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A designer synthetic chromosome fragment 
functions in moss

Lian-Ge Chen    1,13, Tianlong Lan    2,3,4,13, Shuo Zhang    1,5,13, Mengkai Zhao    6,13, 
Guangyu Luo    7, Yi Gao2, Yuliang Zhang1,5, Qingwei Du1,5,8, Houze Lu    9, 
Bimeng Li    2, Bingke Jiao1,5, Zhangli Hu    6, Yingxin Ma7, Qiao Zhao    7, 
Ying Wang    2  , Wenfeng Qian    1,2  , Junbiao Dai    6,7,10   & 
Yuling Jiao    1,4,5,11,12 

Rapid advances in DNA synthesis techniques have enabled the assembly and 
engineering of viral and microbial genomes, presenting new opportunities 
for synthetic genomics in multicellular eukaryotic organisms. These 
organisms, characterized by larger genomes, abundant transposons 
and extensive epigenetic regulation, pose unique challenges. Here we 
report the in vivo assembly of chromosomal fragments in the moss 
Physcomitrium patens, producing phenotypically virtually wild-type lines 
in which one-third of the coding region of a chromosomal arm is replaced 
by redesigned, chemically synthesized fragments. By eliminating 55.8% 
of a 155 kb endogenous chromosomal region, we substantially simplified 
the genome without discernible phenotypic effects, implying that many 
transposable elements may minimally impact growth. We also introduced 
other sequence modifications, such as PCRTag incorporation, gene locus 
swapping and stop codon substitution. Despite these substantial changes, 
the complex epigenetic landscape was normally established, albeit with 
some three-dimensional conformation alterations. The synthesis of a partial 
multicellular eukaryotic chromosome arm lays the foundation for the 
synthetic moss genome project (SynMoss) and paves the way for genome 
synthesis in multicellular organisms.

Following the completion of the sequencing of many entire genomes, 
advances in DNA synthesis techniques have propelled genome synthe-
sis to the forefront of scientific exploration. Viral and bacterial genomes 
as well as yeast chromosomes have been engineered and reassembled 
to facilitate synthesis-based techniques, such as accelerated evolu-
tion, multiplex gene deletions and the introduction or elimination of 
genetic codons1–7. However, genome synthesis in multicellular organ-
isms remains uncharted territory.

The advent of multicellularity was accompanied by a substantial 
increase in gene number and genome size8. Consequently, genome 
synthesis in multicellular organisms poses a formidable challenge due 

to the experimental difficulties associated with the transformation 
and assembly of large DNA fragments as well as regeneration from 
transformed cells. The rapid expansion of epigenetic diversity accom-
panying multicellularity9 introduced yet another challenge to genome 
synthesis. Thus, the implications of artificial genome simplification in 
the epigenetic landscape remain uncertain.

The amplification of genome size in multicellular organisms is 
predominantly attributed to the disparate and often copious quanti-
ties of repetitive DNA derived from transposable elements (TEs). Two 
fundamentally divergent perspectives exist regarding the ubiquity 
of TEs in multicellular eukaryotic genomes10,11. It has been postulated 

Received: 19 September 2023

Accepted: 22 November 2023

Published online: 26 January 2024

 Check for updates

A full list of affiliations appears at the end of the paper.  e-mail: yingwang@ucas.ac.cn; wfqian@genetics.ac.cn; daijunbiao@caas.cn;  
yuling.jiao@pku.edu.cn

http://www.nature.com/natureplants
https://doi.org/10.1038/s41477-023-01595-7
http://orcid.org/0000-0002-4108-1682
http://orcid.org/0009-0007-9526-5181
http://orcid.org/0000-0002-6034-1398
http://orcid.org/0000-0002-7647-3520
http://orcid.org/0000-0003-2724-9466
http://orcid.org/0009-0008-0634-9154
http://orcid.org/0009-0000-9549-7977
http://orcid.org/0000-0002-2596-8515
http://orcid.org/0000-0002-0958-4300
http://orcid.org/0000-0002-4981-2136
http://orcid.org/0000-0001-6875-0842
http://orcid.org/0000-0002-5299-4700
http://orcid.org/0000-0002-1189-1676
http://crossmark.crossref.org/dialog/?doi=10.1038/s41477-023-01595-7&domain=pdf
mailto:yingwang@ucas.ac.cn
mailto:wfqian@genetics.ac.cn
mailto:daijunbiao@caas.cn
mailto:
yuling.jiao@pku.edu.cn
mailto:
yuling.jiao@pku.edu.cn


Nature Plants | Volume 10 | February 2024 | 228–239 229

Article https://doi.org/10.1038/s41477-023-01595-7

facilitate the replacement of larger fragments. We first targeted an 
8,718 bp region of chr. 18L with three overlapping 3 kb mini-chunk frag-
ments (Fig. 1a). Each mini-chunk overlapped with its adjacent neigh-
bour by 150 bp. The two free ends contained 1 kb regions homologous 
to the endogenous sequences in P. patens. A hygromycin-resistance 
cassette was placed next to one of the homologous arms. The ~3 kb 
mini-chunks were obtained through chemical synthesis and amplified 
in Escherichia coli. We transformed P. patens with an equimolar number 
of linearized mini-chunks through polyethylene glycol (PEG)-mediated 
transformation. Antibiotic-resistant lines were recovered and screened 
for the presence of synthetic sequences by PCR. We were able to  
identify lines with endogenous sequences replaced by in vivo- 
assembled mini-chunks, at a frequency of 30% (Fig. 1b), suggesting 
that replacing large chromosomal regions is possible. We further  
characterized one of these lines, named syn-8k, and found that  
it showed a WT-like phenotype at various developmental stages  
(Fig. 2a) and it had the same ploidy as the WT with most of its cells 
containing a haploid genome (Fig. 2b).

