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Abstract

Owing to advances in genome sequencing and editing, a genome 
can now be redesigned, synthesized and introduced into cells as 
desired. The field of synthetic genomics not only aims to provide 
deeper understanding of how the genome functions but can also be 
harnessed for a wide range of synthetic biology and bioengineering 
applications, from rapid evolution and screening for favourable strains 
to biotechnological and bioproduction tool development. Although 
genome synthesis has been carried out mainly in simple unicellular 
organisms, plants and animals are now also being investigated. 
Compared with animals, plants have unique advantages, such as 
fewer ethical concerns, simpler experimental operations and easier 
regeneration from cells to organisms. In this Review, we focus on 
genome synthesis in plants, discuss the current research landscape 
and assess possible future directions.
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sustenance and industrial systems, along with their lower ethical and 
biosafety constraints compared with animal models, plant synthetic 
genome technology offers great potential for agricultural innovation 
and biopharmaceutical development (Box 1). There are numerous 
crop traits that need to be improved or even redesigned; for example, 
orthogonal pathways, such as C4 photosynthesis and nitrogen fixation, 
can be introduced into plants that lack these beneficial traits. Syn-
thetic genomics also supports molecular pharming to produce small 
molecules, therapeutic proteins, vaccines and other pharmaceuticals. 
Synthetic genomics even supports molecular-level hybridization of 
species to generate beneficial new hybrid species or rescue endan-
gered species. However, genome synthesis for multicellular organisms 
(including plants) presents considerable challenges compared with 
unicellular organisms17, such as large genome sizes18, inefficient DNA 
transformation and difficulties in cell regeneration and reconstruction 
of the epigenetic landscape.

In this Review, we first discuss milestones in synthetic genomics 
and then shift our focus to plants, starting with the top-down approach, 
in which native chromosomes are trimmed to be used as potential 
vectors for biotechnologies. We follow up by covering the bottom-up 
approach, which covers genome design, large-fragment synthesis and 
assembly, large-DNA-fragment transformation, site-directed targeting 
and elimination of targeted genome segments. Finally, we discuss cur-
rent bottlenecks that need to be addressed to enable broader applica-
tions of plant synthetic genomics, including inefficient large-fragment 
transformation, difficulties in site-directed targeting and the low 
regeneration rate of seed plants.

Development of synthetic genome research
Because oligonucleotides can be chemically synthesized to ‘create’ life 
de novo, researchers are now exploring the possibility of synthesiz-
ing artificial genomes. A 77-bp alanine tRNA-encoding gene was the 
first gene to be artificially synthesized in 1970 (ref. 19), followed by 
virus, prokaryote, single-celled eukaryote genomes and even parts 
of plant genomes from the early 2000s and over the span of two 
decades (Fig. 1).

Viruses
Viruses lack cellular structures, and their genetic information is encap-
sulated solely by their own capsid proteins. Their genomes are usually 
simple and short, and single-stranded viruses often have genomes on 
the order of 1 kb (ref. 20), making them excellent starting points for 
synthetic genomic experiments. In 2002, the genome of infectious 
poliovirus was synthesized by assembling DNA oligonucleotides5, 
resulting in a single-stranded RNA genome ~7.5 kb in length21. This syn-
thetic poliovirus cDNA was then transcribed, translated and replicated 
in a cell-free extract, ultimately resulting in the de novo synthesis of 
infectious poliovirus. This was the first synthetic genome, confirm-
ing the feasibility of chemically synthesizing genomes de novo with-
out relying on natural templates. In 2003, a 5,386 bp bacteriophage 
was synthesized with a φX174 DNA genome. Sequential ligation and 
polymerase cycling reactions enabled single-step construction of the 
entire >5 kb DNA without cloning6. This landmark research substan-
tially increased the efficiency of DNA synthesis, achieving a tenfold 
increase in speed compared with the prior synthesis of the poliovirus5 
and laying the foundation for the subsequent synthesis of bacterial 
genomes22. In the following years, more and larger virus genomes were 
designed and synthesized23–25, proving useful in the development of 
next-generation vaccines.

Key points

 • Advances in genome sequencing, synthesis and editing technologies 
have enabled systematic redesign and chemical synthesis of plant 
genomes, establishing a new research discipline for functional 
genome exploration with potential for agricultural innovation and 
industrial bioproduction.

 • Top-down chromosomal engineering strategies focus on the 
modification of endogenous chromosomes, and bottom-up 
strategies use de novo DNA assembly techniques to generate artificial 
chromosomes with distinct structural and functional properties.

 • De novo synthesis of plant chromosome segments follows a 
stage-gated workflow involving computational design, modular DNA 
assembly, transformation, targeted integration and verification, plant 
regeneration and phenotypic validating, with post-analysis data driving 
iterative optimization cycles for genome design refinement.

 • Accurate integration of large DNA fragments remains a technical 
bottleneck in seed plant synthetic genomics, requiring breakthroughs 
in homology-directed repair or nonhomologous end joining-mediated 
integration efficiency and engineered recombinase systems to improve 
plant genome engineering platforms.

Introduction
The term ‘genome’ refers to the entire genetic material of an organism, 
including all the genes and non-coding sequences. Genomics, that 
is, the study of genomes1, is the cornerstone of modern life science 
research, and enormous efforts have been devoted to understanding 
the genome. However, as Richard Phillips Feynman once said: ‘What 
I cannot create, I do not understand’, therefore, the ability to synthesize 
and redesign genomes could propel genomic research to a new stage. 
Genome synthesis has now become possible owing to advances in 
genome sequencing, reduced DNA synthesis cost2 and technologies to 
assemble large-fragment DNA, which is often referred to as ‘chunk’3,4. 
As a subfield of synthetic biology, synthetic genomics is expected 
to enable the reconstruction and reshaping of the genome to better 
understand it and to serve as the foundation for other synthetic biol-
ogy applications. For example, viruses were first synthesized in the 
early 2000s5,6 and whole prokaryote genomes can now be synthesized 
routinely7–9. Chromosomal fragments and even intact yeast chromo-
somes have been synthesized and shown to function in vivo10. Further-
more, all budding yeast chromosomes have been fully redesigned and 
synthesized11–13.

