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SUMMARY
The Sc2.0 project is building a eukaryotic synthetic genome from scratch. A major milestone has been
achieved with all individual Sc2.0 chromosomes assembled. Here, we describe the consolidation of multiple
synthetic chromosomes using advanced endoreduplication intercrossing with tRNA expression cassettes to
generate a strain with 6.5 synthetic chromosomes. The 3D chromosome organization and transcript isoform
profiles were evaluated using Hi-C and long-read direct RNA sequencing. We developed CRISPR Directed
Biallelic URA3-assisted Genome Scan, or ‘‘CRISPR D-BUGS,’’ to map phenotypic variants caused by spe-
cific designer modifications, known as ‘‘bugs.’’ We first fine-mapped a bug in synthetic chromosome II (synII)
and then discovered a combinatorial interaction associated with synIII and synX, revealing an unexpected
genetic interaction that links transcriptional regulation, inositol metabolism, and tRNASer

CGA abundance.
Finally, to expedite consolidation, we employed chromosome substitution to incorporate the largest chromo-
some (synIV), thereby consolidating >50% of the Sc2.0 genome in one strain.
INTRODUCTION

Rapid advances in DNA synthesis technology enable transition-

ing from genome reading and editing to genome writing. The

field of synthetic genomics has achieved several milestones

with regard to synthetic genomes, including the synthesis

of the genomes of various viruses and bacteria such as

Mycoplasma genitalium and Escherichia coli (E. coli).1–5 Syn-
5220 Cell 186, 5220–5236, November 22, 2023 ª 2023 The Authors.
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thetic designer genomesprovide a versatile platform for address-

ing previously unapproachable biological questions,6,7 such as

rapid vaccine response to pandemics,8 minimal viability require-

ments for a bacterial cell,9 potential for codon swaps,5,10,11 incor-

poration of non-standard amino acids, and virus resistance.4,12

In the synthetic yeast project (Sc2.0), we are designing and

synthesizing a eukaryotic genome in silico through a bottom-

up approach.13 This Sc2.0 genome is based on Saccharomyces
Published by Elsevier Inc.
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cerevisiae (S. cerevisiae), a unicellular eukaryotic model organ-

ism widely used in basic research and industrial fermentation.

Thousands of genome-wide edits were introduced, including

deletion of mobile elements and introns, relocation of tRNAs,

and swapping of stop codons from TAG to TAA, freeing up

TAG to potentially encode a non-standard amino acid.13 We

also developed a watermark system called the PCRtag by syn-

onymously recoding snippets of open reading frames (ORFs)

to specify pairs of primers selectively recognizing either wild-

type or synthetic chromosomes, allowing facile distinction

between synthetic and native genomic content by PCR.14 We

inserted a palindromic loxPsym site into the 30 UTR of each

nonessential gene, enabling a Cre recombinase-mediated

genome-wide shuffling system called SCRaMbLE.15–22 These

modifications are designed to help increase genome stability,

generate various phenotypes, and tackle biological questions.

Importantly, synteny of protein-coding genes is conserved dur-

ing assembly, whereas synteny of tRNA genes is utterly de-

stroyed by design in the synthetic chromosomes described

here. The SCRaMbLE method provides a means to rearrange

the synteny of protein-coding genes on demand, as a ‘‘sequel’’

to initial chromosome design and synthesis.

Previously, six complete chromosomes (synII, synIII, synV,

synVI, synX, and synXII) and one chromosome arm (synIX right

arm) out of 16 chromosomes (abbreviated 6.5 hereafter) had

been successfully synthesized.14,23–28 Since then, assembly of

all synthetic chromosomes has been completed.20,29–37 Each

synthetic chromosome was synthesized separately by teams

comprising the Sc2.0 consortium. Consequently, each haploid

yeast strain produced contains only one synthetic chromosome,

leaving most of the genome native. A challenge is to consolidate

every chromosome into one fully synthetic Sc2.0 strain. Here, we

used an ‘‘endoreduplication intercross’’ strategy to consolidate

all previously constructed 6.5 synthetic chromosomes (synII,

synIII, synV, synVI, synIXR, synX, and synXII) into a single strain,

referred to as syn6.5. However, the original endoreduplication

intercross strategy presented a number of challenges that pre-

vented a simple scale-up to facilitate combining many synthetic

chromosomes into one high-fitness strain.

One Sc2.0 designer feature is the ultimate relocation of all

tRNAs to a neochromosome, requiring removal of all endogenous

tRNAs.13 NativeS. cerevisiae contains 275 genomic tRNAs. In the

original 6.5 strains, a total of 97 of these tRNA genes had been

deleted, collectively accounting for one-third of tRNA pools

(Table S1). This feature created a practical challenge for consoli-

dating chromosomes—before neochromosome assembly and

delivery are complete, the available number of tRNA genes and

thus derived tRNA molecules will drop as more and more syn-

thetic chromosomes are consolidated. To avoid possible growth

defects due to reduced tRNA abundance during consolidation,

we integrated a corresponding ‘‘tRNA array’’ into each synthetic

chromosome. Each tRNA array consists of the synthetic counter-

parts of all tRNAs originally deleted from their native locus on that

chromosome, strung together in tandem, and inserted at a single

position on each corresponding synthetic chromosome. Addition

of tRNA arrays was crucial for reproducibly obtaining the many

endoreduplication intercross strains needed to consolidate all

these chromosomes, and addition of tRNA arrays to each syn-
thetic chromosome defines a key enhancement—the ‘‘advanced

endoreduplication intercross.’’ A further limitation to the original

endoreduplication intercross involved its scalability. We discov-

ered that attempts to destabilize more than one chromosome at

a time often met with failure, presumably because when more

than one chromosome is destabilized simultaneously, the genic

imbalance is great, leading to serious fitness defects. Thus, it

was necessary to develop an elaborate multistep intercrossing

procedure to successfully combine the 6.5 synthetic chromo-

somes in a single, relatively high-fitness strain.

Finally, occasional designer features can result in unexpected

fitness defects, and we refer to these genomic modifications as

‘‘bugs.26’’ Precisely and systematically mapping these variants

has been challenging and laborious. Inspired by diverse

CRISPR applications in yeast genomic editing, regulation, and

mapping,38–43 we developed a highly reliable bug-mapping

method known as CRISPR Directed Biallelic URA3-assisted

Genome Scan (CRISPR D-BUGS). We successfully repaired

bugs identified in single synthetic chromosomes, including a

mitochondria-related defect caused by two loxPsym sites in

the 30 UTR of SHM1. CRISPR D-BUGS was also expanded to

map a combinatorial defect associated with an essential tRNA

gene SUP61 in synIII and SWI3 in synX. In this case, neither

variant alone caused a fitness defect, but the combination of

the two caused a severe defect.

To further probe effects of designer modifications on three-

dimensional (3D) genome organization and transcriptional regula-

tion of the compact yeast genome, we used chromosome confor-

mation capture (Hi-C) and nanopore direct RNA sequencing44 to

characterize a strain with 6.5 synthetic chromosomes. Finally, to

expedite consolidation, we used a next-generationmethod, chro-

mosome substitution,33 to transfer the largest single synthetic

chromosome, synIV, into the yeast strain already carrying 6.5 syn-

thetic chromosomes, thereby consolidating more than half of the

Sc2.0 genome and producing the syn7.5 strain.

RESULTS

Synthetic chromosome consolidation using an
advanced endoreduplication intercross strategy
The Sc2.0 consortium assembled each of the 16 synthetic chro-

mosomes (synI–synXVI) in discrete haploid strains, and we previ-

ously established a consolidation strategy called endoreduplica-

tion intercrossing.26,45 Briefly, two strains with different synthetic

chromosomes and opposite mating type are mated, generating

heterozygous diploid strain carrying two synthetic chromo-

somes along with their native counterparts. After destabilizing

native chromosomes with centromere-adjacent pGAL pro-

moters, sporulating, and screening the resulting spore clones,

we obtain haploid strains with two or more synthetic chromo-

somes. However, the original endoreduplication intercross strat-

egy needed enhancement to accommodate multiple large chro-

mosomes in a single cell. We thus developed an advanced

endoreduplication intercross strategy in which tRNA arrays

(see below) were restored to each synthetic chromosome to

avoid such deficits. Following several rounds of intercross

consolidation in which one synthetic chromosome was consoli-

dated per round, we obtained a single strain, YZY1178, with 6.5
Cell 186, 5220–5236, November 22, 2023 5221
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Figure 1. Consolidation of multiple synthetic

chromosomes

(A) All previously assembled synthetic chromo-

somes were consolidated using endoreduplication

intercrosses, generating one haploid strain, syn6.5.

(B) Sc2.0 designer features carried in the syn6.5

strain.

(C) A tRNA array was integrated into each synthetic

chromosome. Each tRNA gene was flanked with rox

recombination sites (yellow diamonds). The detailed

anatomy of these arrays is shown in Figure S1.

(D) Fitness assays for draft syn6.5 strain, YZY1178,

following consolidation. Spots are from yeast media

with 10-fold dilutions.

(E) Pulsed-field gel electrophoresis (PFGE) to eval-

uate electrophoretic karyotype of a syn6.5 strain.

See also Figure S1.
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synthetic chromosomes (synII, synIII, synV, synVI, synIXR, synX,

and synXII), representing all synthetic chromosomes assembled

and published prior to the publication of the current set of Sc2.0

papers (Figure 1A). In this strain, �31% of the genome is syn-

thetic, and thus it carries thousands of designer features

(Figure 1B).

As an interim solution for fitness defects caused by tRNA de-

letions prior to neochromosome introduction, we designed tRNA

arrays (Figure 1C), thus maintaining tRNA gene balance as addi-

tional synthetic chromosomes are incorporated. Briefly, each

tRNA arraywas released from its host plasmid and integrated us-

ing homologous recombination (Figure S1). All tRNA genes were

also flanked by a pair of rox sites, which can be recognized by

Dre (but not Cre) recombinase, enabling a chromosomal tRNA-

specific rearrangement system.

The ‘‘draft’’ syn6.5 strain grows slightly slower on rich medium

(YPD) but grows comparably on plates with non-fermentable

glycerol (YPG) (Figure 1D). Unlike the parent strains, the syn6.5

strain also shows an obvious growth defect at 37�C, suggesting
the existence of a ‘‘combinatorial bug’’ resulting from genetic in-

teractions between designer variants introduced on more than

one synthetic chromosome, analogous to the phenomenon of

synthetic lethality/fitness. The karyotype was confirmed using

pulsed-field gel analysis (PFGE), with synthetic chromosomes

showing expected faster migration due to their shorter lengths

(Figure 1E). Each chromosome has euploid genome coverage
5222 Cell 186, 5220–5236, November 22, 2023
in whole-genome sequencing (WGS) (Fig-

ure S1). No mutations or genome arrange-

ments appeared during consolidation

when compared with the original parental

strainswith single synthetic chromosomes,

suggesting that mutation rates are not

elevated in the presence of multiple syn-

thetic chromosomes.

Mapping fitness defects using
CRISPR D-BUGS
With thousands of modifications, growth

defects resulting from designer bugs

have been observed in most synthetic
chromosomes.26 Identifying these bugs is important for

restoring cell fitness, and understanding their mechanisms

may illuminate new biological insights. We developed a sys-

tematic and efficient bug-mapping strategy exploiting loss

of heterozygosity (LOH) in diploids called CRISPR Directed

Biallelic URA3-assisted Genome Scan, or CRISPR D-BUGS.