Strategy for synthesis and assembly
We next aimed to achieve sequence replacement at a larger scale and 
chose a 155,181 bp region for replacement with a 68,530 bp redesigned 
sequence spanning about one-third of the length of the redesigned chr. 
18L (phase I design). We added a kanamycin-resistance cassette to the 
centromeric end (Fig. 3b). To ensure the success of the project, we used 
two strategies: in vivo mid-chunk assembly and single mega-chunk 
replacement.

that TEs are slightly deleterious but not sufficiently so to warrant 
effective removal by natural selection, especially in small popula-
tions12,13. Conversely, it has been speculated that TEs are indispensable 
for chromosomal integrity and the survival of the organism14,15. The 
chromosomal-level elimination of TEs should help solve this conun-
drum. If the comprehensive removal of TEs does not affect the wild-type 
(WT) phenotype, the optimization of multicellular organisms can 
potentially be achieved through synthetic genomics approaches, even 
if it may not be attainable through natural selection alone.

The early terrestrial plant Physcomitrium (Physcomitrella) patens 
is a well-established model organism among non-seed plants owing 
to its short growth cycle, ease of regeneration and dominance of the 
haploid generation16; it represents a suitable testing ground for genome 
synthesis in multicellular organisms. As P. patens is a broadly used 
model in evolutionary developmental and cell biological studies, its 
481.75 megabase (Mb) genome has been fully sequenced, with 26 chro-
mosomes17–19. Notably, the P. patens genome shows a relatively high 
TE content of ~60% and a sophisticated seed plant-like epigenetic 
landscape20, rendering it suitable for testing genome simplification 
strategies. Importantly, P. patens possesses efficient homologous 
recombination21 and a remarkable protoplast regeneration ability, 
both of which are essential for genome manipulations. Moreover,  
P. patens has been used for decades as a versatile synthetic biology chas-
sis for expressing recombinant therapeutic proteins and small natural 
products of commercial value22. Therefore, we selected P. patens as a 
platform for exploring synthetic genomics in multicellular organisms23.

Results
Genome design
In the initial phase of a synthetic moss genome project (SynMoss), we 
established design principles for the moss genome (Supplementary  
Box 1) with the objective of substantially reducing repetitive sequences 
while preserving the WT phenotype1,3. We further implemented an 
inhouse computational pipeline to standardize genome design. In brief, 
we retained all coding sequences as well as upstream and downstream 
regulatory regions but replaced all TAG/TGA stop codons with TAA 
codons, liberating the first two codons for prospective genetic code expan-
sion6. Furthermore, we devised PCRTags, which use primers positioned 
within or across deleted regions, to expedite a polymerase chain reaction 
(PCR)-based assay for rapidly distinguishing WT and synthetic sequences.

The short arm of chromosome 18 (chr. 18L) was chosen as it is the 
shortest chromosome arm in the P. patens v.3.3 genome assembly. 
However, the new assembly, which finished as this work was ongo-
ing, identified an extra 400 kb region at the telomere end of chr. 18L  
(ref. 19). We designed a simplified, condensed 197,892 basepair (bp) 
configuration of the updated 1,143,148 bp chr. 18L, removing >80% of 
the DNA content. This design procedure was conducted in two distinct 
phases (I and II), with minor variations in sequence design concerning 
the elimination of intergenic regions, the development of PCRTags and 
the insertion of LoxPsym sites (Supplementary Box 1 and Methods). 
During phase I, we also altered the position of Pp3c18_90 to facilitate 
the assembly of mid-chunks (Extended Data Fig. 1) and the design of 
PCRTags and removed Pp3c18_140, a gene deemed non-essential for 
growth, from the designed genome. The number of genes and genomic 
elements in the WT and synthetic sequence fragments are delineated 
in Supplementary Table 1. The gene functions and expression informa-
tion24 related to phase I are shown in Supplementary Table 2.

Homologous recombination of large fragments
The actual in vivo replacement of WT sequences with redesigned large 
synthetic fragments presented a formidable technical challenge. The 
in vivo assembly of multiple DNA fragments is possible in P. patens 
but has been tested only for fragments with sizes up to 5 kb in total25. 
For the replacement of larger chromosomal regions, we assumed and 
subsequently demonstrated that longer homologous arms would 
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Fig. 1 | The design and characterization of the 8.7 kb pilot experiment.  
a, Schematic diagram of the design and assembly. Top, a 14,322 bp WT sequence 
in the short arm of chromosome 18 was modified by deleting a 7,798 bp non-gene 
sequence and adding a hygromycin gene (Hyg). Bottom, the designed sequence 
was divided into three chemosynthetic fragments of ~3 kb each, which were 
then linearized and transferred into P. patens to replace the corresponding WT 
sequence. b, PCRTag analysis. A total of four recombination replacement sites were 
detected, including two sites between two chemosynthetic fragments and two 
sites between chemosynthetic fragments and WT sequences. Synthetic sequences 
could only be detected in the obtained synthetic lines, while WT sequences could 
not be detected. Three independent experiments were conducted on each line 
using three independent samples and similar results were obtained.
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We first designed three 20–30 kb mid-chunks (Extended Data 
Fig. 1), each of which overlapped with the next by an overhang of 1 kb. 
Homologous arms of 1 kb were included at the ends of the entire region. 
Mid-chunks were obtained by assembling 3 kb mini-chunks in yeast, 
followed by propagation in E. coli. Through PEG-mediated transforma-
tion into P. patens, antibiotic selection and PCR-based screening, we 
assembled two mid-chunks in vivo, which together replaced 83.6% of 
the entire 155,181 bp targeted region and the obtained synthetic line was 
named syn-50k (Fig. 3a and Extended Data Fig. 2a–c). The obtained lines 
were phenotypically indistinguishable from the WT (Extended Data 
Fig. 2d). Although ~1,000 antibiotic-resistant lines were screened, we 
were not able to obtain a line with all three mid-chunks simultaneously 
integrated into the genome.