A logical next step is to achieve genome synthesis for multicellular 
organisms, which would facilitate the understanding and application 
of more complex genomes, including those of plants and animals14–16. 
Synthetic genomics is an ‘enabling technology’ that facilitates the 
development or implementation of other technologies or processes. 
For example, it enabled the rewiring of the chromosomal structure, 
the regulatory circuits or even the genetic code of bacteria and 
yeasts. Similar changes can be induced in multicellular plants, such 
as reorganization and simplification of chromosomes, redesigning 
signalling pathways and expanding the genetic codon to introduce 
non-canonical amino acids, which would establish transgenic bios-
ecurity systems. Moreover, given the essential role of plants in human 
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Prokaryotes
Prokaryotic organisms possess a simple cell structure, with genomes 
on the order of 106 bp. Compared with viruses, which often have fewer 
than 10 genes, prokaryotes have several hundred genes. In 2008, 
the first complete 582,970-bp Mycoplasma genitalium genome was 
synthesized. However, owing to the extremely slow growth rate of 
M. genitalium, the synthesized genome was ultimately not transferred 
into M. genitalium cells26. To overcome this limitation, a 1.08-Mb 
genome of the closely related but faster growing Mycoplasma mycoides 
was synthesized. This genome, which closely resembled the original 
wild-type genome, supported cell viability and enabled the creation of 
JCVI-syn1.0, the first cell line fully controlled by a synthetic genome7. 
In the subsequent JCVI-syn3.0, many non-essential genes were removed, 
reducing the number of genes from 901 to 473 to generate a minimal 
synthetic genome cell9. Although JCVI-syn3.0 retained replication 
capacity and wild-type-like colony morphology, its doubling time 
tripled compared with JCVI-syn1.0, and daughter cells exhibited mor-
phological heterogeneity post-division9. Subsequent reintroduction 
of seven essential genes involved in cell division morphology corrected 
these defects27, demonstrating power of synthetic genomics for func-
tional gene exploration. Furthermore, synthetic genomics enables the 
systematic replacement of naturally redundant codons genome-wide, 
facilitating biological containment or non-canonical amino acids incor-
poration. In 2016, a 3.97-Mb Escherichia coli synthetic genome was 
designed using only 57 codons, with 7 codons replaced by synony-
mous alternatives28. In 2019, REXER (Replicon EXcision for Enhanced 
genome engineering through programmed Recombination)29 — 
enabled single-step replacement of >100 kb genome fragments via 
lambda-Red-mediated recombination — was used to generate the fully 
synthetic E. coli ‘Syn61’, which contained only 61 codons8.

Unicellular eukaryotes
Compared with prokaryotic organisms, eukaryotes possess chro-
mosomal structures and more complex genomes. Saccharomyces 

cerevisiae was the first eukaryotic organism whose entire genome 
(~12 Mb with 16 chromosomes30) was sequenced owing to its strong 
recombination capability3. In 2011, the chromosomal arms IXR and 
VIL of S. cerevisiae were artificially synthesized and used to replace the 
endogenous arms. Subsequently, members of an international consor-
tium comprising 21 institutions worldwide initiated the first eukaryotic 
genome synthesis project, Sc2.0 (ref. 11). After more than a decade of 
effort, in 2023, all 16 chromosomes of S. cerevisiae, along with an addi-
tional tRNA neochromosome, had been fully synthesized artificially 
and used to replace the natural genome12,13,31–37. In the Sc2.0 project, 
each chromosome was assembled via SwAP-In (switching auxotrophies 
progressively for integration), wherein iterative assembly and integra-
tion of synthetic DNA sequences with two selection markers enabled the 
assembly of large fragments. As all the chromosomes have been indi-
vidually synthesized, the next step is to integrate all the synthetic chro-
mosomes into a single cell to construct a yeast strain with a completely 
artificial genome36. Compared with prokaryotes, a major characteristic 
of the eukaryote genome is the presence of many intergenic regions 
and repetitive sequences. In the redesigned Sc2.0 synthetic chromo-
somes, many repetitive sequences, including transposons and introns 
known to be removable, have been deleted. This deletion not only pro-
vides a foundation for exploring the organizational mechanisms of 
yeast genome elements but also makes the stepwise replacement of 
DNA mega-chunk more efficient. Additionally, the design includes 
stop codon replacements to support the use of non-standard amino 
acids. Because tRNAs can induce genomic instability, including repli-
cation fork collapse38,39 and Ty1 retrotransposon insertion upstream 
of tRNA loci40, all native tRNA genes were deleted and their sequences 
redesigned in a dedicated tRNA neochromosome37. To enable induc-
ible genome restructuring, multiple loxPsym sites were inserted near 
genes to construct the ‘Synthetic Chromosome Rearrangement and 
Modification by LoxP-mediated Evolution’ (SCRaMbLE) system. This 
system drives rapid, recombinase-dependent gene rearrangements 
or deletions upon induction11. The Sc3.0 project aims to synthesize a 

Box 1 | Potential applications of synthetic genomics in agriculture and bioproduction
 

As a transformative platform for large-scale genome writing, 
large-fragment replacement technology enables seamless 
integration of complex genetic cassettes. These cassettes range 
from multigene clusters to entire metabolic pathways comprising 
hundreds of genes into crop genomes while circumventing 
interference from endogenous regulatory networks. This 
capability enables radical rewiring of plant physiology, including 
photosynthetic apparatus optimization, nitrogenase system 
engineering and deployment of synthetic biosensors through 
integrated sensing-execution circuits. Moreover, genome synthesis 
allows for developmental reprogramming via synthetic gene 
circuits to enhance agronomic traits. In bioproduction contexts, 
targeted chromosomal integration of heterologous pathways 
ensures position-independent expression stability and enables 
genetic pyramiding through precise multilocus stacking.

Synthetic genomic tools can further revolutionize chromosomal 
engineering through synthetic centromere-embedded 
neochromosomes, which function as high-capacity vector platforms 
for trait stacking. These synthetic chromosomes surpass conventional 

plasmid-based methods by enabling tissue-specific expression 
control, stable inheritance and dynamic pathway optimization via 
modular swapping. Advanced chromosomal manipulation techniques, 
including interspecific chromosome fusion and alien chromosome 
addition, generate new hybrid species with introgressed beneficial 
traits at the whole-chromosome level.

Synthetic genomes also serve as evolutionary sandboxes for trait 
discovery and customized bioproduction chassis. The ‘Synthetic 
Chromosome Rearrangement and Modification by LoxP-mediated 
Evolution’ (SCRaMbLE) system drives accelerated chromosomal 
diversification, generating stress-resilient phenotypes. Integrated 
biocontainment strategies harness non-canonical amino-acid-
dependent auxotrophy and viral resistance mechanism through 
codon reassignment, thereby blocking viral translation hijacking 
while preventing ecosystem escape. In optimized chassis plants, 
non-canonical amino acid incorporation expands proteome 
functionality, whereas endogenous pathway redirection through 
systematic genome refactoring maximizes resource allocation 
towards targeted compound synthesis.
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minimal yeast genome by using the SCRaMbLE system constructed in 
Sc2.0 to identify non-essential genes41.

Multicellular eukaryotes
Compared with unicellular eukaryotes, multicellular eukaryotes 
typically have much larger genomes, usually ranging from 108 bp to 
1010 bp, as well as more complex epigenetic regulation, which makes 
it challenging to perform transformation and directed recombination 
of large DNA fragments. Additionally, multicellular organisms often 
have long life cycles and are difficult to regenerate, which hinders 
genome synthesis. However, the synthesis of multicellular eukaryotes 
is highly desirable; on the one hand, it advances our understanding 
of the complex mechanisms of multicellular eukaryotic genomes, 
including heterochromatin formation, the establishment of epigenetic 
regulation, the role of intergenic regions and the evolution of genomic 
elements. On the other hand, large-scale tools for targeted assembly in 
multicellular eukaryotic genomes have research and industrial value. 
With the development of technologies for the synthesis, assembly and 
transformation of long nucleotide sequences into cells and target-
ing of these sequences to chromosomal loci, genome synthesis of 
multicellular organisms has become feasible. The Human Genome 
Project-Write was launched in 2016 with the goal of reducing the costs 
of engineering and testing large genomes within 10 years16. In 2023, 
a ‘mammalian switching antibiotic resistance markers progressively 
for integration’ (mSwAP-In) method was designed to facilitate the 
integration of large DNA constructs into mammalian genomes by pro-
gressively switching antibiotic resistance markers. mSwAP-In was used 
to rewrite up to 180 kb at three important disease loci in the mouse 
genome14. In 2024, the homologous recombination (HR) capability of 
Physcomitrium patens (a model moss species) was leveraged to achieve 
the artificial synthesis and replacement of genome fragments in plants 
for the first time15. By eliminating 55.8% of a 155 kb endogenous chro-
mosomal region, the P. patens genome was substantially simplified 
without discernible phenotypic effects.

