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The de novo synthesis of genomes has made unprecedented progress
and achieved milestones, particularly in bacteria and yeast. However, the
process of synthesizing a multicellular plant genome has not progressed
at the same pace, due to the complexity of multicellular plant genomes,
technical difficulties associated with large genome size and structure,
and theintricacies of gene regulation and expressionin plants. Here

we outline the bottom-up design principles for the de novo synthesis

of the Physcomitrium patens (that is, earthmoss) genome. To facilitate
international collaboration and accessibility, we have developed and
launched a public online design platform called GenoDesigner. This
platform offers an intuitive graphical interface enabling users to efficiently
manipulate extensive genome sequences, even up to the gigabase level.
This toolis poised to greatly expedite the synthesis of the P. patens
genome, offering an essential reference and roadmap for the synthesis of

plantgenomes.

Synthetic biology has heralded a paradigm shift, marking a transi-
tion from an era characterized by reading (genome sequencing) to
an emergent epoch centred on writing (genome synthesizing). The
advent of recent advancements in DNA synthesis technologies, such
as high-throughput DNA synthesis' and the assembly of large DNA frag-
ments?, coupled with the revolution of the robust and versatile genome
editing technology CRISPR-Cas? has rendered the de novo synthesis
of various organismal genomes as achievable reality* . The inception
of whole-genome synthesis can be traced back to the pioneering work
of Cello et al.”, who assembled poliovirus complementary DNA from
chemically synthesized oligonucleotides’. Concurrently, Smith et al.
ventured into the synthesis of a $X174 bacteriophage by refining the

assembly methods suitable to chemically synthesized oligonucleo-
tides®. These efforts laid the groundwork for whole-genome synthesis.

The bacterial genomes of Mycoplasma genitalium, M. mycoides
and Escherichia coli were subsequently designed and synthesized**”’.
These works focused on prokaryotic organisms until the inception of
the synthetic yeast genome project (Sc2.0)’. By 2017, this project had
witnessed notable strides with the successful synthesis of six chro-
mosomes of the Saccharomyces cerevisiae genome, complete with
artificially introduced marker features'°, Recently, all synthetic chro-
mosomesinSc2.0 have beenaccomplished, representingamilestonein
synthetic genomics' . With the proposal of the Genome Project-Write
and the increasing momentum of Sc3.0 in recent years*”, we are
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entering what can be termed as the ‘genome-write’ era. This era beck-
ons a deeper understanding and application of life, offering notable
prospects for future genomic exploration and manipulation.

The expansive realm of genomics has thus far unveiled the
sequences of numerous economically important crops and medicinal
plants. These decoded sequences provide an invaluable ‘genome 1.0
(that is, the original genome) template, serving as a cornerstone for
driving further advancementsin synthetic genome design. Toaccelerate
the synthetic genomic revolution in plant biology, we have advocated
for the initiation of genome synthesis in Physcomitrium patens, an
earthmoss species that diverged from seed plant ancestors approxi-
mately ten millionyears ago®®. Theinitial draft genome of P. patens was
released in 2008.In 2017, Lang et al. further refined this genome, pre-
senting a genome architecture consisting of 27 pseudochromosomes
and leaving about 1% of sequences unresolved”. We recently reported
anear telomere-to-telomere assembly confirming that P. patens com-
prises 26 chromosomes with a total length of 480 Mb*°.

The decision to select P. patens as our pioneer plant organism is
based on several factors. First, it represents one of the earliest land
plantlineagesin a taxonomic group closely related to vascular plants
and has been established as an exemplary model species for studying
plantevolution, genetics and cell biology®'. Second, its relatively short
life cycle, involving one generational reproduction within approxi-
mately two months, makes it an attractive model for expediting the
achievement of our synthetic genome goal. Third, P. patens possesses
a high recombination rate and an inherent ability to efficiently incor-
porate syntheticlarge DNA fragments®. Fourth, the P. patens genome
is notably composed of approximately 60% transposable elements
(TEs)®. This composition not only raises intriguing questions regard-
ing their role and persistence through evolution but also presents an
opportunity for substantial genome reduction, should these elements
be deemed non-essential. Lastly, its 26 chromosomes of variable sizes
enable a wide range of chromosome reconstruction investigations,
including chromosome fusion and circularization®.

In arelated study, we have successfully synthesized a portion of
theleft arm of chromosome 18 of P. patens, thereby strengthening the
groundwork for future genome synthesis research®. We believe that the
synthesis of the P. patens genome, termed SynMoss, not only is achiev-
able butalso canrepresent a key milestone in advancing genome syn-
thesisresearchfor other plants, including gymnosperms (for example,
pine), eudicotyledons (for example, Arabidopsis, soybean and tomato)
and monocotyledons (for example, maize and rice). Inspired by the
Sc2.0 project, we propose that the synthesis of different chromosomes
of P. patens could be concurrently pursued by multiple research groups
toaccelerate the pace of progress. We invite all scientists interested in
this field to participate in the SynMoss project as a consortium.