We next assembled a single mega-chunk of 68.53 kb in yeast that 
contained a 1 kb homologous arm at either end (Fig. 3b). For this pur-
pose, we applied a recently introduced pipeline for the construction of 
scar-free large DNA fragments26. In brief, mid-chunks were amplified 
in E. coli and assembled in yeast using a yeast centromere-containing 
bacteria artificial chromosome (YCp/BAC) vector. The assembled con-
tig was again propagated in E. coli before PCR and restriction digestion 
verification. The linearized 68 kb mega-chunk was released from the 
YCp/BAC vector for PEG-mediated transformation (Fig. 3c).

After the PCR-based screening of ~1,000 lines carrying the selec-
tion cassette, we were able to identify potential lines in which the 
entire 155,181 bp targeted WT region was substituted by the synthetic 
sequences (Fig. 4a and Supplementary Table 1). PCRTag-based geno-
typing confirmed complete substitution in one line, which was named 
semi-syn18L (Fig. 4a). We applied flow cytometric analysis to ensure 
that the somatic cells of semi-syn18L were haploid, similar to those of 
the WT (Fig. 4c). In addition, we recovered several lines in which only 
partial replacement was achieved (Extended Data Fig. 3).

The whole-genome sequencing (WGS) of semi-syn18L recon-
firmed the insertion of the synthetic sequence (Fig. 4b). The WGS 

data also showed that the synthetic sequence was not present in other 
genomic regions. When we scrutinized the WGS data, we indeed iden-
tified two single nucleotide polymorphisms (SNPs) in the synthetic 
region that differed from our design (Supplementary Table 3). Debug-
ging is often necessary when a designed or unplanned substitution 
causes lethality or severe phenotypic changes1. Since the SNPs here 
are not located on genes and do not cause phenotypic changes, we 
did not correct them. Cotransforming protoplasts with CRISPR/Cas9 
plasmids and linear oligonucleotide templates can efficiently (>30%) 
correct undesired SNPs in further synthesis projects27.

Phenotypic characterization
We thoroughly compared the phenotypes of semi-syn18L with those of 
the WT under normal growth conditions or various stress challenges.  
P. patens germinates from a haploid spore, producing filamentous pro-
tonema cells through tip growth. Protonema cells can form branches to 
establish a two-dimensional protonema network. There are two types 
of protonema cells, chloronema and caulonema cells. The initial chlo-
ronemata transform into fast-growing caulonema cells. As the plant 
matures, gametophores appear on caulonemata-like side branches 
and form leaflets in a chiral pattern28. At the top of each gametophore, 
both male and female sexual organs form and produce sperm and eggs, 
which fuse upon fertilization to form zygotes and the zygotes further 
develop into sporophytes and produce spores. We found that all of 
these structures were normally formed in semi-syn18L, similar to the WT 
(Fig. 4d). Notably, spores were produced, suggesting that the life cycle 
was unaffected in semi-syn18L. We also challenged plants with stress 
conditions, including salt and osmotic stress. Semi-syn18L showed 
phenotypes comparable to those of the WT (Extended Data Fig. 4).

Epigenome profiling
Histone and DNA modifications are prevalent in P. patens, as in 
other multicellular organisms and are actively involved in cell fate 

WT

syn-8k

Protonema Chloronema Caulonema Bud Gametophore Gametophore Leafa

b WT syn-8k

C
ou

nt

0

250

500

1,000

750

C
ou

nt

0

250

500

1,000

750

DAPI-A
50

(×1,000)
100 150 200 250

DAPI-A
50

(×1,000)
100 150 200 250
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specification20. Using chromatin immunoprecipitation followed by 
deep sequencing (ChIP–seq), we obtained the genome-wide chro-
matin landscape of five important histone modifications (H3K4me3, 
H3K9me2, H3K27me3, H3K36me3 and H3K27ac) for both semi-syn18L 
and the WT (Fig. 5 and Extended Data Fig. 5). Pairwise comparison indi-
cated that the synthetic line showed highly similar epigenetic marks 
to the WT on the whole genome (Extended Data Figs. 5 and 6b), with 
only a few differences (Supplementary Table 7). Epigenetic marks were 
established completely de novo on the synthetic fragments, which were 
amplified in E. coli and presumably lack epigenetic marks. Within the 
synthetic region, we found that H3K9me2 marks were almost com-
pletely removed (Fig. 5 and Extended Data Fig. 6c). Because repetitive 
elements are characterized by strong enrichment of H3K9me2 marks, 
the lack of H3K9me2 in the synthetic region was probably attributable 
to the removal of repetitive elements. Likewise, the levels of DNA meth-
ylation, which is preferentially associated with TEs29, were substantially 
reduced in the synthetic region (Fig. 6b). Notably, preserved intergenic 
regions in the synthetic segment also showed greatly reduced levels 
of repressive epigenetic marks (Extended Data Fig. 6c), more promi-
nently for H3K9me2 marks than for DNA methylation. Histone marks 
that are correlated with active transcription, including H3K4me3, 
H3K36me3 and H3K27ac, showed a distribution pattern consistent 
with the WT in the synthetic region but had slightly increased peak 
values. We also performed the assay for transposase-accessible chro-
matin with high-throughput sequencing (ATAC-seq) and observed a 
moderate increase in chromatin accessibility for genes located in the 
synthetic region and in neighbouring region (Fig. 6a), which may be 
related to changes in chromosome structure caused by replacement. 
Consistently, RNA-seq analysis indicated that several genes within 

the region presented higher expression in semi-syn18L (Supplemen-
tary Table 8). Nevertheless, in the synthetic region, we also detected 
slightly higher levels of the H3K27me3 modification, which normally 
accumulates at silenced gene loci. In addition, a new H3K27me3 peak 
was located upstream of Pp3c18_60, whose expression, on the contrary,  
slightly increased.