Artificial-chromosome research in plants
There are two approaches for synthesizing chromosomes in plants. 
The first involves using an organism’s own chromosomal elements to 
generate new synthetic chromosomes via a ‘top-down’ approach. This 
strategy is typically geared towards practical applications, such as for 
generating stable vectors for transgenes, but also provides new insights 
into chromosomal organization. The second ‘bottom-up’ approach 

involves synthesizing chromosomes de novo (Fig. 2a). This method 
more closely aligns with synthetic genomic approaches for unicellular 
organisms and aims to understand life through synthesis. Owing to 
persistent technological challenges in synthesizing and precise tar-
geting of large DNA fragments (>100 kb), the top-down engineering 
approach is often preferred.

Top-down approach
Currently, telomere-mediated chromosomal truncation (TMCT) is 
the primary method for generating top-down mini-chromosomes in 
plants, which provide a platform for stacking multiple genes42 (Fig. 2b). 
Telomeres are specialized chromosomal structures typically composed 
of repetitive nucleotide sequences that prevent the degradation of 
chromosome ends and ensure proper chromosome segregation43. 
TMCT involves introducing telomere sequences into cells; the result-
ing insertion sites remain irreparable, leading to deletion of the distal 
chromosomal arm and generation of mini-chromosomes. TMCT was 
first applied to maize plants44, which can harbour an extra chromosome 
known as the B chromosome. As an accessory element to the regular 
chromosome, a B chromosome is largely inert and features a nearly 
terminal centromere, rendering it an ideal substrate for construct-
ing artificial mini-chromosomes45. By ligating telomere sequences, 
resistance selection markers and recombination sites on a plasmid, 
and introducing them into the genome via Agrobacterium-mediated 
transformation, lines containing truncated mini-chromosomes can 
be obtained through subsequent resistance screening and fluores-
cence in situ hybridization analysis44. Additional genes can be added 
stepwise via Cre-lox system, in which the P1 bacteriophage cycliza-
tion recombinase (Cre) mediates recombination between pairs 
of loxP sites or other recombinant systems46. In addition to maize, 
mini-chromosomes produced by TMCT have also been reported in 
other plants, such as Arabidopsis47,48, rice49 and barley50. Currently, 
the obtained mini-chromosomes are expected to serve as vectors for 
the transformation of large DNA fragments. However, many issues 
remain unaddressed, such as the concerns associated with the isolation 
and modification of the obtained mini-chromosomes.

Bottom-up approach
Compared with the top-down approach, the bottom-up approach 
aims at designing and synthesizing genomes from scratch. Although 
using human artificial chromosomes (HACs) with artificial centromeres 
can also be considered a bottom-up approach51, here we discuss the 
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Fig. 1 | Timeline of milestones in synthetic genomics. Selected milestones in synthetic genomics over the past 20 years. The genome size of each species is shown in 
brackets. The blue, red, yellow and green points represent viruses, prokaryotes, unicellular eukaryotes and multicellular eukaryotes, respectively.
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redesign and de novo synthesis of genomes on the basis of natural chro-
mosomal frameworks. The bottom-up approach involves two distinct 
methods: the first is the assembly of the entire chromosome in vitro 
before introducing it into cells. The existing native chromosomes 
within the cells are then fragmented via methods such as Cas9 (Fig. 2c). 
However, owing to the large size of eukaryotic chromosomes, which 
typically span several tens of megabases, the current assembly and 

transformation technologies are inadequate to support this method. 
The second method is similar to the stepwise replacement used in Sc2.0, 
in which the synthetic genome sequence progressively replaces the 
native genome sequence (Fig. 2d). This method not only addresses the 
challenge of synthesizing excessively long nucleotide fragments but 
also enables real-time observation of the effects of replacing synthetic 
DNA on target cells.
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Fig. 2 | Strategies of chromosome synthesis for multicellular organisms. 
a, Technical workflow for bottom-up synthesis of plant genomes de novo. 
The process includes designing the synthetic genome, building the synthetic 
genome, transformation, targeting, detection and debugging. b, Creating new 
mini-chromosomes through telomere-mediated chromosomal truncation44, 
that is, the top-down approach. The green symbols indicate in planta events. 
c, The complete chromosome is synthesized before being introduced into target 

cells (the bottom-up approach). Light-yellow graphics represent Saccharomyces 
cerevisiae. d, Stepwise replacement of the native genome, that is, the bottom–up 
approach. Mega-chunks of 10–100 kb are transformed at each step, with iterative 
selection of markers13–15. PCA, polymerase cycling assembly; SLIC, sequence-
independent and ligation-independent cloning; TAR, transformation-associated 
recombination.
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The bottom-up approach for chromosome synthesis typically 
involves several steps: designing and building the synthetic genome, 
transformation, targeting, detection and debugging (Fig. 2a). First, 
the design of the target genome is completed based on research needs, 
assembly requirements and application demands. Next, long fragments 
are synthesized according to the design. Typically, oligonucleotide seg-
ments longer than 100 bp are synthesized first, followed by multiple 
rounds of in vitro and yeast assembly to obtain nucleotide mega-chunks 
for transformation52. The length of the synthetic fragments used for 
each round of transformation can range from 10 kb to 100 kb. This 
length needs to be determined experimentally based on transforma-
tion and recombination requirements for the target species. Each 
round of transformation involves iterating on the resistance gene cas-
sette of the previous segment until target replacement is completed. 
After each round of transformation, resistance screening, sequencing 
and phenotypic analysis are required to ensure that the synthetic frag-
ment is fully replaced, that the expression levels of the synthetic genes 
are normal and that the synthetic genome does not cause substantial 
phenotypic changes.