Genome design stands as the cornerstone of genome synthesis.
While earlier work on virus and bacteria genome synthesis adhered to
afewsimple designrules*’, recent progressinlarger genome synthesis
demands systematic modifications to the original genome, leading to
amore comprehensive design process. As genome size increases, its
design complexity grows substantially, thereby requiring an efficient
and easy-to-use software to generate the synthetic sequences. Despite
the development of the BioStudio program by the Sc2.0 project, ena-
bling teams from the United States, China, the United Kingdom, Aus-
tralia and Singapore to design their chromosomes®*, the lack of a
user-friendly interface posed a challenge for wet-lab scientists. Con-
sequently, many design-related tasks were manually and painstakingly
executed by front-line scientists, such as the inspection of a missing
fragmentin the synthetic chromosome. Furthermore, BioStudio failed
toaddresstherequirements of genome design at the scale of hundreds
of megabases to gigabases, making it unsuitable for P. patens genome
synthesis design. In 2021, Schwartz and colleagues announced the
initial development of a computer-aided design program capable of
designing an organism and visualizing hundreds of megabases of a

genome (https://spectrum.ieee.org/genome-editing-cad); however,
no subsequent progress was reported.

Here we developed GenoDesigner, a user-friendly and efficient
online genome design tool. This tool is adept at handling genome
designs up to the gigabase level, empowering researchers to manipu-
late target DNA sequences in each genome or chromosome. We antici-
pate that the principles, the experiences and the GenoDesigner tool
outlined here will serve as invaluable resources, not only expediting
the synthesis of the P. patens genome but also facilitating related bio-
logical research.

The fundamental rationale for designing a
synthetic P. patens genome

To increase the likelihood of success in this pioneering endeavour,
we have delineated three core rationales for the synthetic design: (1)
itshould constitute a wholly synthetic genome, not merely a partially
edited one; (2) the P. patens plant harbouring a synthetic genome
must be viable; and (3) the synthetic chromosomes should exhibit
functionality beneficial to further biotechnological applications or
biological studies.

Drawing from the insights gathered from the Sc2.0 project and
combining them with our pilot plant genome synthesis experience,
we propose the following design principles for the P. patens genome:
(1) removal of all the TEs, (2) truncation of most intergenic regions,
(3) introduction of PCRmarks, (4) unification of stop codons and (5)
incorporation of the Synthetic Chromosome Recombination and
Modification by LoxP-Mediated Evolution (SCRaMbLE) system (Fig.1).

Removal of all the TEs
TEs, constituting approximately 57.2% of the P. patens genome, are pre-
dominantly composed of long terminal repeat retrotransposons. Unfor-
tunately, the functional roles of these TEs remain largely unknown. The
investigation of TEs in P. patens is impeded by their repetitive nature
and seemingly random distribution; however, such exploration could
greatly enhance our comprehension of plant genome evolution, span-
ning from unicellular plants to land plants. Most TEs in P. patens are
located distantly from protein-coding genes (Supplementary Fig. 1),
suggesting minimal directimpact on gene expression.

Onthebasis of the characteristics of TEs, we have adopted an asser-
tive design strategy to completely eliminate all TEs in the synthetic P.
patens genome, despite the inherent risk of potentially eradicating
critical biological functions acquired by some TEs during evolution
(Fig. 1a and Supplementary Figs. 2 and 3). During preliminary testing
of the synthetic genome, we will meticulously verify the fitness of the
synthetic plants, reintroducing any necessary TEs to maintain viability
under specific environmental conditions.

Truncation ofintergenicregions

Protein-coding genes are distributed throughout the genome, whereas
repetitive sequences, notorious for inducing genome instability, are
predominantly located in intergenic regions (Supplementary Fig. 1).
Notably, the medianlength of intergenic regionsin P. patens has been
reduced fromover 10 kbp toless than 6 kbp through the removal of all
TEs (Supplementary Fig. 4). In an effort to further refine the genome,
we have opted to excise the intergenic sequences. This approach
also enables us to explore the functions of regulatory elements on a
whole-genome scale. Previous studies have indicated that plant pro-
moters typically range in length from 500 to 2,000 bp**. On the basis
of RNA-seq analyses, we have observed that transcription startand end
sites are approximately 500 bp upstream and downstream of genes,
respectively (Supplementary Fig. 5). Consequently, in the synthetic
P.patens genome, we have retained asequence span of 3 kbp upstream
and 2 kbp downstream of each annotated gene after the removal of
TEs, serving as potential promoters and terminators, respectively
(Fig. 1b). The remaining sequences, in conjunction with centromeres
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Fig.1|The design principles for the SynMoss genome. a, TEs are removed,