Three-dimensional chromatin organization
Next, we profiled three-dimensional chromatin organization pat-
terns using Hi-C in the WT and semi-syn18L. We identified many 
pairwise-interacting chromatin domains resembling chromatin 
loops, which modulate high-order chromatin organization and pro-
moter–enhancer interactions30,31. We found that the regions con-
nected by chromatin loops were enriched with genes (Fisher’s exact 
test P < 0.05).

Genome design can alter chromosome conformation32 and we 
found clear changes in chromatin loops within the redesigned region 
as well as in neighbouring chromosomal sequences (Fig. 6c). Two chro-
matin loops within the redesigned region were lost in the synthetic 
version. In addition, interactions between the redesigned region and 
the distal sequences were lost in semi-syn18L. On the other hand, new 
connections were established between the synthetic region and the 
proximal neighbouring region, including one connection close to 
Pp3c18_310, which encodes a putative kinase (Supplementary Table 2).  
Notably, we found that Pp3c18_310 expression in semi-syn18L was 
more than three times higher than that in the WT (Supplementary 
Table 8). Nevertheless, genes showing similar new connections 
but located further away from the synthetic region, did not show 
expression changes. Together, the results showed that redesigning 
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the genome can alter chromosome conformation and may alter the 
expression of retained genes.

Discussion
The complete synthesis and replacement of a 155 kb endogenous 
chromosomal region resulting in an ~55.8% size reduction (phase I) 
represents a substantial stride toward the design and synthesis of the 
P. patens genome, as well as those of other multicellular plants and 

animals. By comparing different assembly strategies, we demonstrate 
the feasibility of large-scale genome replacement in P. patens. Although 
the simultaneous assembly of multiple short fragments is favoured in 
budding yeast, our findings indicate that single mega-chunk replace-
ment is more feasible in P. patens, as we did not obtain a complete 
assembly using three ~30 kb mid-chunks in planta. In this study, we took 
advantage of the efficient homologous recombination of P. patens21. For 
plant and animal species lacking efficient homologous recombination, 
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genome-editing tools may facilitate chromosome engineering33. In 
future studies, we expect applying CRISPR/Cas9 and its variants to 
slice homologous arm would improve assembly efficiency.

The genomes of multicellular organisms frequently show a pro-
fusion of repetitive sequences. However, the essentiality of TEs in 
multicellular organisms remains untested. Natural selection may be 
incapable of eliminating TEs because of their potentially insufficient 
deleterious effects10–13. Conversely, evidence suggests that TEs may play 
a role in shaping the epigenetic landscape and function as enhancers to 
regulate the expression of adjacent genes14,15. Our findings demonstrate 
that a relatively aggressive removal of repetitive sequences is viable in 
genome design, laying the foundation for the SynMoss. This study also 
implies that multicellular organisms are robust to radical alterations 
in genome architecture. Moreover, the modifications incorporated 
in the genome design, including the removal of repetitive sequences 
and TAG/TAA stop codons, appear to exert a minimal impact on plant 
morphology, development and stress resistance. While epigenetic 
regulation is pervasive in multicellular organisms, our results indicate 
that the epigenetic landscape can establish normally in a large-scale 
synthetic region, resulting in largely normal gene expression, thereby 
ensuring the feasibility of genome synthesis in multicellular organisms.

The obtained lines harbouring synthetic chromosomal fragments 
show morphological similarity to the WT, include all cell types examined 
in our analysis and show successful transmission across generations. 
However, we observed overall increase in gene expression within the 
synthetic region and some neighbouring genes. Although the epigenetic 
landscape was re-established, substantial deletion of repetitive sequences 
led to reductions in H3K9me2 modifications and DNA methylation in the 
retained sequences. We also observed alterations in three-dimensional 
chromosome organization, which is closely associated with gene expres-
sion, within the simplified sequences. Techniques such as CRISPR-based 
precise epigenome editing34 and the tethering approach35 can be used to 
fine-tune the epigenetic landscape as necessary.

Having concluded the experiments for phase I of the SynMoss, the 
achieved outcomes instill us with confidence in our ability to undertake 
the subsequent phase (phase II) of the project. Upon the completion of 
phase II, the entire short arm of chromosome 18 (chr. 18L) will be replaced 
with the simplified and synthesized sequences. The findings from these 
experiments will further pave the way for the artificial design and syn-
thesis of the entire moss genome. Genome synthesis has emerged as 
an efficacious approach for comprehending genome organization and 
function and serves as a foundation for new technologies5,36,37. Beyond 
viruses and microbes, synthetic genomics offers immense potential for 
application in plants and animals, bolstered by the continuous decline 
in DNA synthesis costs and advancements in large fragment assembly. 
This study will serve as a cornerstone for genome synthesis in other 
multicellular species, including seed plants and animals.

Methods
Design of a simplified synthetic chromosome fragment
To design our simplified genome fragment, we used a list of genes 
annotated from the P. patens genome based on Physcomitrium patens 
v.3.3 (https://phytozome-next.jgi.doe.gov/info/Ppatens_v3_3), with 
additional inhouse annotation. Supplementary Data 1–4 provide the 
genome sequence and corresponding annotations for the phase I  
and II designs. To simplify the chromosomal fragment of chromo-
some 18, we used the principles described in Supplementary Box 1, 
which involved several specific steps described below. The inhouse 
computational pipeline for standardizing genome design is available 
on Zenodo (https://doi.org/10.5281/zenodo.7894207).