The early land plant P. patens is a mature model organism for 
non-seed plants and is highly suitable for research on bottom-up plant 
chromosome synthesis53,54. As a widely used model for research on evo-
lutionary development and cell biology54,55, the genome of P. patens has 
been extensively sequenced and annotated56. P. patens possesses 
high-efficiency HR capabilities, enabling integration of exogenous frag-
ments via homologous arms, thus providing a starting point for explor-
ing large-scale fragment assembly15,57. P. patens also has high protoplast 

regeneration capacity, enabling the rapid acquisition of transgenic 
lines through protoplast transformation58. P. patens is involved primar-
ily in haploid gametophyte generation, allowing gene manipulation of 
only one set of chromosomes. Additionally, plant genomes typically 
harbour a greater proportion of transposable elements compared 
with animals or microorganisms. P. patens exemplifies this trait, with 
transposable elements constituting ~60% of its genome56, establishing 
it as a model system for studying genome simplification mechanisms. 
Moreover, it possesses a complex epigenetic landscape comparable to 
that of seed plants59,60 and is an excellent chassis for the bioproduction 
of proteins and metabolites of research or industrial importance61–63. 
As an example, a 155 kb sequence was redesigned by standardizing all 
stop codons to TAA and removing partial intergenic regions, reducing 
the sequence to 68 kb. The complete designed sequence was assem-
bled through polymerase cycling assembly (PCA) and two rounds of 
yeast-based assembly. Following protoplast transformation and HR, 
the designed sequence replaced the original genome, generating the 
synthetic line semi-syn 18L. Semi-syn 18L and the wild-type exhibited 
comparable phenotypes across all developmental stages, with no 
substantial differences in tolerance to high salinity or drought. Epige-
netic landscapes, including histone modifications, were re-established 
de novo in the synthetic regions. This study established the foundation 
for the synthetic moss genome (SynMoss) project. Compared with 
that of P. patens, synthesizing the genomes of seed plants requires 
overcoming technical challenges related to the transformation and 
recombination of large DNA fragments.

Designing synthetic genomes
Genome structures are complex, harbouring coding sequences, regu-
latory elements and various types of repetitive sequences. Currently, 
genome design relies on natural genome sequences as templates. 
Thus, high-quality genome sequences, ideally telomere-to-telomere 
sequences, need to be obtained. For the design of synthetic genomes, 
consistent design principles must be followed to obtain a standardized 
genome architecture for genome engineering (Box 2). Generally, the 
following aspects should be considered: how to distinguish between 
synthetic and natural genomes, how to reduce redundancy in the native 
genome, how to ensure successful assembly and how to insert new 
elements for new functions.

To distinguish the synthetic from the wild-type genome, PCRtags 
can be introduced without influencing gene expression (Fig. 3a). The 
designed PCRtag can replace a segment of 20–30 nucleotides in the 
coding region with synonymous codons, as used in Sc2.0 (ref. 64). 
Primers are designed to distinguish these synonymous replacements11. 
PCRtags can also be designed in intronic regions, named PCRmarks. 
To avoid disrupting mRNA splicing, PCRtags should be carefully posi-
tioned to avoid disrupting 5′ splice sites, 3′ splice sites or branch point 
sequences64. Standardizing all stop codons to ‘TAA’ can help distin-
guish between synthetic and wild-type genomes when the synthetic 
sequences are resequenced. Additionally, this standardization helps 
in studying translation termination in plant genes and supports the 
expansion of non-standard amino acid codons28.

To reduce redundancy in the natural genome, considerations 
may include the removal of transposable elements and intergenic 
regions (Fig. 3b), which are abundant in plant genomes65. Transpos-
able elements are genomic sequences that can change their location 
within the host genome. There are two different perspectives on the 
widespread presence of transposable elements in multicellular eukary-
otic genomes. One hypothesis suggests that transposable elements 

Box 2 | Recommendations for special cases 
in plant genome design
 

Special situations may arise during genome design. For instance, 
if short tandem repeats appear within the coding sequence, 
recoding the sequence to reduce repetitiveness can facilitate 
synthesis and assembly. If the stop codon of the first gene overlaps 
with the coding sequence region of the second gene, it is advisable 
not to alter the stop codon or add loxPsym sites. Alternatively, 
splitting the two genes to better support the subsequent addition 
of non-canonical amino acids is another viable approach. If the 
two loxPsym sites are too close to each other, their contribution 
to recombination may be minimal. It is advisable to retain only 
one loxPsym site to ensure smooth synthesis and assembly. The 
genome contains a substantial amount of non-coding RNA and their 
redesign is also worth considering. tRNAs might influence genome 
stability and can be integrated into a new chromosome (similar to 
the approach used in Sc2.0), provided that synthetic centromere 
technology can support stable replication and transmission of 
the neochromosome. For rRNA tandem repeat arrays, the safest 
approach is to leave them unaltered. However, on the basis of the 
experience from Sc2.0, relocating rRNA tandem repeat arrays is 
feasible. Current understanding of other non-coding RNAs in plants 
is limited, and unless there is evidence indicating that a specific 
non-coding RNA gene has a function, it is generally not a primary 
focus during the design phase. However, it is important to consider 
any altered non-coding RNAs during subsequent testing and 
debugging if issues arise.
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have minor detrimental effects, potentially causing genomic instabil-
ity, but not to a degree sufficient for natural selection to effectively 
eliminate them66,67. By contrast, other studies have argued that trans-
posable elements are essential for maintaining chromosomal integ-
rity and for the survival of the organism68. Using synthetic genomic 
approaches to remove transposable elements at the chromosomal 
level in plants has shown that many of them are non-essential15. After 
they are removed, many repetitive sequences may still exist in inter-
genic regions, potentially influencing genome stability. In synthetic 
genome design, non-functional and redundant intergenic regions can 
be selectively deleted, preserving only coding sequences and essential 
upstream and downstream regulatory elements. Nevertheless, adapt-
ability or even viability might become a problem after the removal of 
certain transposable elements or intergenic regions, which will need 
to be reintroduced into the synthetic genome. In Sc2.0, most of the 
introns in the yeast genome were removed13. However, many examples 
in which introns have regulatory roles in multicellular eukaryotes exist. 
For instance, intron retention can post-transcriptionally regulate gene 

expression, thereby enhancing transcriptome diversity and modulat-
ing diverse biological processes in mammals69,70. Moreover, introns 
improve gene expression by influencing transcription elongation or 
translation efficiency in eukaryotic systems71. To avoid introducing 
excessive variables, introns may be retained when simplifying plant 
genomes. Additionally, as demonstrated by JCVI-syn3.0 (ref. 9) and 
planned for Sc3.0 (ref. 41), removing non-essential genes can lead to the 
creation of a ‘minimal genome’. However, the current understanding of 
non-essential genes in plants is limited, and there remains a long road 
ahead to attempt the synthesis of a minimal plant genome.

To ensure the successful assembly and replacement of large 
DNA segments, it is essential to include resistance gene cassettes and 
appropriate homologous arms when HR is used (Fig. 3c). Currently, 
synthetic genomes are often divided into chunks of varying sizes, with 
different chunks assembled through homologous sequences. Only by 
rationally dividing the synthetic genome, rapid and accurate genome 
assembly can be achieved. Generally, the boundaries of chunks should 
be placed in intergenic regions to avoid interrupting gene sequences 
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and to facilitate debugging35. Repetitive sequences in the homolo-
gous arms should be avoided to reduce the difficulty of assembly and 
the off-target rate during large-fragment recombination. Addition-
ally, rotating plant antibiotic selection cassettes could be added to 
the ends of the mega-chunks used for transformation to facilitate 
selection in each round15. Alternatively, conditional marker genes that 
allow positive and negative selection in plants can also be applied. For 
example, d-amino acid oxidase, which detoxifies d-serine and cataly-
ses the conversion of the non-toxic d-valine to a cytotoxic product, 
can serve as a dual-function selection marker in plants72. Restriction 
enzyme sites that might interfere with experimental workflows, such 
as those used for post-assembly plasmid linearization or Type IIS sites 
critical for Golden Gate assembly, should be systematically removed 
during construct design.

