and scalable replication of optimized genomes across species. Moreover, it
would catalyze interdisciplinary collaboration among geneticists, bioinformaticians, molecular biologists, and
synthetic biotechnologists.

The challenges, genome complexity, infrastructure, biosafety, and regulatory adaptation—are significant
but surmountable. As molecular printing technologies mature and computational design tools evolve, the
feasibility of constructing synthetic zygotes will increase. Ethical and regulatory frameworks must evolve in
parallel, ensuring transparency, ecological safety, and equitable access to synthetic crop technologies.
Ultimately, the synthetic ideotype framework offers a blueprint for the next generation of crop improvement,
one that aligns with global goals for sustainable agriculture, food security, and nutritional equity. Sorghum, as
aresilient and versatile crop, stands poised to lead this transformation. The vision articulated here invites the
scientific community to explore, refine, and realize the potential of synthetic biology in plant breeding, ushering
in an era where crops are not merely selected but designed for the future.
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