First, we removed intergenic regions to condense the moss genome 
using slightly different criteria between phases I and II. In phase I,  
we marked coding sequences, untranslated regions, putative promot-
ers (3 kb sequence upstream) and putative terminators (2 kb sequence 
downstream) for each gene. In the unmarked genomic regions, we 

deleted repetitive sequences predicted by RepeatMasker (Open-4.0, 
http://www.repeatmasker.org) as well as any remaining sequence frag-
ments shorter than 1 kb. In phase II, we removed all sequences beyond 
the 3 kb upstream or 2 kb downstream sequences of annotated genes 
to further simplify the synthetic genome fragment.

Second, we replaced all TGA and TAG stop codons with the TAA 
codon. In phase I, we replaced a total of five TAG codons and one TGA 
codon, while in phase II, we replaced 13 TAG codons and 12 TGA codons. 
In phase II, we also inserted LoxPsym sites 3 bp downstream of the stop 
codon for all 37 genes, following ref. 3. This LoxP sequence is palindro-
mic and capable of recombining in either direction38.

Third, in phase I, we designed a set of three primers for amplifying 
DNA fragments that covered each ‘retaining–removing’ junction site to 
enable the detection of successful replacements of synthetic fragments 
(serving as a PCRTag). Two primers were designed upstream (UP) and 
downstream (DP) of each DNA region that we aimed to remove. These 
primers could amplify the synthetic fragment but not the original WT 
fragment because of an insufficient elongation time in PCR. Another 
primer (RP) designed in the removed region, located near the retain-
ing–removing junction, together with UP (or DP), was able to amplify 
the WT fragment but not the synthetic fragment. We designed a total of 
11 sets of primers for phase I, which are listed in Supplementary Table 2.

In phase II, we introduced altered nucleotides as PCRTags in the 
designed sequences in introns or coding sequences. P. patens con-
tains many introns, which provided us with an opportunity to design 
PCRTags without affecting synonymous codon usage39. Specific design 
information can be obtained in Supplementary Box 1.

Fourth, we removed Pp3c18_140 from the synthetic sequences 
and adjusted the position of the Pp3c18_90 gene to ensure a mid-chunk 
length of 20–30 kb in phase I. The simplified genomes and their cor-
responding annotations are provided in Supplementary Data 5–8.

Plant materials and growth conditions
In this study, the background of all strains was the Gransden WT strain 
of P. patens. All strains were grown on BCDAT medium at 25 °C under 
long-day conditions (16 h of light and 8 h of dark). The BCDAT medium 
was composed of 1.84 mM KH2PO4 (pH 6.5), 10 mM KNO3, 1 mM MgSO4, 
45 μM FeSO4, trace element solution (10 μM H3BO3, 0.22 μM CuSO4, 
2 μM MnCl2, 0.1 μM Na2MoO4, 0.19 μM ZnSO4, 0.23 μM CoCl2 and 
0.17 μM KI), 1 mM CaCl2, 5 mM ammonium tartrate and 0.7% agar.

The protonemal tissues for protoplast transformation were cultured 
on cellophane-overlaid BCDAT medium for 1 week. We used 7-day-old 
protonemal and 28-day-old gametophores in phenotypic analyses. In 
the sporophyte induction stage, protonemal tissues were cultured on 
seedling blocks (composed of coconut fibre crumbs) at 25 °C under 
long-day conditions for 1 month and then transferred to 16 °C under 
short-day conditions (8 h of light and 16 h of dark) for an extra 6 weeks. 
The cultures were irrigated from week 3 to week 6 to facilitate fertilization.

P. patens genetic transformation
The transformation of P. patens was conducted by PEG-mediated  
protoplast transformation.

Preparation of transformed DNA
The target plasmid was extracted from E. coli with a high-purity plas-
mid extraction kit (Tiangen, catalogue no. DP116), then the plasmids  
were linearized by overnight digestion with the restriction enzyme 
FastDigest NotI (Thermo Fisher, catalogue no. FD0596). The linearized 
DNA was purified and concentrated with ammonium acetate. The 
extraction was performed using an equal volume of phenol chloroform 
isoamyl alcohol (25:24:1). Then, DNA was precipitated with 0.4 times the 
volume of ammonium acetate and 2.5 times the volume of anhydrous 
ethanol at 4 °C for 30 min. Finally, the DNA was washed twice with 70% 
ethanol and dissolved in water. The obtained linearized DNA was used 
for protoplast transformation.

http://www.nature.com/natureplants
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Preparation of protoplasts
The protonemal tissues were placed in the enzymatic solution (8% man-
nitol, 0.5% cellulase (Yakult, catalogue no. L0012) and 0.15% pectinase 
(Yakult, catalogue no. L0021)) and gently shaken for 1 h. Protoplast 
filtrate was collected by a 70 μm cell strainer (BD Falcon, catalogue no. 
352350) filtration and then the protoplasts were collected by centrifu-
gation at 4 °C 200g. Protoplasts were washed twice with 8% mannitol 
before transformation.

Protoplast transformation
Approximately 1.5 × 106 protoplasts were resuspended in 600 μl of 
MMM solution (15 mM MgCl2, 9.1% mannitol and 1% MES (pH 5.6)). A 
total of 80 μg of purified linearized DNA (up to 60 μl) was mixed with 
600 μl of protoplast MMM solution suspension and 700 μl of PEG 
solution (40% PEG 6000, 0.1 M Ca(NO3)2, 10 mM Tris-HCl (pH 8.0) and 
8% mannitol) was added to the mixture and incorporated by gently 
tilting the tubes. The mixture was incubated at room temperature 
for 30 min (mixed once or twice halfway through) and then diluted 
with 3 ml of W5 solution (5 mM KCl, 125 mM CaCl2, 154 mM NaCl and 
2 mM MES (pH 5.6)) on ice. Protoplasts collected by centrifugation 
were suspended in 12 ml of PRM/T medium (BCDAT medium with 
6% mannitol, 10 mM CaCl2 and 0.4% agar) and 2 ml of protoplasm 
suspension was coated onto a cellophane-overlaid plate containing 
PRM/B medium (BCDAT medium with 6% mannitol, 10 mM CaCl2 and 
0.8% agar).