When designing a genome, the addition of new sequences might 
endow the genome with new functions (Fig. 3d). In Sc2.0, the loxPsym 
sequence was introduced 3 bp downstream of the stop codon of each 
gene to facilitate the activity of the SCRaMbLE system. The use of 
Cre recombinase to catalyse recombination between loxPsym sites 
enables the induction of various genomic rearrangements or gene 
deletions at the whole-genome level, achieving rapid evolution73. The 
P. patens synthetic chromosome project SynMoss also incorporates 
similar designs64. Another example involves the incorporation of an 
inducible Cas9 gene as a component of the CRISPR–Cas9 system. 
This addition can facilitate subsequent large-scale recombination or 
targeted gene editing.

The genomes of multicellular organisms are typically in the 
0.1–10 Gb range and consist of many chromosomes. Synthesizing 
the complete genome of a multicellular organism requires a unified 
standard in chassis genome design and often involves collaboration 
among different groups. The Sc2.0 project developed the BioStudio 
program13, which enables teams from different countries to design their 
chromosomes using the same criteria. For plant synthetic genomics, 
a public design platform called GenoDesigner exists64, which offers an 
intuitive graphical interface, enabling users to manipulate a wide range 
of genomic sequences. The aim is to accelerate the synthesis of the 
P. patens genome, providing a test run and roadmap for the synthesis 
of other plant genomes64.

Design and synthesis of functional centromeres 
and telomeres
In plant chromosome synthesis, synthesizing functional centromeres 
that support mitosis and meiosis is an important step to ensure chro-
mosome replication and transmission to daughter cells. During 
mitosis and meiosis, spindle fibres bind to the centromeric regions 
of chromosomes, facilitating the even distribution of chromosomes 
to daughter cells74. Most plants possess monocentric chromosomes, 
with centromeres typically surrounded by pericentromeric heterochro-
matin regions that are devoid of genes. Generally, the DNA sequences 
in the centromere core domain of plants contain extensive tandem 
repeats, consisting primarily of satellite DNA and retrotransposons75. 
Centromeric regions possess specific epigenetic markers, particularly 
CENH3 (also referred to as CENP-A). CENH3 is a centromere-specific 
histone H3 variant that primarily resides in centromeric nucleosomes, 
partially replacing the canonical histone H3 (refs. 74,76). CENH3 is 
crucial for centromere function and assembly, making it the primary 
epigenetic marker for determining centromere identity77.

Unlike most other eukaryotes, S. cerevisiae has unique point 
centromeres, which consist of an essential and conserved 125-bp 

sequence and whose function fully depends on primary sequences. 
In Sc2.0, synthetic centromeres could use the original yeast centromere 
sequences to obtain functional centromeres. For example, the new 
tRNA neochromosome uses the centromere sequence from yeast chro-
mosome VI, which is sufficient to support the segregation of synthetic 
yeast chromosomes37. HACs are formed de novo by introducing large 
centromeric sequences consisting of highly repeated 171-bp alpha 
satellite (alphoid) DNA into HT1080 cells78. However, owing to the dif-
ficulty of synthesizing and assembling megabase-level tandem repeat 
sequences, new methods have been developed to obtain synthetic 
centromeres for HACs de novo. For example, a rolling circle amplifi-
cation transformation-associated recombination (RCA-TAR) method 
has been used for the rapid synthesis and modification of alphoid 
sequences79,80. When artificial centromeres are constructed via the 
RCA-TAR method, tetracycline operator (tetO) is used to replace the 
CENP-B binding box, enabling the tetR fusion protein to be targeted to 
the alphoid array containing tetO sequences51,81,82. HAC centromeres 
can also bypass the alphoid array and directly use LacO sequences 
to recruit LacI-HJURP, in which HJURP is a centromeric chromatin 
assembly protein, to form artificial centromeres83. HACs formed via 
this method are stably inherited in subsequent lineages.

In plants, simply copying natural plant centromere repeats to 
synthesize plant centromere sequences seems to be ineffective42,84. 
The formation of centromere sequences might not require centromere 
DNA sequences, as the mere presence of these does not result in the 
formation of a functional centromere85. The function of centromeres 
primarily depends on the binding of CENH3 and other centromere 
proteins86. For example, LexA/LexO or LacI/LacO can be used to 
recruit CENH3 or other centromere proteins to construct synthetic 
centromeres in plants87,88. In Arabidopsis thaliana, recombinant pro-
teins comprising the kinetochore component CENH3 fused with LacI 
can recruit other kinetochore components to non-centromeric LacO 
insertion sites87. In maize, the LexA–CENH3 fusion protein was used to 
recruit native CENH3 to long arrays of LexO repeats on a chromosome 
arm. The newly recruited CENH3 generated functional centromeres, 
causing chromosome breakage, and the released chromosome frag-
ments could be transmitted to progeny through meiosis88 (Fig. 4a). 
Although small chromosomes with synthetic centromeres were ulti-
mately produced in maize, these newly generated chromosomes were 
not completely stable in somatic cells. This instability might be due to 
centromere-mediated genome elimination in the embryo, which leads 
to the removal of small or defective centromeres. In the future, the 
use of large-fragment replacement technology to replace the original 
centromere sequences with synthetic LexO repeats is expected to 
yield fully stable chromosomes with artificial centromeres (Fig. 4b). 
The length of centromeric regions in plants is often correlated with 
the length of the chromosome89,90, and different numbers of LexO 
repeats need to be tested to find an appropriate length for functional 
synthetic centromeres.

The functional telomere is also an important part of plant chro-
mosome synthesis and can prevent the degradation of chromosome 
ends and ensure proper chromosome segregation. Similar to those in 
other eukaryotes, plant telomeres consist of tandem repeat sequences 
that are generally conserved91, typically (TTTAGGG)n. Telomerase is 
a ribonucleoprotein complex composed of RNA and protein. It is a 
reverse transcriptase that can synthesize telomere sequences at chro-
mosome ends using its own RNA as a template92. A segment of telomere 
repeat sequences at the chromosome end is required, and sufficient, 
as a ‘seed’, enabling telomerase to form full-length telomeres (Fig. 4c). 
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For example, top-down artificial mini-chromosomes in maize were 
generated by inserting a 2.6 kb telomere repeat from A. thaliana, 
which resulted in chromosome truncation. These artificial chromo-
somes have telomere seeds at their ends, which can facilitate the 
de novo establishment of stable new telomeres with the assistance of 
telomerase44. When designing synthetic plant chromosomes, choos-
ing telomere seeds of appropriate length is a key consideration. These 
sequences must be neither excessively long (exceeding 10 kb, which 
complicates assembly) nor overly short — for instance, the shortest 
functional centromere in A. thaliana cannot be shorter than 0.3 kb 
(ref. 93) — to ensure stable neotelomere formation.