CRISPR D-BUGS exploits heterozygous diploid strains bearing

a synthetic chromosome and a native chromosome in which

one telomere bears a URA3 marker gene. In such diploid

strains, homologous recombination between two chromatids

can be enhanced by a targeted chromosomal double-strand

break (Figure 2A).41 After cell division, daughter cells will carry

a pair of chromosomes that are homozygous for synthetic DNA

from the recombination site to the telomere region but retain

heterozygosity in the remainder of the chromosome, and these

LOH events can be readily selected for by plating on 5-FOA

(5-fluoro-orotic acid). By using gRNAs that target different

PCRtag sequences, a series of yeast strains with various ho-

mozygous synthetic regions can be generated (Figure 2B).

We checked the fitness of such strains and subsequently map-

ped the ‘‘fitness boundary’’ at which derivative strains shift

phenotypically from unhealthy to healthy under specific condi-

tions, provided the bug is recessive.

Absent other mapping information, screening is begun within

the resolution of a chromosome arm. Subsequently, the search

continues with a series of gRNAs to map the bugmore precisely.



A B Figure 2. Fitness mapping using CRISPR

D-BUGS

(A) General outline. A URA3marker is integrated into

native allele (blue), which is cleaved by Cas9 tar-

geted by an sgRNA selected specifically to cut at

one wild-type PCRtag. Following mitotic recombi-

nation, strains homozygous for the synthetic region

(orange) are selected on 5-FOA.

(B) Series of strains with different synthetic regions

generated by gRNAs targeting different wild-type

PCRtag loci allows mapping of fitness boundary.

See also Figure S2.
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Resolution can be increased with two or more rounds of map-

ping until a group of colonies generated from the same single

gRNA shows two distinct levels of fitness. This variability results

from mitotic recombination occurring within a �10-kb window

from the cleavage site, and such a region may include multiple

designer features, such as PCRtags or loxPsym insertions.41 Us-

ing WGS, the bug is mapped at high resolution by defining the

locations of the synthetic genome modifications within the

recombination interval. Using the same principles, CRISPR

D-BUGS can be utilized to map dominant bugs, in which a sin-

gle-allele modification results in a defect in a heterozygous

diploid strain bearing both synthetic and natural chromosomes

(Figure S2).

To test this approach, we first tried tomap a perplexing bug on

a previously synthesized chromosome. The original synII

strain (chr02_9_03) showed a recessive growth defect on YPG

medium at 37�C (Figure 3A), which appeared after megachunk

X was assembled.24 To map the synII bug using CRISPR

D-BUGS, we constructed a synII/+ heterozygote and selected

gRNAs targeting synthetic PCRtags within megachunk X. The

colonies generated from gRNA targeting at YBR256C PCRtags

(called gRNA.YBR256C) and gRNA.YBR261C all showed the

defect, whereas colonies generated from gRNA.YBR270C and

gRNA.YBR275C were all healthy on YPG medium at 37�C
(Figures 3B and S3). This mapped the bug between YBR261C

and YBR270C. In a second round of bug mapping, single

colonies generated using gRNA.YBR265W showed a mixture

of two fitness levels. Using WGS, the recombination interval

of each colony was precisely mapped relative to synthetic

sequence variants, linking each variant to strain fitness (Fig-

ure 3C). This strategy helped identify two adjacent loxPsym sites
Ce
between YBR263W (SHM1) and YBR264C

(YPT10) as potentially responsible for the

fitness defect. Deleting both loxPsym sites

successfully restored strain fitness, as in

strain YZY166 (chr02_9_04) (Figure 3A).

The loxPsym sites were integrated 3 bp

downstream of the stop codon of SHM1

and YPT10 (Figure S3B). SHM1 encodes

the mitochondrial serine hydroxymethyl-

transferase, and its deletion results in

impaired respiratory function, consistent

with the observed synII fitness defect

on YPG.46 By contrast, ypt10 deletion
showed no fitness defects under various conditions including

different temperatures or carbon sources.47 These genes are

convergent and closely spaced, such that integration of

loxPsym sites produces SHM1 transcripts containing two

loxPsym sequences in their 30 UTRs. These two loxPsym

sequences are predicted to form a stem-loop structure in

the SHM1 30 UTR, which we hypothesize may affect mRNA

stability (Figure S3). Consistent with this hypothesis, deletion

of both or either loxPsym site(s) significantly recovered tran-

script abundance and successfully rescued the growth defect,

strongly implying that formation of a stem loop in the RNA

leads to loss of RNA abundance and the fitness defect

(Figures 3D and S3E). We also found that Shm1p level was

reduced in the presence of two loxPsym sites and recovered

upon their removal (Figure S3F).

Since the two loxPsym sites are located in the 30 UTR, we also

wondered about their effects on transcript properties. To answer

this, we used nanopore direct RNA sequencing to evaluate full-

length native transcripts of SHM1 and YPT10 directly and

measured transcript end site (TES) distributions.48 In the original

synII (chr02_9_03) strain, the majority of SHM1 TESs were

extended by�66 nt, matching length of two transcribed loxPsym

sites (68 nt), indicating that SHM1 transcript termini were not

significantly affected and were extended by the expected length

(Figure 3E). Therewere also around 10% transcripts extended by

�160 nt, forming a second peak specific to synII, suggesting

that transcription termination could be slightly affected by

the loxPsym sequences. The removal of both loxPsym sites

(chr02_9_04) successfully recovered the TES distribution, over-

lapping with the wild-type peak. For the SHM1 TES in YZY363

and YZY374, in which the individual loxPsym sites were deleted,
ll 186, 5220–5236, November 22, 2023 5223
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Figure 3. CRISPR D-BUGS mapping in synII

(A) Fitness assay on YPG plates for a strain with the original synII (chr02_9_03). In strain YZY166 (chr02_9_04), the bug was fixed by deleting two loxPsym sites

downstream of SHM1.

(B) The CRISPRD-BUGS colonies generated using gRNAs labeled on the left side. For each gRNA, at least four colonies were tested and showed the same fitness

except gRNA.YBR265W (additional colonies in Figure S3).

(C) Recombination sites in gRNA.YBR265W colonies indicating fitness level are aligned with synII designer features. Red dashed line indicates locus in synII

corresponding to cleavage site in native counterpart. Original fitness assay is shown in Figure S3.

(D) Fitness assay for the strains deleted with either loxPsym site.

(E) Transcript end site (TES) distributions of SHM1 transcripts from original synII (red) and updated synII (blue), compared with wild type (gray).

(F) The same measurements in strains with either loxPsym site deleted (YZY363 and YZY374 as in D).

See also Figure S3.

ll
OPEN ACCESS Article
a single peak was formed and extended by�32 nt, matching the

expected length of a single loxPsym site (Figure 3F). We also

measured the YPT10 TESs in these strains and observed similar

patterns (Figure S3). In summary, the incorporation of two lox-

Psym sites, presumably capable of forming a stem loop in the

30 UTRs, primarily impacted the expression levels but not the

transcription end sites for SHM1 and YPT10.

Mapping a synI bug to an unexpected deletion
CRISPR D-BUGS was also applied to map the growth defect of

a synI strain. A special feature of synI is that it is fused with syn-

III.29 The draft strain (yJL671, chr01_9_02) showed a recessive

growth defect even on rich medium (YPD), which is not caused

by chromosome fusion (Figure S4). Using CRISPR D-BUGS, we

successfully mapped the bug to a window of 5 ORFs between
5224 Cell 186, 5220–5236, November 22, 2023
YAL055W and YAL049C in a single round of mapping (Fig-

ure S4C). UsingWGS, we found an unexpected�10-kb deletion

in yJL671, arising from unequal recombination between the

two loxPsym sites flanking YAL062W and YAL054C, which

became homozygous in the low-fitness diploids, but remained

heterozygous in healthy strains (Figures 4A and S4E). A review

of synI’s assembly history revealed that this deletion resulted

from an unexpected off-target recombination between two lox-

Psym sites during CRISPR-mediated repair of a missensemuta-

tion in strain yJL663, which contained an earlier draft synI

version (Figure 4B). By repairing this deletion using SpCas9-

NG, a final healthy strain with the complete synI sequence was

obtained as yCTC002 (Figures 4C and S4).49 In summary,

CRISPR D-BUGS was used to quickly map distinct bug types

in synI and synII.
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Figure 4. CRISPR-D-BUGS mapping in synIII-synI fusion chromosomes
(A) Deletion detected in synIII-synI strain (yJL671), which was repaired in final version (yCTC002). Fitness assays are shown in Figure S4.

(B) The diagram of synI in design (upper) and actual strain of yJL671 (bottom).

(C) Fitness assay for final synI strain (yCTC002) with bug repaired.

See also Figure S4.
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A combinatorial bug associated with synIII and synX

Although strains with single synthetic chromosomes are healthy,

combinatorial defects can still occur due to combinations of

sequence changes that by themselves have no phenotypes,

owing to genetic interactions between variants on two (or theoret-

ically more than two) synthetic chromosomes. Although strains

containing synIII (chr03_9_02) and synX (chr10_9_01) alone are

healthy, a combinatorial 37�C defect in a strain containing both

synIII and synX and no other synthetic chromosomes (Figure 5A).

Wefirst usedCRISPRD-BUGS tomap thebug in synX (FigureS5).

In the first round of ‘‘rough’’ mapping, we successfully mapped a

fitness boundary between YJL097W and YJL210W at the left arm.

Fine mapping revealed that single colonies generated from a

gRNA targeting YJL176C showed mixed fitness levels. WGS

mapped the bug to the loxPsym site integrated downstream of

YJL175W, representing the boundary separating healthy and

temperature-sensitive strains (Figure 5B).

YJL175W is a ‘‘dubious ORF,’’ and overlaps the 50 end of

YJL176C (SWI3), an important named gene. The loxPsym in-

serted into the 30 UTR of YJL175W is transcribed as a part of

the SWI3 50 UTR (Figure 5C). Consequently, there are two lox-

Psym sequences in the transcript of SWI3, whichmight therefore

form a looped secondary RNA structure. Interestingly, the synX

SWI3 transcript level was increased 3-fold, and this transcrip-

tional phenotype was restored to wild-type levels by deleting

the 50 UTR loxPsym but not by deleting the 30 UTR loxPsym (Fig-

ure 5D). Paradoxically, the Swi3p level was reduced in the pres-

ence of 50 UTR loxPsym and restored upon its removal (Fig-

ure 5E). The most parsimonious explanation for these results is

that the inverted repeat within the loxPsym in the 50 UTR forms

a stem loop that stabilizes the RNA isoform and blocks transla-

tion. Insertion of the loxPsym in the 30 UTR, as in all other nones-

sential Sc2.0 genes, had minimal to no effect on protein levels.

The temperature-sensitive strain containing both synIII and

synX (but not the parental strains) is consistent with temperature

sensitivity of swi3 null alleles.50 As an essential component of

SWI/SNF chromatin remodeling complex, Swi3p is required for

transcription of many genes, including INO1, and swi3 null mu-

tants are viable but auxotrophic for inositol.51–53 Remarkably,

the synX strain displayed partial inositol auxotrophy, largely
restored by removing the 50 UTR loxPsym site (but not the

30 UTR loxPsym site; Figure S5), consistent with the proposed

mechanism. A similar pattern was observed in a synVII bug (Fig-

ure 5C), wherein a similarly ‘‘misplaced’’ loxPsym site in the

NSR1 50 UTR led to increased mRNA but dramatically reduced

protein level.31 As in the case above, deletion of the 50 loxPsym
site restored normal transcript and protein levels and rescued

the synVII growth defect.