Culturing and antibiotic screening of regenerating plants
Protoplasts were cultured at 25 °C under long-day conditions, first 
on PRM/B medium for 5 to 7 d and were then transferred onto BCDAT 
medium supplemented with antibiotics for selection (hygromycin 
(30 μg ml−1) or G418 (25 μg ml−1)). The regenerated plants were grown on 
a screened medium containing antibiotics for 14 d and then transferred 
to a non-resistant BCDAT medium for recovery culture for 14 d, after 
which antibiotic levels were increased for a second round of screening 
(hygromycin (50 μg ml−1) and G418 (50 μg ml−1)).

Mid-chunks and mega-chunks in yeast
The mid-chunks and mega-chunks were obtained as described26 with 
minor modifications.

PCRTag analysis of synthetic strains
The PCRTag design principles are provided in section ‘Design of a 
simplified synthetic chromosome fragment’. If only WT genome 
sequences could be amplified and no synthetic sequences could be 
amplified, no homologous recombination substitution occurred at 
this site. If both the WT genome sequence and synthetic sequence 
could be amplified, there was no homologous recombination at the 
site but the synthetic sequence might show homologous recombi-
nation at other sites or the linear synthetic fragment might show 
self-cyclization and be unstable in vivo or it might be a chimaera. If 
the WT genome sequence could not be amplified, only the synthetic 
sequence could be amplified and homologous recombination of the 
synthetic sequence and the WT genome sequence could then occur 
at the site. A strain was considered a true positive synthetic strain 
if all loci could only be amplified with synthetic sequences and no 
WT genome sequences could be amplified (Supplementary Tables 2  
and 3).

P. patens genomic DNA preparation for PCRTag analysis
A small amount of protonemal tissue was picked with a needle and 
placed into 10× PCR buffer (500 mM KCl, 15 mM MgCl2, 100 mM Tris-HCl 
(pH 8.3)) and the tissues were disrupted in a grinder ((20 Hz, 3 min) 
(Retsch, catalogue no. MM400)), incubated at 68 °C for 1 h and centri-
fuged at 4,500g for 5 min. The supernatant contained DNA that could 
be used as a template for PCRTag analysis.

Flow cytometry
We first collected two gametophore colonies, added 600 µl of 
nucleus extraction buffer (15 mM Tris-HCl (pH 8.0), 2 mM Na2EDTA, 
0.5 mM spermine, 80 mM KCl, 15 mM β-mercaptoethanol and 0.1% 
Triton X-100) and chopped the tissue with a blade. After allowing  
the samples to stand for 5–20 min, we filtered and collected the  
liquid with a 30 µm sieve (Miltenyi, catalogue no. 130-098-458). The  
whole process was performed on ice. Chromosome ploidy was ana-
lysed by flow cytometry after DAPI (10 µg ml−1) was added to the 
collection fluid.

Microscopy
Microscopy images of protonema and gametophore colonies and the 
single tip of the gametophore were taken by using a stereomicroscope 
(Nikon SMZ25) with materials placed on BCDAT medium. Microscopy 
images of the chloronema, caulonema, bud, leafy and reproductive 
organs were taken by using an optical microscope (Nikon Ni-U) with 
materials placed on a slide.

Stress treatments
In these experiments, all the plant materials were gametophores grown 
on BCDAT medium for 28 d.

Salt stress treatment
Gametophore colonies were cultured in BCDAT medium with salt con-
centrations of 0, 200, 300, 400 and 500 mM for 3 d on BCDAT. Then, 
the materials were collected.

Osmotic stress treatment
Gametophore colonies were cultured in BCDAT medium with sorbitol 
concentrations of 0, 400, 500, 600 and 750 mM for 3 d on BCDAT. Then, 
the materials were collected.

Determination of chlorophyll content
The collected plant materials were ground into a fine powder in liquid 
nitrogen using a mortar. Approximately 400 mg of plant material was 
placed in a 10 ml tube and 5 ml 80% (v/v) acetone was added to extract 
chlorophyll. The sample was mixed vigorously for 5 min so that chlo-
rophyll was extracted from the plant. The samples were centrifuged 
at 14,000g for 5 min to remove cell debris. The chlorophyll content 
of the supernatant was measured with a spectrophotometer at 645 
and 663 nm. After measurement, the supernatant was completely 
redelivered to the initial tube and the samples were dried in a rapid 
vacuum centrifuge at room temperature until a stable dry weight was 
obtained for each sample. The total chlorophyll calculation was as 
follows: chlorophyl per dry weight (mg) = ((A663) (0.00802) + (A645) 
(0.0202)) × 1.5 per dry weight (mg).

Whole-genome sequencing
Whole-genome DNA was extracted from 50 mg of protonema materials 
grown on BCDAT medium for 7 d using a DNA extraction kit (Tiangen, 
catalogue no. DP360). Three independent biological replicates were 
performed for each genotype. The whole-genome DNA was broken into 
fragments of ~500 bp with an ultrasonicator (Diagenode, Bioruptor 
Plus). DNA-seq libraries were prepared according to the VAHTS Univer-
sal DNA Library Prep Kit for Illumina V3 (Vazyme, catalogue no. ND607) 
and sequenced using an Illumina NovaSeq system in 150 nucleotide 
(nt) paired-end mode.