Synthesis and assembly of large fragments
After the overall blueprint of the synthetic genome is obtained, the 
next step is to synthesize and assemble the designed genome frag-
ments. Given the substantial costs and time investments required for 
large-fragment assembly and transformation, iterative transformation 
of ~100-kb-level mega-chunks is the preferred strategy in P. patens. 
Regardless of the assembly method used, the initial step involves 
synthesizing oligonucleotide fragments via chemical methods such 
as solid-phase phosphoramidite94,95. This synthesis method extends 
the DNA chain from the 3′ end to the 5′ end, adding nucleotides with 
dimethoxytrityl protecting groups each time. Through a cyclical series 
of steps, including deprotection (detritylation), activation, coupling, 
oxidation and capping, oligonucleotide fragments longer than 150 bp 
can be synthesized. However, the throughput of this method remains 
relatively low (typically limited to several hundred sequences) com-
pared with high-throughput oligonucleotide synthesis platforms. 
The latter can increase the yield of oligonucleotides and reduce 
synthesis costs, especially when using microarrays to prepare tens 
of thousands of oligonucleotides simultaneously in a mixed format. 
However, array-based synthesis exhibits inherent limitations, including 
high error rates (typically >1%) and low oligonucleotide yields owing 
to suboptimal monomer concentrations. Furthermore, partitioning 
the resulting oligonucleotide pools, which contain great sequence 
diversity, into functional subpools remains technically challenging. 
These limitations must be addressed to enable broader adoption of this 
technology10,96,97. In parallel, template-free enzymatic oligonucleotide 
synthesis using terminal deoxynucleotidyl transferase (TdT) shows 
promise for replacing conventional chemical methods. TdT, a DNA poly-
merase that sequentially adds deoxynucleotides (dNTPs) to oligonu-
cleotide 3′ ends without requiring a template, enables rapid synthesis, 
with TdT–dNTP conjugates achieving quantitative single-nucleotide 
primer extension within 10–20 s (refs. 98,99).

The next step is to assemble the ~150-bp oligonucleotide frag-
ments obtained by chemical synthesis into larger fragments, either 
in vitro or in vivo, to obtain hundred kilobase-level fragments. Typi-
cally, small DNA fragments are first assembled seamlessly via in vitro 
assembly methods, including PCA, sequence-independent and 
ligation-independent cloning (SLIC), Gibson assembly and Golden 
Gate assembly. PCA, which is based on PCR, can rapidly connect doz-
ens of partially overlapping oligonucleotide chains together and 
is especially useful in the first-stage assembly. Kilobase-scale frag-
ments generated via PCA assembly can be further assembled into 
larger constructs using in vitro seamless cloning methods. The SLIC 
assembly method uses the exonuclease activity of T4 DNA polymer-
ase to generate single-stranded DNA ends. These single strands are 
then annealed to connect homologous sequences, enabling 5–10 DNA 
fragments to be joined in a single reaction100. Although SLIC requires 

only T4 DNA polymerase, which reduces costs, the gaps introduced 
during the in vivo annealing repair process in E. coli complicates the 
workflow. Gibson assembly is a technique for in vitro, one-step joining 
of multiple DNA fragments that requires 15–25 bp of overlap between 
two neighbouring fragments. Through the concerted actions of a 
5′ exonuclease, a DNA polymerase and a DNA ligase, multiple fragments 
can be seamlessly connected101. This method is operationally simple, 
typically joining 2–6 fragments per reaction. Golden Gate assembly 
uses Type IIS restriction enzymes (such as BsaI and AarI) that cleave 
outside their recognition sites to generate unique sticky ends, enabling 
simultaneous, seamless assembly of up to 20 DNA fragments102. How-
ever, Golden Gate requires careful avoidance of endogenous Type IIS 
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sites during sequence design. Selection among these in vitro assembly 
strategies depends on experimental requirements, including fragment 
number, size and cost constraints.

When the sequence to be assembled is greater than 10 kb in 
size, in vitro assembly becomes exceptionally cumbersome and 
inefficient. S. cerevisiae has strong HR capabilities, which enables 
it to connect multiple DNA fragments with overlapping sequences 
(at least 40 bp) through HR. This ability makes budding yeast an ideal 
host for the assembly of long DNA fragments103. TAR in S. cerevisiae 
is widely used in various synthetic biology and synthetic genomics 
studies26,104. However, yeast-based large-scale multiround assembly 
remains time-consuming. Each round of assembly requires the extrac-
tion of plasmids from yeasts and their transformation to E. coli for 
amplification, and multiple rounds of assembly are often required to 
obtain the desired length52. To overcome some of these limitations, 
a yeast life cycle-based assembly method was developed that enables 
in vivo iterative assembly of large DNA by controlled transfer of assem-
bled sequences in the cycle of yeast mating and sporulation4. This 
method avoids extensive in vitro handling of large DNA fragments and 
is expected to reduce the operational and time costs of large-fragment 
assembly. In summary, improving the efficiency of TAR assembly holds 
promise for lowering the time costs of genome synthesis.

Transformation of long DNA fragments
Traditional methods for transferring large fragments into plant cells 
rely on Agrobacterium-mediated transformation105,106 or biolistic 
transformation107,108. Agrobacterium is a plant pathogen capable of 
infecting wounded sites of most seed plants and integrating transfer 
DNA randomly into the plant genome. Agrobacterium-mediated trans-
formation is convenient but the integration sites are usually random 
and is often limited to up to 150 kb in size for transfer DNA109.

Biolistic transformation involves the binding of naked DNA to tung-
sten microparticles, which are only a few micrometres in diameter, and 
then shooting them into plant tissue via a particle gun107. Biolistic trans-
formation is nearly unrestricted by plant species; however, it carries 
the risk of interrupting endogenous and exogenous genes110, which is 
detrimental to the large-scale fragment transformations required in 
synthetic genome research. The transformed cells need to regenerate 
into new plants, and both Agrobacterium-mediated transformation 
and biolistic transformation commonly target calluses derived from 
explant-based regeneration, in which vasculature stem cells transdif-
ferentiate into root-like calluses through the adventitious root forma-
tion pathways. The ability and efficiency of regeneration are often 
species-specific and genotype-specific and can be a limiting factor 
for transformation111.

Given the random-insertion nature and length constraints of 
Agrobacterium-mediated transformation and the substantial risk 
of genomic damage associated with biolistic transformation, these 
approaches are suboptimal for iterative large-fragment delivery in 
planta. Owing to its capacity for large fragments and compatibility 
with controllable HR, protoplast transformation might be appro-
priate for in planta assembly of synthetic sequences. Plant proto-
plast isolation can be achieved by enzymatic digestion of cell walls 
using a cellulase-pectinase solution isotonic or slightly hypertonic 
relative to cellular osmolarity (typically supplemented with sorbitol 
or mannitol). Polyethylene glycol (PEG)-mediated protoplast trans-
formation is a simple and commonly used transfection method that 
leverages membrane permeability-enhancing properties of PEG to 
deliver exogenous DNA into protoplasts with high efficiency (>30%)112. 

Notably, protoplast transformation exhibits compatibility with large 
DNA fragments, evidenced by the delivery of ~69 kb fragments in 
P. patens15. In addition to PEG-mediated protoplast transformation, pro-
toplasts might also be amenable to yeast cell fusion for megabase-scale 
large-fragment delivery while circumventing the laborious purification 
of large DNA fragments, as used in mammalian cells113,114. Despite being 
a developed technology, protoplast regeneration is challenging in seed 
plants; unlike P. patens, whose protoplasts regenerate directly into 
protonema and almost completely bypass the callus stage, seed plant 
protoplasts regenerate into calli and then into plantlets or somatic 
embryos, which is time-consuming and inefficient115–117. Thus, proto-
plast regeneration is likely to be a challenge for genome synthesis in 
seed plants.