Following the same principles, we initially mapped the bug in

synIII (chr03_9_02) with CRISPR D-BUGS to the right arm, then

roughly between YCR057C/YCR067C (Figure S6A), and finally

fine-mapped it to two loxPsym sites between YCR061W and

YCR065W (Figure 5F). By restoring them to wild type, we found

that the loxPsym site upstream of YCR063W caused the defect

(Figure S6B). This loxPsym site marked the deletion of SUP61,

an essential single copy tRNASer
CGA gene, which decodes the

rare UCG serine codon (Figure 5G). Importantly, unlike the exam-

ples above, this loxPsym site was not embedded inside any tran-

scribed region, suggesting that it might rather be deletion of the

tRNA that was responsible for the defect. Before introducing the

complete tRNA neochromosome, all strains containing synIII

have a synthetic version of SUP61 (synSUP61) integrated in

the HO locus on chrIV to temporarily provide its essential func-

tion. By itself, synSUP61 suffices for cell survival and health.23

Like all of the synthetic tRNAs in Sc2.0, synSUP61 is flanked

by 500 bp 50 and 40 bp 30 of Ashbya gossypii tRNA flanking se-

quences and has a precise intron deletion. Introducing a single

copy of SUP61 in the strain complemented the defect (Fig-

ure S6B), suggesting that synSUP61 is too lowly expressed or

otherwise incapable of providing full functionality. To test this hy-

pothesis, we examined expression of synSUP61 by northern

blotting and observed that it produced about half the normal

amount of tRNA and a surprisingly large amount of 50 pre-

tRNA, suggesting inefficient processing of this tRNA, relative to

SUP61 (Figure 5H). This appears to be associated with replacing

the tRNA 50 flanking region with the Ashbya sequence in

synSUP61 and not from intron deletion or the 30 flanking region

swap (Figure S6C).

As both parental synIII and synX strains are healthy, we

conclude that the combinatorial bug results from an unexpected
Cell 186, 5220–5236, November 22, 2023 5225



A B

C D

F

E

G H

I

J K

Figure 5. Combinatorial defect between synIII and synX

(A) Fitness assay showing a combinatorial defect in synIII, synX context.

(B) Recombination sites in gRNA.YJL176C colonies indicating fitness level were aligned to synX designer features (labels as in Figure 3C). Fitness assays are

shown in Figure S5.

(C) Diagram of YJL176C (SWI3) loxPsym pattern, compared with YGR159C (NSR1) from synVII.31

(D) SWI3 transcript levels in wild-type background (gray bar) and synX strains (orange bars) with both loxPsym sites (5ʹloxP-SWI3-3ʹloxP), 30 loxPsym deleted

(50 loxp-SWI3), 50 loxPsym deleted (SWI3-3ʹloxP), and no loxPsym site (synX.SWI3). Error bars represent the mean ± SD of three replicates. p < 0.001 (***), or

0.01 (**).

(E) Immunoblotting of Swi3p-Flag in strains with loxPsym deleted from 50 and/or 30 UTR.
(legend continued on next page)
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interaction between synSUP61 and SWI3, both of which appear

to be under-expressed relative to native counterparts. The single

copy essential SUP61 gene produces the only tRNA decoding

the rare UCG serine codon. Interestingly, the SWI3 transcript

has above-average usage of UCG for serine, and importantly,

it includes two tandem UCG codons (Figure S6D). Tandem

rare codons can cause translational pausing or even arrest due

to ‘‘starvation’’ for charged cognate tRNAs.54–56 Based on this,

we hypothesized that reduced abundance of tRNASer
CGA re-

duces translation of SWI3 below the already lower than normal

level caused by 50 UTR ectopic loxPsym site. This is predicted

to result in an even lower level of functional SWI/SNF complex

and the resulting pronounced growth defect (Figure 5I). To test

this hypothesis, we repaired either or both bugs and measured

inositol auxotrophy (Figure 5J). Interestingly, either deletion of

the SWI3 loxPsym site or addition of SUP61 individually were

able to partially rescue auxotrophy, suggesting that ultimately,

the observed phenotypes result from low Swi3 protein levels.

When the two ‘‘buggy’’ components were both restored to their

native forms, the fitness of the strain was successfully rescued.

To further probe this combinatorial interaction mechanism, we

mutated either of the SWI3 tandem serine codons from rare

UCG to common UCU, with SWI3 loxPsym site deleted (Fig-

ure S6E). Consistently, strains with either mutation showed

significantly improved growth on plates without inositol. Notably,

the inositol auxotroph was still not completely rescued. Similar

results were also observed in synX strain, in which the removal

of the 50 SWI3 loxP site significantly but not completely rescued

inositol auxotrophy, suggesting that additional synthetic modifi-

cations may also affect inositol biosynthesis (Figure S6F).

By repairing the SWI3 and synSUP61 bugs, the fitness of the

synIII, synX strain was largely rescued at both 30�C and high

temperature (Figure 5K). For multiple synthetic chromosomes

(synII, synIII, synV, synVI, synIXR, synX, synXII), we repaired all

known bugs, including the SHM1 bug in synII and the combina-

torial bug between SWI3 in synX and synSUP61 in synIII. As ex-

pected, the growth defect was dramatically improved, albeit with

minor residual growth defects at 37�C (Figure S6G).

Characterization of multiple synthetic chromosomes in
syn6.5 strains
We are curious about how multiple synthetic chromosomes

would affect genomeorganization andwhether the large numbers

of designer features would affect transcription. Therefore, we

used genomic chromosome conformation capture (Hi-C) to

investigate the nuclear organization of all 6.5 synthetic chromo-

somes (STAR Methods).57,58 Previous work has shown that the

Sc2.0 design improved mappability as a result of deletion of re-

petitive regions, especially Ty elements.58 In our strain with 6.5
(F) For synIII bugmapping, recombination sites in gRNA.YCR067C single colonies

(G) Relocation of synSUP61 to HO, and gray blocks indicate flanking Ashbya gos

version.

(H) Northern blot to check quality and level of tRNASer expressed from native an

(I) Proposed combinatorial interactions between synSUP61 bug and SWI3.loxP b

(J) Inositol auxotrophy analysis, with wild-type SUP61 integrated and/or SWI3 bu

(K) Fitness assay of final synIII, synX strain with both bugs fixed.

See also Figures S5 and S6.
synthetic chromosomes, we calculated the spatial contact fre-

quency and generated a heatmap of genomic interactions (Fig-

ure 6A), generating a 3D map showing predicted conformations

of the synthetic and native yeast chromosomes (Figures 6B and

S7A). Similar to the wild type, all centromeres of synthetic and

native chromosomes interacted in trans due to their tethering

near the spindle pole body (SPB, the microtubule organizing cen-

ter of yeast), as well as their telomeres, which are clustered at the

nuclear envelope.59 To detect differences in internal folding of the

chromatin, we calculated decay of contact frequency or probabil-

ity (p) as a function of the genomic distance (STARMethods). The

two plots are nearly overlapping, with the exception of long dis-

tances greater than 100 kb because of ever-increasing noise, re-

sulting from the overall short chromosomal arms of yeast as pre-

viously described.58 We conclude that genetic modifications

spanning approximately half of the entire yeast genome do not

cause differences in the overall structure of the chromosomes

(Figure 6C). These results indicated that Sc2.0 designermodifica-

tions have minor effects on chromosomal organization, even

when multiple synthetic chromosomes are combined.

For several synthetic chromosomes (synII, synIII, synX, and syn-

XII), we noted a sharp boundary formed at one position in their

contact frequencymaps (Figures 6D and S7B). These boundaries

exactly match locations of the tRNA arrays, such as the synX

tRNA array integrated on the left arm close to CEN10 (�12 kb)

and the synXII tRNA array distal fromCEN12 (�609 kb) and down-

streamof the rDNA locus (�319 kb). Due to the repeated nature of

each array, exclusively integrated in synthetic chromosomes,

these unmappable structures are invisible to Hi-C, resulting in

the formation of artifactual sharp boundaries formed by juxta-

posing their upstream and downstream flanking sequences.

Transcript profiling using RNAseq
To determine whether transcript boundaries were affected by

the incorporation of synthetic design features, we mapped tran-

script isoforms from the syn6.5 strain using nanopore long-read

direct RNA sequencing. As expected, transcript start sites were

not affected by the inclusion of 30 loxPsym sites. Neither tran-

scripts arising from genes on native chromosomes nor those

without flanking loxPsym sites on synthetic chromosomes

showed end site alterations; however, addition of loxPsym sites

at the 30 end of genes increased the length of their transcripts by

34 nt on average (Figure 6E). This is consistent with incorporation

of the loxPsym site into the transcript without altering its cleav-

age/polyadenylation site.

To assess the effects of synthetic genome design on gene

expression levels, we performed stranded mRNA sequencing.

Some genes on the native and synthetic chromosomes, both

with and without flanking loxPsym sites, showed significantly
were aligned to synIII designer features. Fitness assays are shown in Figure S6.

sypii sequences. White band indicates SUP61 intron removed in the synthetic

d synthetic SUP61.

ug.

g repaired.
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altered expression levels (Figure 6F), indicating that the synthetic

genome design caused some, but not widespread, indirect ef-

fects on gene expression levels. LoxPsym-flanked genes were

not significantly affected compared with genes on the native

chromosomes; however, genes with transcripts that incorporate

two loxPsym sites within their 30 UTRs tended to experience a

slight decrease in transcript abundance (Figure 6G), potentially

indicating decreased stability of these transcripts on average.

This was consistent with the synII growth defect caused by

two tandem loxPsym sites in the SHM1 30 UTR.
The relocation of tRNAs led to amajor alteration in the 3D orga-

nization of the synthetic chromosomes (Figure 6D). We therefore

compared expression of genes adjacent to tRNAs on the native

and synthetic chromosomes and saw that the removal of tRNA

genes in the synthetic genome appeared to be associated with

increased expression of their former neighbors (Figure 6H),

consistent with previous studies of tRNA gene mediated

silencing.33,60–62 This observation did not hold true for slightly

more distant genes (<1 kb), suggesting that tRNA expression

only affects the most proximal genes. The removal of introns

from genes in the synthetic genome also did not appear to greatly

affect their expression levels (Figure S7C). Overall, the design fea-

tures of the syn6.5 genomeappear to have onlymodest effects on

transcript isoform boundaries and expression levels.

Morphology of yeast cells with syn6.5
To evaluate the cell morphology of yeast strains with multiple

synthetic chromosomes, we visualized dividing syn6.5 cells

with scanning electron microscopy (Figures 6I and 6J). They

showed active multiplication and normal cell morphology,

length, and shape. The budding of daughter cells left ring-

shaped bud scars on mother cells. We observed cells at various

stage of budding, including an aged mother cell with seven bud

scars, still actively budding. Thus, rewriting multiple chromo-

somes does not appear to markedly affect cell morphology or

cellular replicative lifespan.

Mutation frequency
Null mutants in the CAN1 gene result in resistance to canava-

nine. To compare forward mutation frequencies of syn6.5
Figure 6. Characterization of the strain with multiple synthetic chromo

(A) The heatmap shows the contact probability (log10) between pairs of chromos

vertical axes.

(B) The 3D chromosome trajectories of multiple synthetic chromosomes. Gray, all

(C) Contact frequencies as a function of the genomic distance.