and the adjacent sequences are joined together. b, For each gene, the regions

3 kbp upstream and 2 kbp downstream are retained as putative promoter and
terminator sites, respectively, while intergenic regions beyond these limits are
removed. ¢, Two examples of pairs of PCRmarks designed inintrons and CDSs,
respectively. SYN, synthetic; WT, wild type. Both WT and synthetic PCRmarks are

designed for each gene to differentiate the native from the synthetic sequence.
Synthetic PCRmarks inintrons are made by shuffling the WT sequence. The
synthetic PCRmarks in CDSs are made by codon switching, ensuring that the
resulting amino acids remain unchanged. d, All stop codons are unified to TAA
inSynMoss. e, LoxPsym sequences are inserted 3 bp downstream of the last stop
codon for each gene. All sequences displayed are oriented on the positive strand.

and synthetic telomeres, constitute the synthetic chromosomes
of P.patens.

Introduction of PCRmarks

When employing abottom-up strategy for genome synthesis, itis cru-
cialtoinclude specific markersto differentiate the synthetic sequence
fromits wild-type counterpart. Leveraging insight from the Sc2.0 pro-
ject, weintegrated PCRmarks, spanning 20-30 nucleotides, into the
syntheticchromosome, within either intron or coding sequence (CDS)
regions (Fig.1c). For introns, to avoid interfering with mRNA splicing,
we placed the PCRmarks 10 bp downstream from the 5’ end and 50 bp
upstream of the 3’ end, carefully avoiding the predicted 5" splice site,
3’ splice site and branch point sequences. For CDSs, we adapted the
approach outlined by Dymond et al.’, with a few modifications. Spe-
cifically, to ensure the highest specificity of each primer pair towards
the P. patens genome, we replaced each original codon with the most
dissimilar synonymous codon, resulting in PCRmarks exhibiting at least
37.5% nucleotide divergence from their wild-type sequence counter-
parts. Furthermore, to minimize potential interference with translation
initiation and termination, we confined the PCRmarks to positions
beyond the first and last six bases of the coding region. To improve
PCRefficiency, we limited the products generated by PCRmarks to less
than1,000 bp, regardless of whether the template sequenceislocated
inintrons or CDSs. We used Primer3 (ref. 35) to generate PCRmarks
with annealing temperatures between 57 °C and 68 °C. Althoughiit is
preferable tointroduce PCRmarks into the intron regions, if the design
standards are not met, they are frequently positioned within CDSs.

Unification of stop codons

In the design of synthetic genomes, codon minimization can offer
several advantages, including the potential for protein production
with non-standard amino acids and the potential to confer antivirus
properties®¥, It has been shown in synthetic E. coli that the substitu-
tion of the stop codon TAG with TAA as well as the removal of relevant
release factors appears to have minimal impact on fitness”. In Sc2.0,
similar changes to stop codons do not result in major defects®*, indicat-
ing the considerable plasticity of stop codon usage in eukaryotes too.
Motivated by the mystery of stop codons and the ambition to construct

aversatile cellular factory using synthetic P. patens, we have decided to
recode stop codons, unifying themto TAA (Fig. 1d and Supplementary
Fig. 7). This approach results in an extreme condition of stop codon
usage that canbe used to study translation terminationin P. patens while
also providing a foundation for the production of modified proteins
with non-standard amino acids®®. In cases where multiple transcripts
arepresent (duetoalternative splicing, for example), each stop codon
isrecoded.

Incorporation of the SCRaMbLE system

Alterations in the structure and function of the P. patens genome will
provide aunique opportunity to elucidate the fundamental principles
underlying moss genomes. The SCRaMbLE system®*, employed in the
Sc2.0 project, uses Cre recombinase to catalyse recombinationbetween
loxPsymsites, thereby enabling the induction of various genome rear-
rangements at the whole-genome level. In SynMoss, loxPsym sequences
will also be introduced 3 bp downstream of the stop codon of each
geneto facilitate SCRaMbLE. In cases where agene produces multiple
transcripts, the loxPsym sequence will be positioned 3 bp downstream
of the last CDS region of the gene (Fig. 1e). We intend to meticulously
monitor the effects of inserting loxPsym sites into the 3’ untranslated
regions (UTRs) of genes. If any gene function is adversely affected by
these insertions, it will provide an opportunity to explore how modi-
fying the 3’ UTR may alter gene expression and localization in plants.
In such cases, we will use genome editing tools to reposition the
loxPsym sites.