The raw reads were filtered using Trimmomatic v.0.39 and 
aligned to the P. patens genome (available at https://figshare.com/
articles/dataset/ChIP_track_rar/23648046) with BWA v.0.7.17. PCR 
duplications were removed with Picard v.2.27.5. The depth of the 
synthetic area was normalized using the BPM method of the bam-
Coverage tool of deepTools v.3.5.7. Visualization was performed 
using IGV v.2.14.0.

http://www.nature.com/natureplants
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Transcript expression analyses by RNA sequencing
Total RNA was extracted using the AxyPrep Multisource Total RNA 
Miniprep Kit (Axygen, catalogue no. AP-MN-MS-RNA). Three independ-
ent biological replicates were performed for each genotype. RNA-seq 
libraries were prepared using the NEBNext ultra II DNA library prep kit 
(NEB, catalogue no. E7645) and sequenced using an Illumina NovaSeq 
system in 150 nt paired-end mode.

The reads were aligned to the reference genome of P. patens  
v.3.3 from Phytozome (https://phytozome-next.jgi.doe.gov) using 
STAR v.2.7.10b. Transcript expression was counted by featureCounts 
v.2.0.3. Differentially expressed genes were determined using  
DESeq2 (R package), with a cutoff value of >1 log2 fold change and 
Benjamini‒Hochberg false discovery rate of <0.05. Transcripts  
per million (TPM) values were calculated using the standard formula 
with R.

ChIP–seq analysis
For ChIP, ~1 g of protonema material grown on BCDAT medium 
for 7 d was collected with cross-linking and then stored at −80 °C  
before use. Plant materials were ground into a fine powder in  
liquid nitrogen. DNA was extracted and fragmented into ~500 bp frag-
ments with an ultrasonicator (Diagenode, Bioruptor Plus). A total of 
5 μg of the corresponding antibody (Abcam, H3K4me3 (catalogue no. 
ab8580), H3K9me2 (catalogue no. ab1220), H3K27me3 (catalogue no.  
ab6002), H3K27ac (catalogue no. ab4729), H3K36me3 (catalogue 
no. ab9050)) was added to each sample (diluted to 1/200, the 
final concentration is 5 µg ml−1), which was then incubated at 4 °C  
for at least 4 h and up to overnight with rotation. Dynabeads Pro-
tein A/Protein G were washed and used to capture DNA associated 
with H3K27me3, H3K9me2 H3K4me3, H3K27me3, H3K36me3 or  
H3K27ac. The chromatin was eluted and decross-linked overnight 
at 65 °C. DNA was extracted from immunoprecipitated chromatin 
by the phenol‒chloroform‒alcohol method and precipitated with 
ethanol. For ChIP–seq, three independent biological replicates  
were performed for sequencing library preparation. DNA-seq librar-
ies were prepared according to the VAHTS Universal DNA Library  
Prep Kit for Illumina V3 kit (Vazyme, catalogue no. ND607) and 
sequenced using an Illumina NovaSeq system in 150 nt paired- 
end mode.

The raw reads were trimmed using Trimmomatic v.0.39 and 
aligned to the P. patens genome using BWA v.0.7.17. In addition, 
reads of semi-syn18L were mapped to the reference genome  
modified according to our design. PCR duplicates were removed 
through Picard v.2.27.5. Reads with a MAPQ value <30 were removed 
with SAMtools v.1.16.1. Narrow peaks were called using MACS2 v.2.25 
with an extsize value of 165. The depth of ChIP–seq reads was normal-
ized using the BPM method of the bamCoverage tool of deepTools 
v.3.5.7. DiffBind v.3.8.4 was used to explore the peaks of ChIP–seq 
that differed between semi-syn18L and the WT. The BigWig files of 
ChIP–seq are available at Figshare (https://figshare.com/articles/
dataset/ChIP_track_rar/23648046).

DNA methylation analysis
Whole-genome DNA was extracted from 50 mg of protonema material 
grown on BCDAT medium for 7 d using a DNA extraction kit (Tiangen, 
catalogue no. DP360). The whole-genome DNA was broken into frag-
ments of ~500 bp with an ultrasonicator (Diagenode, Bioruptor Plus). 
DNA-seq libraries were prepared using the NEBNext ultra II DNA library 
prep kit (NEB, catalogue no. E7645) and methylation was treated by 
the EpiTect Fast DNA Bisulfite Kit (Qiagen, catalogue no. 59824). For 
methylation analysis, three independent biological replicates were 
performed for library preparation. The libraries were sequenced using 
an Illumina NovaSeq system in 150 nt paired-end mode. The reads were 
mapped to the P. patens genome and all methylation information was 
extracted using Bismark v.2.5.0.

ATAC-seq analysis
A total of 5,000 protoplast cells (‘Preparation of protoplasts’ section) 
were collected in a 200 µl centrifuge tube and centrifuged at 14 °C 
200g for 5 min. The supernatant was discarded and the cells were 
resuspended in 6 µl of lysis buffer (10 mM Tris-HCl (pH 7.4), 10 mM 
NaCl, 3 mM MgCl2, 0.5% NP-40). The cells were then incubated on ice 
for 10 min. The TruePrep DNA Library Prep Kit v.2 for Illumina (Vazyme, 
catalogue no. TD502) was used for transposable enzyme digestion and 
DNA library construction. Three independent biological replicates 
were performed for library preparation. The libraries were sequenced 
using an Illumina NovaSeq system in 150 nt paired-end mode.