(D) Heatmaps for native (left) and synthetic (right) chromosomes X and XII. The t

(E) Change in distribution of transcript start sites (TSSs) and transcript end sites

(native, n = 3,590) and synthetic chromosomes. Synthetic, loxP (n = 1,271) and syn

without 30 loxPsym sites within 300 bp of their stop codons, respectively.

(F) Volcano plot of gene expression in the multiple synthetic chromosome strain, c

presented in Table S3. Blue: genes on native chromosomes. Purple: genes on s

(G) The expression levels of genes with two loxPsym sites in their 30 UTRs (n = 13

only one loxPsym site (n = 1,165). Error bars represent the mean ± SD. p < 0.01

(H) Comparison of expression level changes in the synthetic strain, in which tRNA

other genes (distant, n = 8,380), as well as genes either >1kb (n = 8,317) or <1kb

**p < 0.01 determined by Mann-Whitney U tests.

(I) SEM pictures of single yeast cells with multiple synthetic chromosomes, com

See also Figure S7.
and wild-type BY4742 strains, we roughly measured the CanR

frequency and found that the syn6.5 strain showed a CanR

frequency of 5.5 3 10�6, perhaps modestly higher (ns, p =

0.06) than wild-type BY4742 (4.5 3 10�6) (Table S2). Our main

conclusion from this is that the semisynthetic 6.5 strain does

not have a significantly elevated mutation rate. Further experi-

ments will be needed to more accurately measure the mutation

rate and investigate the underlying mechanisms.

Transferring synIV into synthetic chromosome strains
using chromosome substitution
Currently, all yeast chromosomes have been synthesized sepa-

rately in their individual host strains. In order to consolidate them

more efficiently in the current syn6.5 strain, we deployed a next-

generation consolidation strategy developed in our laboratory:

chromosome substitution.33 We hoped to develop a method to

directly transfer individual chromosomes to a recipient haploid

strain that already carries multiple synthetic chromosomes. In

yeast, kar1-1 or kar1-D15 mutations prevent nuclear fusion dur-

ing mating when they are present in either parent.63 Thus, most

progeny of these crosses remain haploid but have a mixed cyto-

plasm. In these cells, chromosomes are occasionally transferred

from the donor to the recipient strain. This process, called

‘‘exceptional cytoduction64’’ or chromoduction,65 results in an

n+1 cell that can be selected for using proper auxotrophic and

drug-resistance markers.

Based on this phenomenon, a chromosome substitution

method was developed entailing two steps: (1) introduction of

the chromosome of interest into a recipient strain by chromoduc-

tion, resulting in an n+1 strain, and (2) destabilization of the native

chromosome by inducing transcription through its centromere in

the n+1 strain.33 To demonstrate how chromosome substitution

could be deployed in synthetic chromosome consolidation, we

picked the largest synthetic chromosome, synIV, as a ‘‘worst-

case scenario’’ proof of principle (Figure 7). The efficiency of chro-

moduction is inversely correlated with the chromosome size, and

using this approach, each subsequent smaller synthetic chromo-

some substitution is predicted to be even more efficient.64

First, in the recipient strain (syn6.5 as described above), we

sequentially introduced (1) a can1D0 deletion, (2) a cyh2
somes

omal sites. The corresponding chromosomes were labeled as horizontal and

other native chromosomes. The 3D structures are shown as amovie in Data S1.

RNA array integration loci are highlighted with red arrows.

(TESs) in transcript isoforms arising from genes on the native chromosomes

thetic, no loxP, (n = 690) indicate the genes on synthetic chromosomes with, or

ompared with wild type. Lists of significantly up- and downregulated genes are

ynthetic chromosomes. Red: genes with loxPsym site incorporated.

1) compared with genes on native chromosomes and genes incorporated with

(**).

s are relocated, for the genes closest to native tRNAs (adjacent, n = 62) and all

(n = 130) away from native tRNAs. The adjacent genes are listed in Table S4.

pared with wild-type cells as in (J).
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Figure 7. Consolidation of synIV into syn6.5 strains using chromosome substitution

Donor: A strain carrying a synthetic chromosome(s) to be introduced with a selectable marker (synIV and LYS4 in this example). Recipient: the strain of the

opposite mating type already containing one or more multiple synthetic chromosomes but retaining the native counterpart of the target (native chrIV and lys4D0

here), which is tagged with KlURA3 and pGAL-CEN (black hooked arrow). Transfer of synIV by chromoduction into recipient haploid progeny can be selected

using the appropriate auxotrophic and drug-resistancemarkers. Finally, native chrIV is destabilized by induction of the pGAL promoter (red hooked arrow), which

can be selected as 5-FOAR due to the loss of KlURA3, completing the process of chromosome substitution.
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mutation, and (3) a lys4D0 deletion in chrIV using CRISPR/Cas9,

making the strain resistant to canavanine and cycloheximide and

auxotrophic for lysine, respectively (strain YZY402). The can1D0

and cyh2 markers are used to select against non-mating donor

strains and occasionally formed diploid zygotes. The lys4D0

can be complemented by LYS4+ in synIV from the donor strain.

Next, the kar1-1 mutation was introduced using CRISPR/

Cas12a. After mating and selection for chromoductants, haploid

progeny with both native and synthetic chromosome IV were

successfully obtained. Finally, native chrIV was destabilized

upon induction of the pGAL promoter and selection for 5-FOAR.

This transfer produced a yeast strain with more than half of its

genome synthetic. This strain (synII, synIII, synIV, synV, synVI,

synIXR, synX, and synXII) was confirmed as a haploid synthetic

strain by WGS and flow cytometry (Figures S7D and S7E). It

was characterized by slower growth, with a G1 arrest, suggest-

ing a cell cycle defect, and will require further bug mapping to

generate a high-fitness derivative. Combined with CRISPR

D-BUGS, chromosome substitution is a NextGen readily scal-

able strategy to consolidate and debug incoming synthetic chro-

mosomes into the genetic background of other synthetic ones.

DISCUSSION

The goal of Sc2.0 is to build a eukaryotic organism with a

completely redesigned and human-synthesized genome. Thou-

sands of genome-wide features facilitate a variety of applica-

tions such as genome minimization, non-standard amino acid

incorporation, and SCRaMbLE. As an inducible evolution sys-

tem, SCRaMbLE has been used to exploit genomic structural

variation, biosynthesis pathway engineering, and host strain

improvement.15–19,66–68 Recently, synthetic chromosomes and
5230 Cell 186, 5220–5236, November 22, 2023
SCRaMbLE have been used together with deep transcript iso-

form profiling to study genome architecture and its contribution

to transcriptional regulation.22,48 Genome-wide SCRaMbLE

and rearrangements also provide insights into 3D spatial organi-

zation and chromatin accessibility.20,22 With more synthetic

chromosomes incorporated, SCRaMbLE can also be deployed

to study additional biological questions such as yeast pheno-

types and minimized chromosomes and genomes,69 making

Sc2.0 a platform to understand eukaryotic genomes and

develop industrial applications.

Native S. cerevisiae contains �295 introns belonging to 280

protein-coding genes,70 and 91 of these introns are absent

from syn6.5 strains. Previous studies have demonstrated that

intron accumulation might aid yeast starvation response by

sequestering available splicing factors and affecting splicing of

RNAs encoded by other genes.70,71 Most recently, it was shown

that intronsmay also lead to improved phenotypic plasticity of ri-

bosomes with a fitness advantage.72 As splicing machinery may

be more available in the syn6.5 strain, it would be interesting to

evaluate the impact reduced intron content may have on splice

isoforms and ribosome regulation in the future.

The introduction of these designer edits also results in unex-

pected bugs in the form of awide variety of growth defects. Inter-

estingly, several bugs found in this and companion studies map

to loxPsym sites introduced downstream of what are now clas-

sified as dubious ORFs, which end up damaging promoters

and 50 UTRs of authentic genes. Thus, this is a type of bug that

results from the rules of ORF annotations, which were adopted

early in the Sc2.0 project at a time when dubious ORFs were

not yet well defined and annotated.

This debugging method will also be helpful during further

consolidation of additional synthetic chromosomes. Using
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CRISPR D-BUGS, we first mapped a synII growth defect to two

repetitive loxPsym sites in the SHM1 30 UTR, which led to

reduced expression by an unknownmechanism.SHM1 encodes

mitochondrial serine hydroxymethyltransferase (SHMT), an

enzyme that can interconvert serine and glycine and produce

5,10 methylene tetrahydrofolates (CH2-THF). Shm1p only com-

prises about 5%of total SHMT activity, whereas its cytosolic iso-

form Shm2p comprises the majority.73 Shm1p and Shm2p are

conserved from bacteria to humans, and both enzymes are

essential components in the one-carbon metabolism cycle,

which provides a crucial substrate for mitochondria initiator

tRNA formylation and other reactions required for biosynthesis

of nucleotides, amino acids, and lipids.74,75 The shm1D strain

was shown to have a near-wild-type level of formylation and

mitochondrial protein expression, suggesting that cytosolic

SHMT activity produces a sufficient supply of one carbon units

in the absence of Shm1p.46

A further clue about this came from observing that an extra

copy of TSC10 suppressed the synII growth phenotype. We

found that overexpressing TSC10 either from a plasmid or via

ectopic integration at the HO locus rescued the growth defect

of synII (Figures S7F and S7G). TSC10 is an essential gene, en-

coding a 3-ketosphinganine reductase catalyzing the second

step in phytosphingosine synthesis, using serine as the key pre-

cursor molecule.76 This pathway is the basis for all sphingolipids

made in yeast, including ceramide, a major component of the

mitochondrial membrane. Interestingly, this pathway is highly

involved in heat stress response and activated immediately

upon onset of heat stress.77 Several sphingolipids were also

implicated as secondary messengers involved in signaling path-

ways that regulate the heat stress response.78 Based on this, we

speculate that in the original synII strain (chr02_9_03), sphingoli-

pid/ceramide biosynthesis was affected when grown on YPG

medium due to a deficit of cytosolic serine. This is supported

by the fact that serine is mainly synthesized from glycine via

SHMT activity of Shm1p and Shm2p in a ‘‘gluconeogenic’’

pathway on non-fermentable glycerol but not on glucose.79,80

In short, we hypothesize that SHM1 under-expression leads to

insufficient ceramide biosynthesis, and at high temperature,

this reduces mitochondrial function.

During consolidation, we noted the existence of a combinato-

rial bug revealed when combining synIII and synX. tRNA abun-

dance and codon usage are closely linked, with ‘‘rich’’ codons

corresponding to abundant tRNAs overrepresented in highly ex-

pressed genes.81,82 Optimal codon usage is also predicted to

ensure the proper speed of translation elongation for efficiency,

accuracy, and correct protein folding.56,83 Under stressful condi-

tions, yeast can alter tRNA abundance to facilitate selective

stress-related translation, and interestingly, rare codons corre-

sponding to low-abundance tRNAs are enriched in stress-

responsive genes potentially allowing for efficient and sensitive

regulation.84 From a synthetic chromosome consolidation

perspective, we discovered a completely unexpected connec-

tion between abundance of a single copy tRNA, inositol auxo-

troph, and, potentially, chromatin dynamics, consistent with

regulation via codon usage and tRNA pool adjustments. In the

current stage of Sc2.0, the tRNAs have been relocated into chro-

mosome-specific tRNA arrays but will eventually be consoli-
dated into a single neochromosome. Each tRNA gene in the

arrays is flanked by rox recombination sites that can be recog-

nized by Dre recombinase. This site-specific recombinase sys-

tem can be deployed to perform a tRNA gene-specific form of

SCRaMbLE, but it can also be deployed in the future to simulta-

neously remove all of the chromosome-specific tRNA arrays

once a future version of the tRNA neochromosome, namely

one entirely lacking rox sites, is introduced into the Sc2.0 pro-

genitor strain.