Manipulation of non-coding RNAs

Many non-coding RNAs (ncRNAs), such as ribosomal RNA, transfer
RNA (tRNA), small nucleolar RNA, microRNA and others, primarily
function as translation machineries and regulatory elements*. In the
P.patens genome, ribosomal DNAs are found in tandem repeat arrays
onchromosomes 6,20 and 26 (Supplementary Fig.1). Dueto the poten-
tialimpact on the genome’s stability, these ribosomal DNA arrays are
maintained in their original locations on synthetic chromosomes to
prevent major defects. While it is theoretically possible to consoli-
dateall tRNA genes into anewly synthesized artificial chromosome (as
demonstratedinSc2.0), given the current limitationsin understanding
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Fig.2|Strategy for constructing the SynMoss genome. a, Flowchart for the
assembly of synthetic sequences. This procedure consists of two major steps.
First, approximately 3-kbp commercially synthesized and assembled mini-
chunks (purple) are assembled into about 30-kbp mid-chunks (blue) using
homologous recombination in yeast. Second, these three mid-chunks are further
assembled into approximately 100-kbp mega-chunks (orange) within the yeast
system. These mega-chunks will be introduced into P. patens cells to replace the
native sequence. b, Sequential replacement of native sequences by synthetic
sequences from telomere to centromere. Starting from one telomere, each
successive synthetic segment incorporates a resistance cassette (serving as a
selective marker) positioned on the interior side of the adjoining homologous
arm, oriented towards the centromere. The replacement is iteratively conducted
until an entire chromosomal arm has been successfully replaced.

plant centromeres and the absence of robust artificial chromosomes,
we decided to retain these tRNA genes in their original genomic loca-
tions. Besides ribosomal RNAs and tRNA genes, the P. patens genome
houses over 500 other ncRNA genes, scattered indiscriminately across
the genome (Supplementary Figs.1and 7). Due to limited data and
knowledge about these ncRNAs, such as small nucleolar RNAs and
microRNAs, these ncRNAs are not specifically targeted and may be
deleted due to the aforementioned design criteria. Throughout the
assembly and testing of the synthetic chromosomes, close monitoring
of phenotypic changes will guide decisions on whether to reintroduce
these ncRNA fragments.

Strategy to construct asynthetic P. patens
chromosome

Although P. patens demonstrates a higher recombination efficiency
than other model plants such as Arabidopsis thaliana®, incorpo-
rating DNA fragments over 10 kbp into the genome has remained a
challenge for many years*°. During our pilot study concerning the
synthesis of the short arm of P. patens chromosome 18 (ref. 32), we
successfully demonstrated the feasibility of incorporating synthetic
DNA chunks with alength of about 100 kbp in P. patens. As a result,

we propose a general pipeline as a standard strategy for P. patens
genome synthesis (Fig. 2).

The process begins by initially dividing the synthetic chromosome
into mega-chunks of approximately 100 kbp. These mega-chunks are
then further divided into mid-chunks of around 30 kbp, which are
subsequently segmented into mini-chunks of approximately 3 kbp.
Each mini-chunkis designed to have 150-bp overlaps with adjacent frag-
ments, allowing chemical synthesis and assembly in yeast by homolo-
gous recombination. Both free ends of these mega-chunks contain
1-kbp regions that are identical to endogenous sequences in P. patens.
Adjacent to one of the two regions for homologous recombination, a
marker gene for selection (for example, a hygromycin resistance cas-
sette) isinserted (Fig. 2b).

Tenmini-chunks are assembled into amid-chunk through homolo-
gousrecombinationinthe budding yeast. Similarly, three mid-chunks
canbeassembled intoamega-chunk using the YCp/BAC vector (Fig.2a);
these are subsequently prepared from E. coli and released by restriction
digestion. Theresultinglinearized mega-chunkis thenintegratedinto
the host genome via PEG-mediated transformation, replacing the corre-
sponding original segment (Fig. 2b). The recovered antibiotic-resistant
lines will be screened using both synthetic and wild-type PCRmarks
to identify candidates containing only the synthetic sequences (Sup-
plementary Fig. 8).

Open-source software for synthetic genome
design

GenoDesigner consists of four crucial modules: genome visualization,
genome manipulation, biological parts management and task manage-
ment. The main functions and relevantinterfaces areshowninFig. 3a.
The detailed instructions for GenoDesigner can be found on GitHub
(https://github.com/SynMoss/GenoDesigner) and the GenoDesigner
server (http://49.51.34.198:3000/client/chromosome/en/?#/).

Genome visualization

This capability allows researchers to swiftly pinpoint the genomic
location of genes or functional sequences, evaluate their potential
upstream or downstream effects and analyse unexpected DNA losses
or mutagenesis occurring in synthesized genomes. While traditional
molecular biology tools such as SnapGene (www.snapgene.com) can
rapidly visualize plasmid genomes several kilobases in size, they fall
short when it comes to loading genomes at the scale of hundreds of
megabases. GenoDesigner, through systematic optimization of the
back-end algorithm, can now upload gigabase-level genomes within
minutes onacomputer with aquad-core processor. It supports genome
filesinthe.gb, .gbk and .gbff formats fromlocal computers, which can
beloaded either separately or together. Furthermore, GenoDesigner
canload .gtf, .gff, .fa, .fasta and .fna genome files separately from a
local computer. GenoDesigner supports four types of views: linear
map, circular map, table map (feature list) and sequence map. Users
can easily browse sequences and switch from these views.