To overcome the low regeneration efficiency of protoplasts in 
most seed plants, implementing developmental regulators, which are 
critical genes governing embryogenesis, and meristem functions, can 
substantially enhance regeneration capacity. This approach, previously 
validated in explant-based regeneration systems118–121, shows similar 
potential for improving protoplast regeneration. For example, shoot 
meristem regulatory genes, including DORNRÖSCHEN and WUSCHEL, 
promote protoplast regeneration in the model plant Arabidopsis122. 
Moreover, REGENERATION FACTOR 1 (REF1), a local wound signal 
peptide, promotes explant-based regeneration in multiple species123, 
raising the question of whether this peptide also enhances protoplast 
regeneration. Chemical stimulation can also induce reprogramming; 
adding the histone deacetylase inhibitor trichostatin A, which increases 
chromatin accessibility, enhances protoplast regeneration efficiency 
in Arabidopsis122. Accelerating protoplast regeneration is also highly 
desirable to facilitate multiround transformations required for in vivo 
genome replacement or targeting.

Targeting of synthetic DNA fragments
After large fragments are transformed into plant cells, these fragments 
must also be integrated at designed locations, which are often accom-
panied by the replacement of endogenous natural genome sequences 
with the synthetic sequences. Given the challenge of targeting synthetic 
large fragments in plants and based on experiences with genome syn-
thesis in yeast and P. patens, HR is an effective approach. P. patens has 
high HR efficiency (>90% gene targeting rates57), enabling direct inte-
gration of synthetic fragments using 1 kb homologous arms15 (Fig. 5a). 
Nevertheless, HR-mediated replacement of large (~100 kb) fragments 
remains inefficient (<1%)124,125.

Notably, site-specific double-stranded breaks (DSBs) generated 
by endonucleases can substantially increase targeting efficiency126,127. 
For example, the CRISPR–Cas9 system uses single-guide RNA to direct 
Cas nucleases to specific genomic loci for targeted DNA cleavage128,129. 
Following Cas9-induced targeted DSBs, homology-directed repair 
(HDR) using exogenous repair templates facilitates precise muta-
tions or short sequence integration, albeit with low efficiency: 0.2% 
in rice125 and 0.8% in Arabidopsis130. By contrast, Cas9-mediated DSBs 
near homologous arms enabled efficient HDR of ~100 kb fragments 
in mice, achieving integration rates exceeding 15% (ref. 14). However, 
HDR is often constrained by competitive nonhomologous end joining 
(NHEJ); therefore, variants of Cas9, such as Cas9 (D10A), have been 
used to generate single-strand breaks only131, or vCas9 to create mis-
aligned sticky ends132 to reduce NHEJ. Fusing 5′ exonucleases with 
Cas endonucleases facilitates the generation of long single-stranded 
3′ overhangs at DSB sites, thereby enhancing HDR. This approach 
has enabled scar-free insertion of several kilobases in Arabidopsis133. 
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Fusion of the Cas9 endonuclease with the Agrobacterium VirD2 relax-
ase can deliver the repair template to the vicinity of the DSB, thereby 
enhancing HDR efficiency by fivefold to sixfold in rice134.

Another approach to enhance HDR is to improve endogenous 
repair pathways. For example, suppressing the NHEJ pathway by deplet-
ing key NHEJ factors, such as DNA ligase IV (inhibited by Scr7)135–137 and 
KU70 (ref. 137), has been explored. Overexpressing DNA repair pro-
teins (such as RAD51) or supplementing HDR enhancers (such as RS-1 
(ref. 138)) can tune the repair pathways favourable to HDR. Knockout 
of genes that inhibit HDR, such as the nuclease gene TREX1, also has the 
potential to enhance HDR efficiency139. The application of these meth-
ods in plants is expected to improve the efficiency of large-fragment 
replacement based on homologous arms (Fig. 5b).

In contexts in which replacement fragment boundaries lie outside 
genic or regulatory regions, imprecise target-site integration might be 

tolerable. Although HDR enables precise and scar-free modifications, 
its efficiency remains orders of magnitude lower than error-prone 
NHEJ in seed plants126 (Fig. 5c). For example, 5′-phosphorylated, 
double-stranded oligodeoxynucleotides and CRISPR–Cas9-induced 
DSBs were used to insert a 2 kb fragment in rice via the NHEJ pathway, 
achieving an efficiency of up to 25% (ref. 140). Similarly, fusing Pong 
transposase with Cas9 endonucleases to direct transposase-excised 
donor fragments to the vicinity of DSBs improves the efficiency to 
35.5% of targeted insertion via NHEJ in Arabidopsis141. However, NHEJ 
frequently results in erroneous insertions, deletions, inversions 
or off-targets, necessitating subsequent detailed screening and 
verification.

Recombinase-mediated gene targeting, a method using site-
specific recombinases to recognize defined recombination loci and 
to enable precise DNA fragment insertion or replacement, can bypass 
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the low efficiency of HR142. For example, PrimeRoot, a method that har-
nesses prime editing whereby Cas9 is fused with reverse transcriptase 
to efficiently and specifically insert a recombination site into the plant 
genome, has been used to target >10 kb DNA insertions in rice143. Plas-
mids containing the desired DNA fragment flanked by two recombi-
nation sites were then transformed into the cells. Under the action 
of site-specific recombinases, recombination occurred between two 
recombination sites, resulting in the insertion of a large DNA fragment 
at the recombination site location in the genome with an efficiency of 
6.3% (ref. 143). Comparable approaches can be combined with synthetic 
sequences to enable precise targeting into the genome (Fig. 5d). How-
ever, recombination sites might interfere with subsequent genome 
engineering and might need to be removed from the genome.

Alternatively, chromosome engineering in Arabidopsis and 
other seed plant species has enabled megabase-scale chromosomal 
inversions and rearrangements144–147. For instance, simultaneous 
Cas9-mediated DSBs on chromosomes 1 and 2 in Arabidopsis, using 
Staphylococcus aureus-derived SaCas9, induced reciprocal megabase-
scale translocations between heterologous chromosomes, albeit with 
low efficiency (0.01%)148. Although these methods are not directly appli-
cable to large-fragment integration, they provide valuable frameworks 
for optimizing targeting and debugging strategies.

Detecting synthetic sequences
The screening and detection of synthetic lines are necessary steps in 
genome synthesis. Initial detection involves performing PCR on posi-
tive lines obtained after resistance screening. Typically, two methods 
can be used for PCR identification: the three-primer method and the 
use of PCRtags introduced during genome design. The three-primer 
method involves designing a primer within the deleted region, such as 
in transposable elements or removed intergenic regions, and on both 
sides of the deleted region. Amplicons corresponding to the deleted 
regions are not detected in lines with the wild-type sequences fully 
replaced by synthetic sequences15. In long synthetic sequences without 
any deletions, PCRtags are introduced through synonymous substi-
tutions in exons or modifications in introns13,64 to enable PCR-based 
separation of synthetic and wild-type sequences. After preliminary 
PCR, whole-genome sequencing can be used to check the replacement 
of synthetic sequences, to identify possible off-targets or insertions 
at other genome locations and to reveal single-nucleotide mutations, 
as well as other small insertions or deletions.