Limitations of the study
In this study, we have constructed 21 strains with all pairwise

combinations of 7 previously completed synthetic chromo-

somes (Figure S7H). Happily, the vast majority of these show

no growth defect at 30�C in YPD medium. However, we noted

modest growth defects at 37�C suggesting that additional but

mild combinatorial bugs may exist. It is certainly possible that

there may be other as yet undiscovered phenotypic variations,

such as altered genome evolutionary plasticity. The current

syn7.5 strain containing these synthetic chromosomes still

shows a growth defect, although the fitness has improved

dramatically since the integration of synIV tRNA array (data not

shown). It is also possible to recover growth fitness through

adaptive laboratory evolution (ALE).20,22 Sequencing of the

evolved genomes has revealed numerous variants, and further

investigation is necessary to determine which of these variants

contribute to the observed improvement in fitness. However,

we believe that performing ALE before completing chromosome

consolidation is likely to lead to very complex networks of muta-

tion/suppressor mutation relationships that may be incompatible

with additional synthetic chromosomes, so we prefer to perform

ALE only after all of the synthetic chromosomes are combined.

Debugging combinatorial defects ismore challenging than single

bugs, but we are confident that CRISPR D-BUGS will greatly

facilitate deciphering these.
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Yuan’s team at Tianjin University (led chromosomes V and X);

Dai Lab at Tsinghua University and Shenzhen Institute of

Advanced Technology, CAS (led chromosome XII); Ellis Lab at

Imperial College London (led chromosome XI); Sakkie Pretor-

ius’s team at Macquarie University (led chromosomes XIV and
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79. Albers, E., Laizé, V., Blomberg, A., Hohmann, S., and Gustafsson, L.

(2003). Ser3p (Yer081wp) and Ser33p (Yil074cp) are phosphoglycerate

dehydrogenases in Saccharomyces cerevisiae. J. Biol. Chem. 278,

10264–10272. https://doi.org/10.1074/jbc.M211692200.

80. Melcher, K., and Entian, K.D. (1992). Genetic analysis of serine biosyn-

thesis and glucose repression in yeast. Curr. Genet. 21, 295–300.

https://doi.org/10.1007/BF00351686.

81. Frumkin, I., Lajoie, M.J., Gregg, C.J., Hornung, G., Church, G.M., and Pil-

pel, Y. (2018). Codon usage of highly expressed genes affects proteome-

wide translation efficiency. Proc. Natl. Acad. Sci. USA 115,

E4940–E4949.

82. Wei, Y., Silke, J.R., and Xia, X. (2019). An improved estimation of tRNA

expression to better elucidate the coevolution between tRNA abundance

and codon usage in bacteria. Sci. Rep. 9, 3184. https://doi.org/10.1038/

s41598-019-39369-x.

83. Liu, Y. (2020). A code within the genetic code: codon usage regulates co-

translational protein folding. Cell Commun. Signal. 18, 145. https://doi.

org/10.1186/s12964-020-00642-6.

84. Torrent, M., Chalancon, G., de Groot, N.S., Wuster, A., andMadan Babu,

M. (2018). Cells alter their tRNA abundance to selectively regulate protein

synthesis during stress conditions. Sci. Signal. 11, eaat6409. https://doi.

org/10.1126/scisignal.aat6409.

85. DePristo, M.A., Banks, E., Poplin, R., Garimella, K.V., Maguire, J.R.,

Hartl, C., Philippakis, A.A., del Angel, G., Rivas, M.A., Hanna, M., et al.

(2011). A framework for variation discovery and genotyping using next-
generation DNA sequencing data. Nat. Genet. 43, 491–498. https://doi.

org/10.1038/ng.806.

86. Bolger, A.M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible

trimmer for Illumina sequence data. Bioinformatics 30, 2114–2120.

https://doi.org/10.1093/bioinformatics/btu170.

87. Quinlan, A.R., and Hall, I.M. (2010). BEDTools: a flexible suite of utilities

for comparing genomic features. Bioinformatics 26, 841–842. https://

doi.org/10.1093/bioinformatics/btq033.

88. Patro, R., Duggal, G., Love, M.I., Irizarry, R.A., and Kingsford, C.

(2017). Salmon provides fast and bias-aware quantification of tran-

script expression. Nat. Methods 14, 417–419. https://doi.org/10.

1038/nmeth.4197.

89. Love, M.I., Huber, W., and Anders, S. (2014). Moderated estimation of

fold change and dispersion for RNA-seq data with DESeq2. Genome

Biol. 15, 550. https://doi.org/10.1186/s13059-014-0550-8.

90. Langmead, B., and Salzberg, S.L. (2012). Fast gapped-read alignment

with Bowtie 2. Nat. Methods 9, 357–359. https://doi.org/10.1038/

nmeth.1923.

91. Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N.,

Marth, G., Abecasis, G., and Durbin, R.; 1000 Genome Project Data Pro-

cessing Subgroup (2009). The Sequence Alignment/Map format and

SAMtools. Bioinformatics 25, 2078–2079. https://doi.org/10.1093/bioin-

formatics/btp352.

92. Xie, Z.X., Mitchell, L.A., Liu, H.M., Li, B.Z., Liu, D., Agmon, N., Wu, Y., Li,

X., Zhou, X., Li, B., et al. (2018). Rapid and efficient CRISPR/Cas9-based

mating-type switching of Saccharomyces cerevisiae. G3 (Bethesda) 8,

173–183. https://doi.org/10.1534/g3.117.300347.

93. Brachmann, C.B., Davies, A., Cost, G.J., Caputo, E., Li, J., Hieter, P., and

Boeke, J.D. (1998). Designer deletion strains derived from Saccharomyces

cerevisiae S288C: a useful set of strains and plasmids for PCR-mediated

gene disruption and other applications. Yeast 14, 115–132. https://doi.org/

10.1002/(SICI)1097-0061(19980130)14:2<115::AID-YEA204>3.0.CO;2-2.

94. Hill, A., and Bloom, K. (1987). Genetic manipulation of centromere func-

tion. Mol. Cell. Biol. 7, 2397–2405. https://doi.org/10.1128/mcb.7.7.

2397-2405.1987.

95. Swiat, M.A., Dashko, S., den Ridder, M., Wijsman, M., van der Oost, J.,

Daran, J.M., and Daran-Lapujade, P. (2017). FnCpf1: a novel and efficient

genome editing tool for Saccharomyces cerevisiae. Nucleic Acids Res.

45, 12585–12598. https://doi.org/10.1093/nar/gkx1007.

96. Luo, J., Sun, X., Cormack, B.P., and Boeke, J.D. (2018). Karyotype en-

gineering by chromosome fusion leads to reproductive isolation in

yeast. Nature 560, 392–396. https://doi.org/10.1038/s41586-018-

0374-x.

97. Weill, U., Yofe, I., Sass, E., Stynen, B., Davidi, D., Natarajan, J., Ben-Men-

achem, R., Avihou, Z., Goldman, O., Harpaz, N., et al. (2018). Genome-

wide SWAp-Tag yeast libraries for proteome exploration. Nat. Methods

15, 617–622. https://doi.org/10.1038/s41592-018-0044-9.

98. Ikushima, S., Zhao, Y., and Boeke, J.D. (2015). Development of a tightly

controlled off switch for Saccharomyces cerevisiae regulated by

camphor, a low-cost natural product. G3 (Bethesda) 5, 1983–1990.

https://doi.org/10.1534/g3.114.012765.

99. Teste, M.A., Duquenne, M., François, J.M., and Parrou, J.L. (2009). Vali-

dation of reference genes for quantitative expression analysis by real-

time RT-PCR in Saccharomyces cerevisiae. BMC Mol. Biol. 10, 99.

https://doi.org/10.1186/1471-2199-10-99.

100. Belton, J.M., McCord, R.P., Gibcus, J.H., Naumova, N., Zhan, Y., and

Dekker, J. (2012). Hi-C: a comprehensive technique to capture the

conformation of genomes. Methods 58, 268–276. https://doi.org/10.

1016/j.ymeth.2012.05.001.

101. Lazar-Stefanita, L., Scolari, V.F., Mercy, G., Muller, H., Guérin, T.M.,
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IRDye Goat anti-Rabbit IgG LI-COR Biosciences Cat# 926-68071, RRID:AB_10956166

Mouse-anti-FLAG Sigma-Aldrich Cat# F1804, RRID:AB_262044

Qubit dsDNA HS and BR Assay kit Thermo Fisher Scientific Cat# Q32851

Bacterial and Virus Strains
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L-Canavanine Sulfate Sigma-Aldrich Cat# C9758
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Critical Commercial Assays

NEBNext Ultra II FS DNA Library Prep Kit for Illumina NEB Cat# E7805L
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RNeasy Mini Kit Qiagen Cat# 74106

SuperScript IV Reverse Transcriptase Thermo Fisher Scientific Cat# 18090050
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MasterPure yeast RNA purification kit Lucigen Cat# MPY03100
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Qubit RNA High Sensitivity kit Thermo Fisher Scientific Cat# Q32852
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NEBNext Poly(A) mRNA magnetic isolation module NEB Cat# E7490

ERCC RNA Spike-In control mix Thermo Fisher Scientific Cat# 4456740

NEBNext Ultra II directional RNA library prep kit NEB Cat# E7765

Agilent High Sensitivity DNA kit Agilent Cat# 5067-4626

Q5 High-Fidelity 2X Master Mix NEB Cat# M0492L

Deposited Data

NCBI BioProject Saccharomyces cerevisiae strain:

multiple Genome sequencing

PRJNA351844

Sc2.0 project http://syntheticyeast.org/ N/A

Experimental Models: Organisms/Strains

For yeast strain information, see Table S4 This study N/A
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Oligonucleotides

For oligonucleotide sequence information, see

Tables S5 and S6

This study N/A

Recombinant DNA

pX330-SpCas9-NG Addgene Addgene# 117919

pYZ555-pGal-Cas9 This study Addgene# 186161

Software and Algorithms

PicardTools (v1.140) picard.sourceforge.net RRID: SCR_006525

Genome Analysis Toolkit (GATK, v3.6) DePristo et al.85 RRID: SCR_001876

Trimmomatic (v0.38) Bolger et al.86 RRID: SCR_011848

BEDTools (v2.29.2) Quinlan et al.87 RRID: SCR_006646

Salmon (v1.6.0) Patro et al.88 RRID: SCR_017036

DESeq2 Love et al.89 RRID: SCR_015687

BD Biosciences C6 Accuri Flow Cytometer BD Biosciences RRID: SCR_019591

Bowtie2 (v2.2.9) Langmead et al.90 RRID: SCR_005476

Illumina NextSeq 500 Illumina RRID: SCR_014983

Thermo Fisher Qubit fluorimeter Thermo Fisher Scientific RRID: SCR_018095

Agilent 2100 Bioanalyzer Instrument Agilent RRID: SCR_019389

Microscopy Laboratory Core Facility New York University Langone Health RRID: SCR_017934

Samtools (v1.9) Li et al.91 RRID: SCR_002105
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jef D.