Genome manipulation

GenoDesigner empowers users to cut, copy, paste, insert and replace
any sequence graphically on the genome. The platformalso allows users
to create, edit and delete features on the current genome.

Besides basic editing functions, GenoDesigner supports many
global operations. The Delete by Feature Type function allows users
to remove a designated type of featured sequences at the chro-
mosome or whole-genome level. This function can be incredibly
useful as current genome synthesis designs tend to delete numer-
ous repetitive regions such as TEs from the genome. Considering
that most genome simplification efforts aim to concatenate the
remaining genome, GenoDesigner allows users to achieve this with
the function Truncate Genome. The replacement of stop codons
and global insertions can also be achieved by GenoDesigner.
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Fig.3|Overview of the GenoDesigner software. a, GenoDesigner providesa
series of functions and interfaces. It facilitates genome visualization; enables
genome editing such as insertion, deletion and replacement; and streamlines
genome design through global operation functions and systematic management
of biological parts. b, Synthetic P. patens Chrl6L generated by GenoDesigner.

The process of generating synthetic sequences from the wild type involves five
designed steps: introduce PCRmarks, remove TEs, truncate intergenic regions,
unify stop codons and insert loxPsym. Examples of each step are illustrated in the
middle, and the output modifications made in each step are listed on the right.

Additionally, GenoDesigner provides the History function, enabling
users to revert to a previous version. With these functionalities,
GenoDesigner provides acomprehensive workflow for graphically
designing a synthetic genome (see the file Example_of_GenoDe-
signer.pdf on GitHub).

Management of biological parts
The conceptofaparts-based design hasbeen integral to synthetic biol-
ogy sinceitsinception®. Several libraries of biological parts have been

constructed, making asubstantial contribution to the establishment of
functional gene pathways or the engineering of protein expression cas-
settes. Integrating biological parts into synthetic genome design at spe-
cificgenomic locations or across the entire genome has the potential
to enrichthe diversity of genome design. Consequently, GenoDesigner
providesavaluable section for biological parts management. Users can
define biological parts and add them into the biological parts library.
These parts are displayed with their ID, name, length and functional
description. GenoDesigner allows users to edit or delete these parts.
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Table 1| Modifications in the SynMoss genome

Chromosome Length of WT Length of SYN Length of TEs No. of Length of TEs Length of No. of stop No. of
chromosome chromosome (bp) PCRmarks removed (bp) intergenic codons LoxPsym
(bp) (bp) introduced?® regions replaced® inserted®
removed (bp)
ChrO1 31,557,254 10,993,845 18,832,377 1,856 18,669,469 1,957,452 1,393 1,868
Chr02 26,289,282 10,320,165 14,445,971 1,704 14,165,842 1,861,993 1,256 1,727
Chr03 25,956,603 9,907,049 14,320,292 1672 14,154,323 1,953,201 1,296 1,705
ChrO4 22,798,254 8,236,368 13,096,561 1,339 12,911,542 1,696,924 972 1,370
Chr05 21,028,244 7,285,440 12,514,804 1195 12,266,318 1,517,830 878 1,216
Chro6 21,236,458 9,017,048 10,746,959 127 10,493,097 1,770,445 975 1,298
Chr07 18,499,901 7,332,577 10,135,618 1,205 9,955,939 1,253,103 915 1,227
Chr08 18,448,947 6,412,237 11,002,486 1,070 10,839,613 1,234,395 791 1,097
Chr09 18,012,735 6,702,321 10,073,388 1,070 9,913,536 1,433,904 832 1,089
Chr10 17,932,518 6,769,360 10,145,039 1101 9,860,980 1,340,122 838 1116
Chr1l 17,862,078 7132,877 9,825,983 1199 9,606,392 1164,425 902 1,224
Chr12 17,639,930 6,222,313 10,450,116 1,035 10,288,322 1,165,267 772 1,058
Chr13 17,710,172 5,540,906 11,297,421 983 11,091,090 111,054 74 967
Chr14 17,463,378 748,419 9,260,384 1198 9,078,030 1,278,341 888 1,218
Chr15 17178,229 6,601,468 9,390,789 1,070 9,253,174 1,360,103 793 1,074
Chr16 16,868,143 6,686,151 9,180,035 1142 9,003,051 1,218,143 876 1153
Chr17 16,300,214 6,309,073 8,972,048 1,028 8,780,766 1,245,565 791 1,035
Chr18 16,375,218 5,361,312 10,026,345 882 9,832,537 1,211,493 673 886
Chr19 16,049,963 5,160,013 9,973,812 905 9,736,634 1,183,950 656 901
Chr20 17,006,457 7,220,312 8,887,472 946 8,664,610 1154,175 686 960
Chr21 15,939,076 5,424,899 9,721,228 938 9,441,880 1104,529 674 948
Chr22 15,267,569 5,322,327 9,070,563 891 8,883,791 1,091,847 675 894
Chr23 15,418,210 5,586,410 9,205,948 922 9,044,774 818,952 688 939
Chr24 14,190,027 5,311,491 8,166,570 920 7,964,950 945,240 664 931
Chr25 16,757,958 5,961,977 9,949,145 1,004 9,757,145 1,073,176 742 1,010
Chr26 11,963,395 5,372,705 5,968,580 680 5,777,739 836,513 523 693
Total 481,750,213 179,339,063 274,659,934 29,226 269,435,544 33,982,142 21,863 29,604