Testing and debugging
It is essential to test whether lines with partially or fully synthetic 
genomes exhibit the same phenotypes as the wild type, including not 
only viability but also stress resistance and sexual reproduction at each 
developmental stage13. Some changes in gene expression may not mani-
fest phenotypically immediately but could exert latent effects through 
epistatic interactions or under untested stress conditions. For instance, 
disruptions to genetic redundancy (for example, loss of paralogues) 
may compromise phenotypic robustness, whereas stress-resistant 
genes might only become functionally relevant under specific envi-
ronmental pressures. Thus, using RNA sequencing to assess gene 
expression in synthetic lines is recommended to identify unintended 
transcriptional perturbations.

Epigenetics also regulates gene expression in plants as in other 
multicellular organisms149,150. In a pilot study conducted in moss, the 
correct epigenetic landscape was reconstructed de novo in the syn-
thetic region, except for H3K9me and DNA methylation, which are 

associated with the most transposable elements removed. Neverthe-
less, chromatin loops in the synthetic region of semi-synthetic moss 
are altered, which might influence expression levels but do not result 
in strong phenotypic changes15. If the epigenetic landscape cannot 
be established by the DNA sequence, epigenetic editing151 techniques 
can be used for debugging. Debugging not only corrects unexpected 
genome synthesis and assembly errors but might also deepen our 
understanding of the plant genome, including the identification 
of unknown genes, discovery of non-coding region functions and 
identification of high-order genome organizations.

Outlook
Research on the de novo synthesis of plant genomes is still in its infancy 
but holds promise for revolutionizing our understanding of plant 
genomics and supporting sustainable agriculture, bioproduction 
and pharmaceutical applications. Several steps during the synthe-
sis process, including genome design, large-fragment synthesis and 
assembly, DNA transformation and targeting, detection and debugging, 
can benefit from further optimization.

For genome design, the limited understanding of multicellular 
genomes restricts the extent of possible modifications. Conversely, 
synthetic genomics can be used to investigate uncharted properties 
of multicellular genomes, such as whether all epigenetic modifications 
are essential or whether primary DNA sequences alone can fully recon-
stitute epigenetic patterns, particularly in specialized regions such as 
centromeres. Replacing native centromeric regions with engineered 
repeats or CENH3-recruiting arrays could help answer these fundamen-
tal questions. Similarly, the plasticity of chromatin interactions, includ-
ing topologically associating domains and chromatin loops in plants, 
remains poorly understood. Synthetic genomics enables targeted 
alteration of 3D genome architecture, thereby facilitating functional 
analysis of these structural features in planta. The systematic removal 
of genomic ‘dark matter’, such as transposons and heterochromatin, 
during redesign processes presents unique opportunities to uncover 
latent functions of these elements through subsequent debugging. 
Methodical manipulation of intronic sequences could yield comprehen-
sive evaluation of the importance of splicing, whereas implementation 
of SCRaMbLE systems could help accelerate functional gene discovery. 
Emerging capabilities in genome engineering now permit ambitious 
rewriting strategies, including elimination of non-essential genes, mod-
ular reorganization of genetic elements and even pathway optimization. 
Notably, current plant synthetic genome designs predominantly rely on 
reference genome frameworks and annotation data. Future advance-
ments could integrate multidimensional data sets encompassing gene 
expression profiles, functional information, histone modification pat-
terns, chromatin accessibility maps and 3D chromatin architecture to 
inform more sophisticated synthetic genome blueprints.

A pressing challenge during the large-scale synthesis and assembly 
phase is to reduce the cost of oligonucleotide synthesis and the time 
required for large-fragment assembly. Using terminal TdT for oligo-
nucleotide synthesis could improve synthesis efficiency and reduce 
costs98,99. Optimizing TAR in yeast is a critical step for accelerating 
synthetic genomics research. For example, assembly methods based 
on the yeast life cycle may help avoid extensive in vitro handling4. 
Moreover, the multistage workflow spanning from oligonucleotide 
synthesis to final assembly of 100 kb-scale large fragments remains 
both laborious and redundant. Establishing a standardized and auto-
mated platform for DNA assembly would address critical scalability 
challenges in next-generation genome foundry operations.
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In the large-fragment transformation phase, compared with 
Agrobacterium-mediated transformation or biolistic transformation, 
protoplast transformation might be more suitable as it is compatible 
with large-fragment transformation and targeted replacement. More-
over, protoplast transformation provides more starting material to 
obtain enough transformants. The main technical bottleneck lies in the 
inherently low protoplast regeneration efficiency observed across most 
plant species. Potential solutions include transient co-overexpression 
of developmental regulators or stress-responsive genes, coupled with 
targeted suppression of differentiation-promoting genes, possibly aug-
mented with pharmacological induction. Moreover, fusing plant and 
yeast cells presents a strategy for synthetic DNA payload transfer. This 
approach circumvents the labour-intensive and technically demand-
ing processes of yeast-derived megabase plasmid purification and 
subsequent transformation into E. coli, while expanding the theoretical 
payload capacity beyond current physical delivery limitations.

In the 100-kb-level large-fragment targeting phase, a major chal-
lenge is the lack of efficient in planta targeting and replacement tech-
niques. Although the first plant synthetic genome study was conducted 
in the model moss P. patens using endogenous HR, the efficiency was 
low (<1%) and the procedure was time-consuming, requiring several 
months for screening. Further optimization of existing HDR-based 
techniques, such as using Cas variants, HDR-promoting factors or 
NHEJ inhibitors to enhance HDR, or knocking out genes that inhibit 
HDR, could enable targeting and replacement of larger fragments. 
A major priority involves mechanistically validating HDR-mediated 
precision replacement efficiency in P. patens, particularly their capac-
ity to enable megabase-range chromosomal substitutions. Success-
ful demonstration would establish foundational capabilities for 
genome-scale synthesis initiatives targeting this model bryophyte. 
Moreover, recombinase-mediated targeting schemes could achieve 
the targeting and replacement of large fragments through orthogonal 
recombinase. The design of the targeting schemes to reduce rounds 
of transformation events is key to seed plants because their life cycle 
is much longer than that of unicellular organisms.

Building on these technological advancements, the field of plant 
synthetic genomics is now expected to achieve the full synthesis of 
a chromosome arm, an entire chromosome and the full genome of 
P. patens. The next milestone would be the de novo synthesis of chro-
mosomal arms with functional telomeres and centromeres in moss. 
Achieving this goal will help unravel the mysteries of plant centromeres 
and also pave the way to further de novo synthesis and complete replace-
ment of plant chromosomes. With the development of P. patens genome 
synthesis technology, moss could also be harnessed as a platform to 
construct diverse, complex synthetic pathways found only in seed 
plants. An initial test run can be the design and replacement of genome 
fragments at the scale of tens of kilobases. Introducing an entire biosyn-
thetic pathway as a single module at a target site can be highly useful for 
bioproduction and other bioengineering applications.
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