Boeke (jef.boeke@nyulangone.org).

Materials availability
The plasmid pYZ555 used in CRISPR D-BUGS was submitted to Addgene (ID# 186161). All synthetic chromosome strains are avail-

able upon request.

Data and code availability
All genomic raw data, including synthetic chromosome sequences in syn6.5, RNAseq, Hi-C, and Nanopore direct RNA sequencing,

are available at BioProject PRJNA914659 under the overarching Sc2.0 umbrella BioProject (PRJNA351844). More information about

each synthetic chromosome and summaries can be accessed on the Sc2.0 website (www.syntheticyeast.org). Any additional infor-

mation required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Synthetic chromosome versions
We started the consolidation using strains containing individual synthetic chromosome andwhen necessary, we switched themating

type using CRISPR.92 Detailed information on intermediate strain names, genotypes and version numbers are listed in Table S5.

Briefly, they are synII yeast_chr02_9_03,24 synIII yeast_chr03_9_02,23 synIV yeast_chr04_9_03,30 synV yeast_chr05_9_22,25 synVI

yeast_chr06_9_03,26 synIXR genebank JN020955,14 synX yeast_chr10_9_0127 and synXII yeast_chr12_9_02.28

METHOD DETAILS

Yeast media, growth and transformation
Yeast strains were cultured in YPD-rich medium or defined SC media with appropriate components dropped out. All yeast transfor-

mations were performed using standard lithium acetate protocols.93 To check synII growth defects, YPG plates contained 3% glyc-

erol. For inositol auxotrophy tests, the inositol free YNB medium was prepared using yeast nitrogen base w/o inositol (US Biological
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Y2030-01), and supplemented with 5 g/L ammonium sulfate, 2% dextrose and the necessary amino acid supplements. Control

plates were supplemented with 76 mg/L myo-inositol (Sigma I5125).

Consolidation using advanced endoreduplication intercross
Two separate synthetic chromosomes were consolidated using advanced endoreduplication intercross from their host strain with

opposite mating types.26 First, the two host haploid strains were engineered: the KlURA3-pGAL-CENx module was integrated

into the native counterparts of the target synthetic chromosomes to be lost.94 Our early experiments suggested that destabilizing

two native chromosomes per diploid by this method worked more reliably than trying to destabilize larger numbers of native chro-

mosomes at the same time. After mating and inoculation in YP+Galactose (2%) medium overnight, the relevant heterozygous diploid

strain was screened on SC+5-FOA plates for successful destabilization of both target chromosomes, generating a 2n–2 strain. After

growth for 24 hours allowing for endoreduplication in YPD, the strain was cultured in sporulation medium at room temperature.

Finally, from tetrad dissection, spore clones with more than both target synthetic chromosomes were obtained. This process was

continued to consolidate more synthetic chromosomes.

tRNA array design and integration
For each synthetic chromosome, a tRNA array containing all the synthetic version of tRNA genes from its host chromosomewas con-

structed (Figure S1C). Each syn-tRNA contains 500 bp 5’ and 40 bp 3’ flanking sequences from Eremothecium (Ashbya) gossypii or

Eremothecium cymbalariae. The tRNA arrays were integrated as shown in Figure S1. The arrays were released from plasmids using

restriction enzyme digestion (Table S1). To integrate tRNA arrays, we constructed junction DNAs with 500 bp homology arms to the

target genomic locus, 500 bp homology arms to the linearized tRNA array and the KlURA3 selection marker at one end. Integrations

were selected on SC–Ura plates and confirmed by colony PCR. Afterwards, theKlURA3marker was deleted using CRISPR/Cas9 and

a gRNA.KlURA3 (ACCAGTAACCCCGTGGGCGT), provided with a flanking donor DNA.

CRISPR D-BUGS
In this study, we developed CRISPR D-BUGS to quickly and reliably map the bug on a synthetic chromosome. Step one in this pro-

cess is to determine whether the fitness defect is recessive (most cases) or dominant. Assuming that the defect to be mapped is

recessive, we first created a diploid strain of yeast heterozygous for the target chromosome arm with a URA3 marker integrated

in an intergenic region close to the telomere (�25 kb) of the native chromosome. This heterozygous diploid strain was obtained

by mating a haploid strain carrying target synthetic chromosomes with another haploid strain with corresponding native chromo-

somes. Then several gRNAs targetingWTPCRtags at different regions along the chromosomewere selected (Table S6). For the initial

round of CRISPR D-BUGS, it is good to have gRNAs targeting near the telomeres, near the middle of the left or right arms, and on

either side of the centromere (at least �10 kb away). The gRNA was assembled into a CRISPR/pGAL-Cas9 plasmid backbone

(pYZ555 with LEU2 marker, Addgene# 186161) using Golden Gate cloning.43

Afterwards, the heterozygous diploid strain was transformed with the CRISPR plasmid and selected on SC–Leu dextrose plates

(Cas9 OFF). A single colony was inoculated in SC–Leu galactose medium and incubated at 30�C overnight (Cas9 ON). The medium

was diluted and plated on 5-FOA plates to select the single colonies with successful mitotic recombination, further confirmed using

PCRtag assays. Finally, we assessed fitness by single colony formation spot tests to identify the fitness boundary. Once the fitness

boundary is rough-mapped, further intermediate gRNAs can be chosen for fine mapping until a gRNA that produces a mix of fit and

unfit clones is identified. WGS of the fit and unfit clones can then be deployed to fine-map the fitness boundary.

Genomic editing using CRISPR/SpCas9-NG
The CRISPR/SpCas9-NG systemwas used to repair an accidental single base pair mutation in synI YAL061W. The SpCas9-NG ORF

was subcloned from pX330-SpCas9-NG obtained from Addgene (#117919), and assembled with TEF1 promoter and CYC1 termi-

nator.30 Briefly, the gRNA (GGTCCATGTGCTACACACAC) targeting at YAL061Wwith CGas the PAMwas used to repair themutation

in yJL663with a draft version of synI. The donor DNAwas the PCR product fromwild-type genomic DNA containing 140 bp homology

arm on each side of the target mutation. We got 3 out of 11 positive colonies where the mutation was repaired.

Genomic editing using CRISPR/Cas9 and Cas12a
We also used CRISPR/Cas9 and Cas12a (also called Cpf1) to repair the mapped bugs or introduce variants. We followed the pro-

tocols as described previously.38,95 All targets, gRNA and PAM sequences for this study are listed in Table S6.

Pulsed-field gel electrophoresis (PFGE)
To evaluate the multiple synthetic chromosomes in syn6.5 strains, chromosome plugs were prepared the separated by clamped ho-

mogeneous electric field (CHEF) gel electrophoresis using the CHEF-DR III Pulsed-Field Electrophoresis System (Bio-Rad), as pre-

viously described.96 The following program was used, temperature: 14 �C, voltage: 6 V/cm, switch time: 60 s to 120 s, run time: 20 h,

included angle: 120�, using 0.5 3 Tris-Borate-EDTA buffer and a 1% gel with low melting point agarose (Bio-Rad #1620137). Gels

were stainedwith 5 mg/ml ethidium bromide in water after electrophoresis for 30min, de-stained in water for 30min, and then imaged.
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Whole genome sequencing and alignment
The yeast genomic DNA samples for sequencing were prepared using a Norgen Biotek fungi/yeast genomic DNA isolation kit (Cat#

27300). The library was prepared using NEBNext Ultra II FS DNA library prep kit (NEB E7805L) with 500 ng genomic DNA as input. The

whole genome sequencing was performed using an Illumina NextSeq 500 system using pair-end 36 bp protocol. All raw reads were

trimmed to remove adaptor sequence using Trimmomatic,86 and subsequently mapped to synthetic chromosome sequences using

Bowtie2 software,90 with Samtools.91 The variants were analyzed with Genome Analysis Toolkit (GATK).85 The coverage for each lo-

cus was calculated using BEDTools and normalized to average genome-wide coverage.87

GFP tagging and immunoblotting
To quantify protein expression level ofSHM1 by immunoblotting, we first tagged it with GFP. Since the loxPsym sites are inserted in 3’

UTR close to the stop codon, we integrated the tag at N-terminal instead of C-terminal. We used the same sequence and design of

SWAT library.97 We first isolated the strain of SHM1 tagged with GFP at N terminal and its native promoter from the SWAT library.

Then, we PCR amplified the region containing GFP and 500 bp homology arms on each side from its genomic DNA as the donor

DNA, which was transformed with CRISPR/Cas9, using one gRNA (GACTAGCGATTGTGCACCAC). Successful integration was

confirmed with colony PCR and Sanger sequencing. Notably, the mitochondria targeting signal of Shm1p was not affected.

We tagged SHM1 with GFP in original synII (9.03) and fixed synII (9.04) strain, generating YZY516 and YZY517, respectively. The

original wild-type strain from SWAT library, YZY208, was used as a control. These strains were cultured in YPD medium overnight,

and then diluted to produce a log phase culture. The cell lysate was prepared and run on SDS-PAGE as previously described.98

Briefly, 200 ml of yeast cells (OD600�0.6) were collected and washed with water. These cells were then resuspended in 200 ml of lysis

buffer containing 20 mM HEPES (pH 7.4), 0.1% Tween-20, 2 mM MgCl2, 300 mM NaCl, and 13 protease inhibitor cocktail (Roche

11873580001). Approximately 100 ml of 0.5 mm glass beads were added to the suspension, and the tubes were subjected to vortex-

ing using theMP FastPrep-24 5GHomogenizer with 6 cycles of shaking for 30 seconds and cooldown for 30 seconds. Subsequently,

the mixture was centrifuged at 12,0003g for 10 minutes at 4�C. 30 ml of the supernatant were transferred to a new tube and mixed

with 10 ml of NuPAGE LDS Sample Buffer (Invitrogen NP0007). Samples were then heated at 70�C for 10 minutes. 10 ml of each sam-

ple was loaded onto NuPAGE 4-12% Bis-Tris Gels and subjected to electrophoresis at 80 V for 15 minutes, followed by 120 V for 1

hour. The Semi-Dry and Rapid Blotting System (Bio-Rad Laboratories, Inc, Hercules, CA) was used to transfer proteins to a PVDF

membrane (Bio-Rad Laboratories, Inc, Hercules, CA). Anti-GFP antibody from mouse (Cat# 11814460001; Roche) and TUBB2A

from rabbit (Cat# AV40177; Sigma-Aldrich) were mixed and used as the primary antibody. IRDye Goat anti-Mouse IgG (Cat# 926-

32210; LI-COR Biosciences) and Goat anti-Rabbit IgG (Cat# 926-68071; LI-COR Biosciences) were used as secondary antibodies,

respectively. The fluorescence signal was detected on an Odyssey CLx Imager from LI-COR (Lincoln, Nebraska).

Proteins were transferred to a PVDFmembrane for blocking, antibody binding and imaging. Anti-GFP antibody frommouse (Roche

11814460001) at 1:1000 dilution and anti-H3 antibody from rabbit (Abcam ab1791) at 1:2500 dilution were used as the primary an-

tibodies. IRDye Goat anti-mouse IgG (LI-COR Biosciences 926-32210) and Goat anti-rabbit IgG (LI-COR Biosciences 926-68071)

were used as the secondary antibodies, respectively. The fluorescence signal was detected on anOdyssey CLx Imager from LI-COR.