A PCRmark consists of a pair of forward and reverse primers. "Stop codons of different CDSs at the same position are counted as one. °Insertion sites are not within other CDSs.

Task management

Current genome synthesis projects ofteninvolve collaboration among
multiple labs worldwide. To meet this demand, GenoDesigner allows
users to maintain tasks under their own accounts by typing in their
username. Built on this, users can create anew task for further genome
editing or rewriting. Completed tasks canbe packed and downloaded,
including .fastafiles, GenBank files and historical records. The packed
task can also be cloned for further editing or saved as a template for
further use. Users can quickly locate their tasks by searching the task
name and updating time.

Design of SynMoss using GenoDesigner

Here we present the design of the left arm of Chr16 (Chr16L,1.44 Mbp)
to illustrate the design process of SynMoss using GenoDesigner
(Fig. 3b). First, 49 PCRmarks were designed using a customized R
script and integrated using the Open Editing File function of Geno-
Designer, leading to a sequence change 0f2,392 bp. Second, 1.04 Mbp
of TEswere removed by applying the Delete by Feature Type function,
resulting in a remaining chromosome arm of 398.5 kbp. Third, inter-
genic regions exceeding 3 kbp upstream and 2 kbp downstream of
each protein-coding gene were deleted using the Truncate Genome
function, totalling109.8 kbp. Fourth, using the Replace Stop Codons

function, all stop codons were identified, and 39 TAG and TGA stop
codons were replaced by TAA. However, two stop codons that over-
lapped with other coding regions remained unchanged and required
manual inspection. Lastly, 49 loxPsym sites were introduced 3 bp
downstream of the last stop codon of each gene using the Insert by
Feature Type function. The structure of synthetic Chrl6L, termed
Ppsynl6L, is shown in Supplementary Fig. 9. With a similar workflow,
the whole SynMoss genome was generated. The details of the modi-
fications in SynMoss are listed in Table 1.

Discussion

Evoking the wisdom of renowned physicist and Nobel laureate Richard
Feynman—“WhatIcannot create, | do not understand”—we emphasize
the transformative power of genome synthesis. Since the inaugural
synthesis of the poliovirusin 20027, genome synthesis has emerged as
apivotal area of exploration within the scientific community, deepen-
ing our comprehension of the intricacies of life. Embarking on a new
frontier, we advocate for the synthesis of the P. patens genome as a
preliminary step in plant genome synthesis, facilitated by accessible
design principles and cutting-edge tools. The synthesis of the P. patens
genomeis anticipated to enrich our understanding of plant evolution
and development.
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To expedite the synthesis of the P. patens genome, we have intro-
duced GenoDesigner, atool designed to address the need for universal
genome design software. GenoDesigner offers comprehensive genome
visualization capacities, crucial for researchers requiring immediate
insights into gene locations and overall genome structure. Notably,
GenoDesigner supports visualization at the gigabase level, potentially
benefiting not only the synthesis of the P. patens genome but also the
exploration of other plant and animal genomes. Furthermore, Geno-
Designer provides full genome manipulation capacities, including
Delete by Feature Type, Truncate Genome, Replace Stop Codons,
Insert by Feature Type and others, thereby facilitating intuitive genome
design. While GenoDesigner is currently tailored to specific purposes,
future enhancements are anticipated as more scientists use the tool and
contribute feedback, thereby bolstering the development of robust
engineering software for genome synthesis. We also provide Python
andRscripts here (https://github.com/WenfeiY/P.patens_geno_design)
for genome design as a supplement to GenoDesigner to mitigate Geno-
Designer’s potential drawbacks such as PCRmark design. These scripts
candesign PCRmarks for most genes and generate drafts of synthetic
sequences of chromosome arms in acommand-line manner.