The raw reads were filtered by Trimmomatic v.0.39 and aligned 
to the P. patens genome using BWA v.0.7.17. The reads of semi-syn18L 
were also mapped to the reference genome modified according to 
our design. PCR duplicates and reads with a MAPQ <30 were removed 
for ChIP–seq analyses. Narrow peaks were called using MACS2 v.2.25 
with a shift value of −100 and an extsize of 200. The ATAC-seq peaks 
that differed between semi-syn18L and the WT were explored using 
DiffBind v.3.8.4.

In situ Hi-C analysis
In situ Hi-C analysis was performed as previously described40. Briefly, 
~1 g of protonema materials were collected in MC buffer (10 mM K3PO4, 
50 mM NaCl, 100 mM sucrose) with cross-linking (fixed by 1% formal-
dehyde for 15 min under vacuum and then stopped by 150 mM glycine 
for 10 min under vacuum). The samples were stored at −80 °C until use. 
The plant materials were ground into a fine powder in liquid nitrogen 
and resuspended in nuclear isolation buffer (20 mM HEPES, 250 mM 
sucrose, 1 mM MgCl2, 5 mM KCl, 40% glycerol, 0.25% Triton X-100, 
0.1 mM PMSF, 0.1% 2-mercaptoethanol). The solution was filtered with 
four layers of Miracloth (Merck Millipore, 475855) and the nuclei were 
washed repeatedly until no green colour remained. The precipitate 
was gently resuspended in 150 µl of 0.5% SDS and incubated at 62 °C 
for 5 min. Then, 50 U of DpnII was added and the mixture was incubated 
overnight at 37 °C. On the second day, the digested DNA was passivated 
using the Klenow Fragment (Vazyme, catalogue no. N104-01), with 
the addition of biotin-14-dCTP (Invitrogen, catalogue no. 19518018). 
After ligation with T4 DNA ligase, the DNA was purified using phenol‒ 
chloroform‒isoamyl alcohol extraction. Finally, the DNA was bro-
ken into fragments of ~500 bp using an ultrasonic wave (Diagenode, 
Bioruptor Plus). The sheared DNA was selected with AMPure XP beads 
(Beckman, A63880) and then subjected to biotin enrichment using 
Dynabeads MyOne Streptavidin C1 beads (Invitrogen, 65001). Fol-
lowing biotin enrichment, bead end repair and adaptor ligation were 
carried out. After washing, the beads were resuspended in 15 μl of 
10 mM Tris-HCl buffer (pH 8.0) and DNA was isolated from Dynabeads 
MyOne Streptavidin C1 beads by incubation at 98 °C for 10 min. Library 
amplification was performed with 12 cycles of PCR and the resulting 
PCR products were purified using a conventional PCR product purifi-
cation kit. The library was sequenced on an Illumina NovaSeq system 
in 150 nt paired-end mode.

The reads generated in the Hi-C experiment were mapped  
to the reference genome (the reads of WT were mapped to the  
P. patens genome; the reads of semi-syn18L were mapped to the refer-
ence genome modified according to our design.) using juicer v.1.6 
and the effective interaction pairs were calculated with the default 
parameters. TAD domains were detected using the ‘Arrowhead’ module 
of juicer-tools at a resolution of 5 kb; chromatin loops were detected 
using the ‘CPU HiCCUPS’ module of juicer-tools at resolutions of 5 and 
10 kb. The relative distances between regions linked by chromatin loops 
and genes were calculated with bedtools v.2.30.0.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.
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Data availability
All high-throughput sequencing data (ATAC-seq, Hi-C, ChIP–seq, 
RNA-seq, whole-genome sequencing and whole-genome bisulfite 
sequencing) in this paper are contained in the Sequence Read Archive 
(SRA) (PRJNA970280). The raw gel image of PCR, the raw data of flow 
cytometry and the data of stress treatments are provided in the 
Supplementary Information. The BigWig files of ChIP–seq are avail-
able at figshare (https://figshare.com/articles/dataset/ChIP_track_
rar/23648046). P. patens genome v.3.3 is available at Phytozome 
(https://phytozome-next.jgi.doe.gov). Source data are provided with 
this paper.

Code availability
All original codes used in high-throughput sequencing analysis have 
been deposited at Github (https://github.com/lanntianlong/SynMoss) 
and Zenodo (https://doi.org/10.5281/zenodo.8000393). The inhouse 
computational pipeline for standardizing genome design is available 
on Zenodo (https://doi.org/10.5281/zenodo.7894207).
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Extended Data Fig. 5 | Heatmap showing correlations among histone marks 
in the wild type and semi-syn18L. The correlation coefficient was calculated 
using the normalized read counts in each peak region. Colours represent 
the correlation coefficients, with darker green indicating higher similarity. 
Hierarchical clustering is shown at the left and top of the heatmap. Note that 

active histone modifications cluster together, while H3K9me2, which often 
represents heterochromatin, differs the most from other modifications. Overall, 
there is minimal difference in the distribution of histone modifications between 
the wild type and semi-syn18L from a genome-wide perspective. (also see 
Supplementary Table 7).
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Extended Data Fig. 6 | Other epigenetic changes in semi-syn18L.  
(a) Distribution of five histone modifications (H3K4me3, H3K9me2, H3K27me3, 
H3K36me3 and H3K27ac) on genes in the synthetic region. The signals shown 
were normalized using the BPM method (Bins Per Million mapped reads, same as 
TPM in RNA-seq) after deducting the input. (b) The number of peaks for histone 
modifications in wild-type and semi-syn18L. The left figure shows the number 
of histone modification peaks across the entire genome, while the right figure 

shows the number of histone modification peaks in the replacement region. The 
counts of three replicates were separately calculated. (c) Changes in H3K9me2 
modification and DNA methylation levels at the remaining intergenenic region 
in semi-syn18L. The top panel shows designed chromosome fragment. The Xs on 
the top panel refer to new joints formed by deleting duplicate sequences, which 
correspond to the yellow delete regions below.
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