To check protein expression level of SWI3 with loxPsym in 5’ UTR and/or 3’ UTR at synX, we first tagged it with 33Flag tags

(DYKDHDGDYKDHDIDYKDDDDK) and a GS linker (GGGGS)3 at C-terminus. The immunoblotting was performed with the same

method as above. Anti-Flag antibody from mouse (Sigma F1804) at 1:2000 dilution was used as the primary antibodies. The

same internal control and secondary antibodies were used as above.

Real-time PCR (RT-PCR)
We used RT-PCR to check the expression level of SHM1 as previously described.26 Briefly, from 3 single colonies as triplicates, the

RNA was prepared using RNeasy Mini kit (Qiagen 74106). First strand cDNA was prepared using SuperScript IV Reverse Transcrip-

tase (Invitrogen 18090050) and oligo d(T)20 primer. The expression level was tested using Lightcycler 480 SYBR Green I Master Mix

(Lightcycler 04887352001) in a 10 ml reaction system. The qPCRwas performed and analyzed using the LightCycler 480 System. For

SHM1, the forward primer (GCTCTGGAACTGTACGGATTA) and reverse primer (ACGTTCATGATAGCGGAGTAAA) were designed

by IDT PrimerQuest Tool. The TAF10 was used as the internal control.99

Genomic chromosome conformation capture (Hi-C) library preparation
We prepared the libraries and performed the analysis as described previously.100–102 Three independent syn6.5 yeast colonies were

inoculated into 5mL YPDmedium overnight, then subcultured into 100mL YPD for 3 h growth at 30�C. Cells were crosslinked by 3%

[v/v] formaldehyde for 20 min at room temperature and subsequently quenched with 350 mM glycine for 15 min at 4�C on a rocking

platform. The crosslinked cells were harvested by centrifugation at 4�C for 5 min at 1500 3g, washed with cold medium to remove

any remaining traces of formaldehyde and resuspended in 10 mL spheroplast buffer (1 M sorbitol, 5 mMDTT, 250 U zymolyase 100T

(US Biological, Z1004)) for 40 min at 30�C. Spheroplasts were harvested by centrifugation at 4�C for 10 min at 25003g, washed with

10 mL of cold 1M sorbitol and resuspended in 2 mL of 0.5%SDS at 65�C for 20 min. 125 Units of MboI (NEB, R0147M) were used for

chromatin fragmentation in a final reaction volume of 3 mL and an incubation time of up to 16 hours at 37�C. The digested chromatin

was centrifuged at 180003g for 20 min and the pellet was resuspended in 200 mL of cold water. 5’ MboI sticky ends were blunted,

using a dNTPs mix that contains biotin-14-dCTP (Invitrogen, 19518018), by Klenow enzyme (NEB, M0210L) at 37�C for 80 min.
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Biotinylated DNA fragments were then ligated using 60 Units T4 ligase (Thermo Scientific, 10621441) in 1.2 mL ligation reaction vol-

ume at room temperature for 2 hours on a gently rotating wheel. Ligation product was reversed cross-linked by 0.5mg/mL proteinase

K (Thermo Scientific, EO0492) in 0.5% SDS and 25 mM EDTA at 65�C for 4 hours, then, the genomic DNA was recovered using

ethanol precipitation and purified using DNA recovery kit (Zymo Research, D4046). The sequencing library was prepared following

the protocol of Illumina sequencing library prep kit (NEB, E7805), where the DNA was fragmented using NEBNext Ultra II FS Enzyme

mix and incubation for 18 min at 37�C. DNA library was sequenced using an Illumina NextSeq 500 and MidOutput-150 kit with the

75,75 paired pair-end protocol.

Hi-C sequencing alignment and analysis
To generate contact maps: �40-50 M 75 bp long paired-end reads were processed using the HICLib algorithm103 adapted for

S. cerevisiae genome, S288C available on SGD (https://www.yeastgenome.org/strain/s288c). Read-pairs were independently map-

ped using Bowtie 290 (mode: –very-sensitive –rdg 500,3 –rfg 500,3) on the corresponding reference sequence (S288C and/or with the

corresponding versions of the synthetic chromosomes) indexed for MboI restriction site. The unwanted restriction fragments (RFs)

were filtered out (e.g., loops, non-digested fragments),104 whereas, the valid RFs were binned into units of fixed size of 5 kb. Addi-

tional filtering was done to remove bins with a high variance in contact frequency (<1.5 S.D. or 1.5–2 S.D.), to minimize biases in the

contact map coming from the uneven distribution of restriction sites, GC content and mappability. The filtered contact maps were

normalized using the sequential component normalization procedure (SCN).104 Approximately 10 million valid contacts were used

to generate a genomic contact map for each technical triplicate.

Contact probability between genomic loci was calculated as a function of their distance along the genome, using the parameter

p(s).101 Hi-C contact probability (p) decreases as the genomic distance (s) between restriction fragments increases. p(s) plots were

computed on intrachromosomal read pairs from which self-circularizing and uncut events were discarded.104 The retained reads

were log-binned in function of their distance along chromosome arms. In other words, p(s) shows the distribution of the sum of con-

tacts weighted by both bin-size 1.1(1+bin) and chromosome length (s). Comparison of the degree of p(s) decay is indicative of a change

in polymer state.

For visualization, we generate the 3D representations using the ‘‘Shortest-path Reconstruction in 3D’’ (ShRec3d)105 algorithm, with

the exact specifications described before.102 Briefly, the algorithm first computes a distance matrix by inverting element-wise the

corresponding 5 kb-binned contact map that was previously filtered and normalized as described earlier. The resulting matrix is sup-

plemented by calculating the shortest path distances. This procedure removed infinite values and yielded the derived values that

satisfy the triangular inequality. To extract the 3D coordinates (x, y, z), the distance matrix was subjected to the Sammon mapping

algorithm. Subsequently, the "mat2pdb" function available in Matlab 2018 was employed to generate the pdb files. Visualization of

these files was accomplished using PyMOL (Molecular Graphics System, Version 2.0, Schrödinger, LLC). It’s important to note that

the 3D structures derived are averaged representations of the contact maps. As such, they do not showcase exact structures identifi-

able in individual cells. Interpretations of these maps should be made considering the contact frequencies across vast cell

populations.

RNA extraction for transcript profiling
Total RNA was extracted from 50mL flash-frozen cell pellets grown to mid-log (OD600 �0.65-0.85) using MasterPure yeast RNA pu-

rification kit (Lucigen Cat# MPY03100) including a DNaseI treatment step. RNA (diluted 1:10) quality and concentration were

measured by Agilent 2100 Bioanalyzer with the Agilent RNA 6000 Nano Kit (Cat# 5067-1511) and Qubit RNA High Sensitivity Kit

(Thermo Fisher Cat# Q32852), respectively.

Direct RNA sequencing
Poly(A) mRNA was enriched from 93.75 mg total RNA on 250 mL Dynabeads oligo(dT)25 beads. The Direct RNA Sequencing kit

(SQK-RNA002, Oxford Nanopore Technology) was used to generate libraries from 500 ng poly(A) RNA. An optional reverse tran-

scription was performed at 50�C for 50 min using SuperScript IV reverse transcriptase (Invitrogen Cat# 18090050) in between the

ligation of the RTA and RMX adaptors. Following reverse transcription the RNA:cDNA was cleaned up with 1.8 volumes of Agen-

court RNAclean XP beads and washed with 70% ethanol. Following RMX ligation only 1 volume of beads were used in the clean-

up, and wash buffer (in the kit SQK-RNA002) was used in the wash steps. Direct RNA libraries (typically 150-200 ng) were loaded

onto primed (EXP-FLP001) MinION flow cells (FLO-MIN106D, R9 version) in RRB buffer and run on the GridION with MinKNOW

3.1.8 for up to 72 hours.

Directional mRNA sequencing
NEBNext Poly(A) mRNA magnetic isolation module (NEB Cat# E7490) was used to enrich poly(A) mRNA from 500 ng total RNA with

5 mL 1:500 diluted ERCC RNA Spike-In control mix (Thermo Fisher Cat# 4456740) in 50 mL. The NEBNext Ultra II directional RNA

library prep kit for Illumina with sample purification beads (NEB Cat# E7765) was used to prepare stranded mRNA sequencing li-

braries from the poly(A) RNA. Libraries were amplified for 11 cycles with i7 index primers (NEB Cat# E7500S). Libraries were individ-

ually cleaned-up with 0.9 volumes of sample purification beads and concentration and size distributions were measured by Qubit

dsDNA high sensitivity kit and by Agilent 2100 Bioanalyzer with the Agilent High Sensitivity DNA kit (Cat# 5067-4626). Equimolar
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amounts were combined of all samples, cleaned-up on 0.9 volumes of sample purification beads, and submitted for 150 bp paired

end sequencing on the NextSeq 500 (Illumina) at the EMBL Genomics Core.

Base calling, quality-filtering, and long-read alignment
Nanopore long reads were base-called, trimmed of adapter sequences, and filtered for quality, retaining only those with the best

alignment scores for multi-mapping reads, as previously described.48

Gene expression quantification
NEBNext Ultra II directional mRNA was quantified at the transcript-level by Salmon v1.6.0,88 aligning to known transcripts as well as

those identified in the long-read sequencing. When observing mature mRNA transcripts, reads were aligned against a database of

transcripts with and without introns. Salmon was run with sequence and position bias modelling enabled. Differential gene expres-

sion analysis was performed in DESeq2.89

Chromosome substitution to consolidate synIV

We developed a method to directly consolidate individual chromosome with other multiple synthetic chromosomes. In the recipient

strain with 6.5 synthetic chromosomes, can1D0, lys4D0 with ORF deleted, cyh2 mutation (Q38K) were introduced using stepwise

CRISPR/Cas9 editing with donor DNA provided. Native chrIV was targeted with the KlURA3-pGAL-CEN4 module. The kar1-1 mu-

tation (P150S) was introduced using CRISPR/Cas12a, generating the final recipient strain YZY402.

The donor strain (yWZ675, carrying synIV, yeast_chr04_9_03) and recipient strain (YZY402, carrying 6.5 synthetic chromosomes)

were prepared as fresh patches (�2 cm in diameter) on separate YPD plates incubated overnight at 30�C, and then mated

together by replica plating. After incubation at 30�C for 12 h, the mating plate was replica-plated to a selection plate of SC–Ly-

s+Can (60 ng/ml, Sigma Cat# C9758) +cycloheximide (10 ng/ml, Sigma Cat# C7698). After incubation at 30�C for a week, haploid

progeny with both chrIV and synIV (n+1) were successfully obtained and re-streaked to fresh selection plates, which were then

checked by PCRtag assays. The efficiency for synIV transfer was around 10% (2 out of 23 screened). Finally, the strain was incu-

bated in YP+galactose medium to destabilize the native chromosome and selected on 5-FOA plates, generating the final haploid

strain.

DNA content assay
We used a previously described DNA content assay.106 Briefly, about 5 3 106 cells were fixed in ethanol 70% for 1 h at room tem-

perature, then pelleted, washed, and incubated in 10mMTris pH 7.5 with RNase A (0.1mg/ml, Thermo Fisher EN0531) for 2 h at 37�C.
Cells were pelleted, resuspended in 10mMTris pH7.5 with propidium iodide (5 mg/ml, Thermo Fisher P3566), and incubated for 1 h in

dark at 4�C. Finally, the cells were pelleted and resuspended in 0.5 ml 50 mM Tris pH 7.5, and analyzed using a BD AccuriTM C6 flow

cytometer.