The P. patens genome, comprising 26 chromosomes spanning
approximately 480 Mb*’, represents a formidable challenge for sci-
entific enquiry. Even with the complete elimination of potentially
redundant TEs, a minimum of approximately 200 Mb of the genome
requires synthesis. This immense task necessitates a collective effort
on amuch larger scale than that of the Sc2.0 project. We propose an
open global collaborative approach for P. patens genome synthesis,
providing detailed experimental protocols and expertise tointerested
scientists. Furthermore, the SynMoss project is expected to encounter
various unforeseen challenges, such as biological variations among
individuals, difficultiesinintegrating multiple synthetic chromosomes
intoasingle plantandinevitable large-fragment losses or base substi-
tutions during genome synthesis and manipulation. We propose that
strictadherence to the design sequences may notbe crucial, aslong as
the overall genome functions effectively. This approach could expedite
the synthesis process. The acceptable degree of deviation should be
asubject for future discussion within the P. patens genome synthesis
scientific community, especially as the project progresses and more
data become available. Our goal is not to create a genetically precise
artefact with100% sequence accuracy, but to use synthetic biology to
deepen our understanding and utility of organisms.

The ability to incorporate large synthetic modules into the
P. patens genome positions this model plant as a robust platform for
plant synthetic biology applications. Moreover, this endeavour has
the potential to revolutionize our understanding of plant biology. By
leveraging the synthetic genome platform and technologies developed
during this project, P. patens could become a pivotal host for the pro-
duction of plant-derived medicinal and biotechnological products.
Potential applications are expansive. For example, the production of
plant-derived natural products or medicines could be considerably
enhanced throughthe evolution of the synthetic organism, specifically
using the introduced SCRaMbLE system.

We welcome the participation of DNA synthesis companies, espe-
cially those harnessing innovative technologies such as enzymatic
synthesis and chip-based DNA synthesis, in this endeavour. Recog-
nizing the trend of diminishing costs for commercial DNA synthesis,
we anticipate that the per-base cost for the complete synthesis of the
P.patens genome will be substantially lower than for the Sc2.0 project™.
With such advancement, the next stage of the P. patens genome syn-
thesis could focus more on gene rearrangement or the introduction
of exogenous genes. This would provide a broader lens to probe the
evolution of life and find applications across a wider spectrum. Thus,
through this project, we aim to go beyond merely understanding life—
we aspiretoreshapeitandto optimizeits potential for the betterment
of humankind. With that, we strongly advocate for greater financial

support fromboth government and non-governmental organizations
towards this ground-breaking project.

Methods

Genome data analysis

All genome data used in the design of SynMoss are from our recent
work (https://doi.org/10.6084/m9.figshare.22975925.v5), including
genome sequences and annotations. The file Physcomitrium_pat-
ens_V4_genome.fastarecords anew version of the genome sequences
of P. patens. The file Physcomitrium_patens_V4_rename.gff3 contains
annotations of genes, mRNAs, CDSs and UTRs. The file Pp.genome.
repeat.out contains predicted repetitive sequences in P. patens gen-
erated by RepeatMasker (https://www.repeatmasker.org/). The tRNA
annotations came from the file Pp.tRNA.gff3, while the other ncRNA
annotations came from the file Pp.rfam.gff3.

Al TEannotations were extracted from Pp.genome.repeat.out by
filtering out simple repeats and ribosomal RNAs. The total length of TEs
was computed by summing up the lengths of all TE regions, excluding
the overlappingareas of TEs, which should not be counted repeatedly.
Stop codons at the same positions were counted once. The circus plot
displaying genome features was generated by the R package circlize*®.

Details of genome visualization by GenoDesigner

The code, instructions and example data for GenoDesigner can be
found on GitHub (https://github.com/SynMoss/GenoDesigner). While
uploading sequences in GenoDesigner, the percentage of genome
uploading is shown in a progress window. After uploading, users can
choose to select one chromosome from the genome file for viewing
the genome as alinear map, circular map, table map or sequence map.
The features such as genes and CDSs that are annotated in the original
loaded file will be graphically shown on the map. In general, different
styles of the genome map are shown in separate windows, but users
candragtwotypes of mapsinto one window to compare the sequence
and its structure. Notably, to accelerate genome manipulation, only
100,000-bp sequences from the chromosome or genome are shownin
the window at one time by default, but users can drag the sliding bar and
adjust the display settings to see the whole genome. Moreover, Geno-
Designer supports showing multiple chromosomes in one window to
compare their sequence structure. Overall, GenoDesigner provides a
quick and robust way to visualize small to enormous genomes.