Scanning electron microscopy
Cultured yeast cells were plated on 12mm poly-l-lysine coated glass coverslip in 24 well dish and fixed with 2.5% glutaraldehyde in

PBS for one hour. After washingwith PBS, the yeast cells were post fixed in 1%Osmium tetroxide for one hour, dehydrated in a series

of ethanol solutions (30%, 50%, 70%, 85%, 95%, 100%), and dried with a Tousimis autosamdsri 931 (Rockville, MD) critical point

dryer. The cover slips were put on SEM stubs, sputter coated with gold/palladium by DESK V TSCHP Denton Vacuum (Moorestown,

NJ), and imaged by a Zeiss Gemini300 FESEM (Carl Zeiss Microscopy, Oberkochen, Germany) using secondary electron detector at

3 kV at a working distance of 10 mm.

CAN1 resistance frequency
We added 100 ml of overnight culture containing approximately 23107 cells of syn6.5 or BY4742 (as determined by a hemocytometer)

to SC–Arg w/ canavanine plates (60 ng/ml) and counted the number of colonies appearing after two days of incubation at 30�C, with

three biological replicates. An unpaired t-test was used to determine statistical significance.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantitative RT-PCR analysis for transcript levels
Quantitative RT-PCR was used to assess the transcript levels of SWI3 (Figure 5D) and SHM1 (Figure S3E). Detailed experimental

procedures are provided in the STAR Methods section. Three single colonies were tested as triplicates and the expression levels

were analyzed using the LightCycler 480 System. Ct values were normalized to TAF10 as the internal control.99 Error bars represent

mean ± SD of three replicates. p<0.001 (***), or 0.01 (**) were calculated by an unpaired t-test.
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Quantitative genome coverage
We calculated the WGS coverage as shown in Figures 4A, S1D, and S4E. Following the alignment (described in STAR Methods), we

calculated the sequencing coverage for each base pair using BEDTools, normalized to themean value of genome-wide coverage and

then plotted using ggplot.

Quantitative Hi-C heat map and contact frequency
We used Hi-C to generate a heatmap showing the contact probability (log10) between pairs of chromosomal sites (Figure 6). The

detailed calculation procedures are described in the STAR Methods section under Hi-C sequencing alignment and analysis.

Quantitative analysis of RNA transcriptomes
Quantitative analysis details for transcript start sites (TSSs) and transcript end sites (TESs) (Figure 6E), expression levels (Figures 6F,

6G, and 6H) of genes on synthetic chromosomes compared to native chromosomes, are described in corresponding figure legends.
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Supplemental figures

Figure S1. Integration of tRNA arrays into each synthetic chromosome, related to Figure 1

(A) Each tRNA array contains all the tRNA genes from its native chromosome. The array is stored in a plasmid and can be released by restriction enzyme digestion.

The synIII tRNA array is shown as an example here.

(B) The tRNA array was integrated into the synthetic chromosome using a two-step homologous recombination method. First, it was integrated and selected with

URA3marker. Second, theURA3marker was deleted using CRISPR/Cas9 with donor provided. The restriction enzymes to linear tRNA array, and integration loci

are listed in Table S1.

(legend continued on next page)
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(C) Anatomy of tRNA arrays integrated in synthetic chromosomes. Each tRNA gene is assigned a unique ID, showing its host chromosome and gene number. For

example, Sc.t02.01 indicates the first synthetic tRNA gene in S. cerevisiae from chromosome II. Each tRNA array was integrated into its host synthetic chro-

mosomes. KlURA3 (purple in square bracket) was used as an integration marker, which was then deleted by CRISPR/Cas9. The rox sites (yellow diamond) were

also integrated, enabling tRNA array rearrangements in future applications.

(D) Sequencing coverage in the WGS for multiple synthetic chromosomes. The presence of complete multiple synthetic chromosomes (synII, synIII, synV, synVI,

synIXR, synX, and synXII) was confirmed byWGS. * Duplications of tRNAarray happened during their initial integration, whichwas later repaired by CRISPR/Cas9.

** Higher coverage of rRNA repeats was detected in synXII.
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Figure S2. CRISPR D-BUGS can also be used to map dominant bugs, related to Figure 2

(A) Compared with Figure 2,URA3marker (purple) is pre-integrated into the synthetic allele (orange), instead of the wild-type allele. gRNAs are selected to target

Cas9 cleavage at synthetic PCRtags.

(B) A series of strains is generated, in which the defect phenotype indicates the presence of the dominant bug in the synthetic sequence.
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Figure S3. Bug mapping for synII with CRISPR D-BUGS, related to Figure 3

(A) Fitness of single colonies generated from synII bug mapping. The gRNA targets are labeled on the left side.

(B) Two loxPsym sites between SHM1 and YPT10, with overlapping transcripts.

(C) The predicted RNA secondary structure (left) and its entropy (right) for synSHM1 with two loxPsym sites in its 30 UTR. The calculation was using ViennaRNA

package based onminimum free energy (MFE) model. The sequence from 300 nt upstream of stop codon to the transcript end was used. TES, transcript end site.

(legend continued on next page)
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(D) Same calculation performed using native SHM1 without loxPsym sites.||

(E) Real-time PCR to check the transcript level ofSHM1. YZY363, synII strain with only left side loxPsym site. YZY374, synII strain with only right side loxPsym site.

(F) Western blot to check level of N-terminally GFP-tagged Shm1p. Histone H3 was used as the internal control.

(G) The TES distributions of the YPT10 transcript, in original synII with two loxPsym sites (9_03) and updated version with both loxPsym sites deleted (9_04).

(H) The same measurements for the YPT10 transcript with either of loxPsym sites, in the synII of YZY363 and YZY374, are also shown in Figure 3D.
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Figure S4. Bug mapping for synI with CRISPR D-BUGS, related to Figure 4

(A) The fitness assay showing growth of serially diluted draft synIII-synI strain (yJL671). synIII, the strain containing separate synIII and wild-type chr I. synIII-I, the

strain containing synIII fused with wild-type chr I.

(B) The fitness assay performed on diploids to show that the defect is recessive.

(C) The fitness assay to find the fitness boundary. Two single colonies were tested for each gRNA selected.

(D) The spot assay to check the fitness of strains generating using gRNA.YAL055W (YZY082) and gRNA.YAL054C (YZY499 and YZY523). Parent strain, the

diploid strain with heterozygous chr I.

(E) Coverage of synI genome from WGS of strains from (D). YZY082 has no coverage, whereas YZY499 and YZY523 only have half coverage and misaligned

genome feature, indicating one allele is wild type. y axis, the coverage normalized to the average genomic coverage level. x axis, the position starting from the left

end of synIII-synI fusion chromosome.

(F) The missense mutation in YAL061W CDS (red arrow) and the gRNA-1 used in the first trial to repair this mutation in synI draft strain.

(G) After the defect was mapped, we selected gRNA-2, compatible with SpCas9-NG to repair the mutation, generating the final and healthy synI strain yCTC002.

ll
OPEN ACCESS Article



Figure S5. Bug mapping for synX with CRISPR D-BUGS, related to Figure 5

(A) We first selected 6 spatial distributed gRNAs targeting the left arm (left) and right arm (right) for CRISPR D-BUGS. The fitness assay shows that the bug is

located in the left arm, and we found the fitness boundary between YJL097W and YJL210W.

(B) Fine mapping using one single gRNA targeting at wild-type YJL176C. Individual colonies were generated using the same gRNA.YJL176C but showed a

diverse level of fitness. These colonies were whole-genome sequenced and aligned to synX as the reference to map their recombination sites as in Figure 5B.

(C) Yeast strains with original synSWI3 in synX (5ʹloxP-SWI3-3ʹloxP), compared with the strain with 3ʹloxP deleted (5ʹloxP-SWI3), 5ʹloxP deleted (SWI3-3ʹloxP) or
both deleted (SWI3). The plates were incubated for 3 days at 30�C.
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Figure S6. Bug mapping for synIII with CRISPR D-BUGS and combinatorial interactions with synX, related to Figure 5

(A) Initial mapping located the bug to the right arm of synIII. By selecting more gRNAs, we found the fitness boundary between YCR057C and YCR067C. The

single colonies generated from gRNA.YCR067C already showed a diverse level of fitness.

(B) CRISPR D-BUGS already mapped the bug to two loxPsym site (green diamond) in synIII. The left one was the landmark for SUP61 deletion and the right one

was integrated downstream of YCR063W. The integration of SUP61 (synIII::SUP61) was sufficient to rescue the defect.

(C) The tRNASer
CGA species was expressed from different version of syn.SUP61. Two single colonies were tested in each group as replicates. Red, SUP61 coding

sequence. Gray, flanking sequences from Eremothecium (Ashbya) gossypii. Blue, the native sequences from wild-type S. cerevisiae. White, intron in SUP61.

(D) The codon usage for serine in wild-type yeast genome and SWI3 at synX. In yeast, UCG is a rare codon (10% of serine) that is decoded by the only tRNA

species expressed from SUP61, whereas UCU is a rich codon (26% of serine), and there are 11 copies of the tRNA gene that recognizes this codon.

(E) Either of tandem rare codons was mutated from UCG to UCU, named swi3-230 and swi3-231, respectively.

(F) Spot assay to check the effect of codon swap on inositol auxotrophy, in the background strain of synIII, synX with SWI3 loxPsym site deleted.

(G) The draft strain containing synII, synIII, synV, synVI, synIXR, synX, and synXII is YZY1178, which is also shown in Figure 1D. YZY675was generated by repairing

all know bugs, including the SHM1 bug in synII and the combinatorial bug between SWI3 in synX and synSUP61 in synIII, generating YZY675.
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Figure S7. Characterization of multiple synthetic chromosomes, related to Figure 6

(A) The 3D chromosome trajectories ofmultiple synthetic chromosomes (left), comparedwith wild-type chromosomes (right). Gray, all other native chromosomes.

A movie was also generated using the same labels in Data S1.

(B) Contact frequency heatmap for synII and synIII. Heatmaps for native (left) and synthetic (right) chromosomes II and III. The boundaries at the tRNA array

integration loci are highlighted with red arrows.

(C) Expression levels of intron-containing genes in syn6.5 strain vs. wild-type control. Mean salmon quantification from three replicates of Illumina stranded

mRNA sequencing of the syn6.5 andwild-type strains are compared for intron-containing genes. Genes that retained their introns in the syn6.5 strain on the native

or synthetic chromosomes are colored in gray and blue, respectively, whereas genes with intron deletion are shown in red. x and y axis: transcripts per million.

(D) Check the DNA content and sequence of the strain YZY949 containing synII, synIII, synIV, synV, synVI, synIXR, synX, and synXII.

(E) Coverage from the WGS of YZY949, aligned to the reference sequence of multiple synthetic chromosomes.

(F) Spot assay for the original synII strain (v9.03) transformed with empty vector (pRS416) or second copy of wild-type TSC10 under the control of its native

promoter (pRS416-TSC10). BY4741 was transformed with the empty vector as the control.

(G) Spot assay for the synII v9.03with either onlyURA3, a second copy of TSC10with synthetic PCRtags, or a copy of TSC10withwild-type PCRtags integrated at

the HO locus. BY4741 was integrated with one copy of URA3 at the HO locus as a control.

(H) Fitness assay for the strains with two synthetic chromosomes. Using endoreduplication intercross, we constructed strains with all possible combinations of

two synthetic chromosomes and checked their growth on YPD. The synIII, synV and synIII, synX strain (in red) still showed a slight growth defect at high

temperature.
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