Details of genome manipulation functions

The Cutfunctionallows usersto cut sequences fromaselected areaor
defined region of the genome and temporarily save the sequence for
further paste manipulation. The Copy function allows users to copy
a specific region of the genome sequence or the whole chromosome
andinsert or paste this partlater at other genomic locations. The Paste
function allows usersto paste the cut or copied sequence into aspecific
genomiclocation. Thelnsert functionallows users toinsertafragment
of anew sequence into a specific region. The Replace function allows
users to replace a specific genomic region with other sequences or
replace several nucleotides or adefined feature of the sequence at the
whole-genomelevel. The Delete by Feature Type function enables users
to delete sequences of a certain feature type. The Truncate Genome
function allows users to preserve certain types of features, along with
their upstream and downstream regions, and delete the rest of the
genome. The Replace Stop Codons function can detect stop codons
and allows users to replace one kind of stop codon with another (for
example, TAG to TAA) or even unify them. The Insert by Feature Type
function allows users to insert any element globally on the basis of
feature types and relevant positions.

Implementation of GenoDesigner
GenoDesigner is written in Python and Java using a B/S system archi-
tecture that can be accessed using a browser. It can be implemented
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on the server with a four-core CPU, 16 GB memory and 500 GB hard
drive. GenoDesigner createsits own logic for genome-scaled sequence
editing whileintegrating the visual style of the free Open Vector Editor
(https://github.com/TeselaGen/openVectorEditor), a plasmid editing
tool. The overall software adopts afront-end and back-end separation
development mode. The front end uses Vue.js and React.js as visual
rendering and human-machineinteraction frameworks and supports
parsing and rendering of large files (genome files above 200 M). The
back end adoptsamicroservices architecture and uses SpringCloud as
the framework, ensuring software stability while being fully compatible
with heterogeneous language integration.

Design workflow of SynMoss

The workflow of generating SynMoss sequences comprises inserting
PCRmarks, unifying stop codons, removing TEs, reducing intergenic
areas and inserting loxPsym sites. The files containing genome
sequences and annotations (genes, CDSs, TEs and so on) of P. patens
arerequired during the construction of SynMoss. The example data
and instructions for additional Python and R scripts can be found
on GitHub (https://github.com/WenfeiY/P.patens_geno_design).

The R script PCRmark_design.R was used earlier to design PCR-
marks for each gene. We employed Primer3 (ref. 35) to calculate the
melting temperatures of candidate PCRmarks, guaranteeing that the
generated PCRmarks can work between 57 and 68 degrees Celsius.
Furthermore, to ensure the uniqueness of all PCRmarks within their
respective wild-type or synthetic sequences, we performedinsilicoPCR
on the PCRmarks using the AmplifyDNA function from the DECIPHER
package®.

While designing SynMoss through GenoDesigner, a semi-
synthetic sequence with PCRmarks can be generated by opening the
genome and the PCRmark files such as PpChr16L_PCRmark_editing.
txt in GenoDesigner. The TE sequences can then be eliminated by
using the Delete by Feature Type function, choosing the feature
type of TEs and selecting ‘gene’, tRNA’, ‘centromere’ and so on to be
protected. The intergenic regions will next be shortened by using
Truncate Genome, selecting ‘gene’, ‘tRNA’, ‘centromere’ and soon to
preserve, and entering the required lengths to be retained upstream
and downstream (3,000 and 2,000, 500 and 200, and O and O in this
case, respectively). TAG and TGA stop codons can then be unified
to TAA using the Replace Stop Codons function. Finally, loxPsym
sites will be inserted 3 bp downstream of the last CDS region of each
gene by pressing the Insert by Feature Type button and inputting
the information for loxPsym (name, LoxPsym; type, protein_bind;
sequence, ATAACTTCGTATAATGTACATTATACGAAGTTAT). Synthetic
sequences generated by GenoDesigner can be further customized by
changing centromeres, telomeres and other components of interest.
Thefinished synthetic sequences can be download and subjected to
synthesis.

The Pythonscript Pp.syn.generate.py can be used for generating
synthetic sequences of chromosome arms of SynMoss. BioPython*°
isemployed in this script to manipulate sequence objects. The script
allows for the importing of PCRmarks, the removal of all ‘misc_fea-
ture’ except the regions inside genes, the elimination of intergenic
regions exceeding 3 kbp upstream and 2 kbp downstream of each
gene, the replacement of all TAG and TGA stop codons with TAA, and
theinsertion of loxPsym sites 3 bp downstream of the last stop codon
of eachgene.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Allgenome data used in the design of SynMoss are available via Figshare
at https://doi.org/10.6084/m9.figshare.22975925.v5 (ref. 51).

Code availability

The source code and instructions for GenoDesigner are available at
https://github.com/SynMoss/GenoDesigner. The server is accessi-
ble at http://49.51.34.198:3000/client/chromosome/en/#/. Related
Python and R programs are available at https://github.com/WenfeiY/
P.patens_geno_design.
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