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Engineering the genetic code—by reassigning multiple of the 64 natural
codons—enables making organisms resistant to all viruses, preventing genetic
information exchange, and allowing the biosynthesis of genetically encoded
unnatural polymers. However, synonymous codon replacement—recoding—is
frequently lethal, and how recoding impacts fitness remains poorly explored.
Here, we explore these effects using genome synthesis, directed evolution,
and genome-transcriptome-translatome-proteome co-profiling on multiple
synthetic Escherichia coli genomes. We construct six partially recoded E. coli
strains bearing up to 45.8% of a synthetic genome with a deleterious 57-codon
genetic code. As our analyses revealed widespread defects—including unas-
signed codons in Syn61 and Syn57—we apply multi-omics to revise our genome
design and mitigate defects. Using multi-omics, we show that recoding indu-
ces transcriptional and translational changes leading to fitness defects under
hundreds of conditions. Finally, we develop a multi-omics-guided evolution
strategy that rapidly restores fitness, enabling genome synthesis with radical
changes.

The genetic code uses 64 codons to encode the 20 canonical amino
acids during protein synthesis. However, 18 of these amino acids and the
translational start and stop signals are encoded by multiple synonymous
codons' in the standard genetic code. This degeneracy of the genetic
code allows coding sequences—through codon selection—to define

homeostasis by regulating gene expression, translation, and protein
folding>*. Synonymous codon selection also influences cellular home-
ostasis by altering messenger (m)RNA structure, translation efficiency,
speed, and accuracy’. Furthermore, RNA and DNA motifs provide addi-
tional noncoding functions, such as regulating DNA and mRNA locali-

protein production simultaneously while maintaining cellular  zation, genome replication, DNA repair, and chromosome segregation™®.
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The genetic code’s nearly universal nature and degeneracy spur-
red the exploration of synthetic genomes with artificial genetic codes
to enhance biological functions, paving the way for making organisms
safely resistant to natural viruses, preventing genetic information flow
into and out of genetically modified organisms (GMOs), and enabling
the biosynthesis of genetically encoded non-canonical polymers”.

However, despite the wide-ranging benefits of genetic code
engineering, studies highlighted its collateral impact on organismal
fitness. The creation of Genomically Recoded Organisms (GROs)’,
whose genomes have been systematically redesigned to confer an
alternate genetic code, in all cases induced fitness reduction. The
creation of the first GRO through the genome-wide removal of 321 TAG
stop codons and release factor 1 (RF1, encoded by prfA) from Escher-
ichia coli K-12 MG1655 resulted in a 60% increase in cell doubling time
compared to the parental strain”. Follow-up projects showed that not
only the rarest TAG stop codon but sense codons are also malleable—
by attempting to recode 62 codons and eliminate 13 codons in 42
highly expressed prokaryotic genes'® and, in a separate study, by
removing rare AGA and AGG arginine codons from growth-essential

a b

Leucine
codon tRNA anticodon|gene
[cTe CAG JeuPQT\|

[cTc K~Gac] leuU |

9
SN,
*
Arginine
codon tRNA anticodon|gene
[cee—ccG] argX |
CGA
[ceT ICGrgQvyZ %
CGC %
*
*
*
Serine *
codon tRNA anticodon|gene *
[ele] CGA| serU | *
[Tca UGA | serT | *

[TCC—NGGA [sertx]

factor|gene

RF2][ prfB |

Fig. 1| Design and synthesis of a synthetic Escherichia coli genome with radical
genome recoding. a The design of Ec_Syn57’s compressed genetic code'’. Magenta
marks codons and their corresponding tRNA genes and release factor I (RF1,
encoded by prfA) selected for elimination during genome design. Green marks
codons selected to remain in the compressed genetic code. b The computational
genome design of Ec_Syn57 synonymously recoded all previously known" instan-
ces of the seven target codons highlighted in Fig. 1a and streamlined the synthetic
chromosome (Supplementary Fig 1). The refactored, recoded genome was divided
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genes of E. coli"—paving the way for sense codon recoding on whole
genomes. These studies revealed the occasionally lethal effect of
synonymous recoding, indicating that codon preference poses con-
straints on viable genetic codes’”™,

These early studies suggested that compressing the genetic code
in a living organism beyond rare stop codons might be feasible. Driven
by this possibility, we initiated the design and synthesis of a complete
E. coli genome, which we named Ec_Syn57, designed to rely on only 57
genetic codons®. Our early tests using select genomic regions span-
ning 1.1% of the genome confirmed the viability of 63% of the tested
recoded genes despite removing seven codons (Fig. 1a). However,
these tests also revealed frequent deleterious effects, and our efforts
to replace multiple recoded sections in a single strain remained
unsuccessful.

In parallel, a strain of E. coli, Syn61A3, was created by the Chin lab
with a synthetic recoded genome from which all annotated instances
of two serine codons, TCG and TCA, and the TAG stop codon were
eliminated to confer a 61-codon genetic code'®°. Successful genome
design required testing eight distinct recoding schemes prior to

Genomic E. coli transposon

Synthetic chromosomal segment

Inactivated synthetic gene

Il. Transposon removal

Editing oligonucleotide

into 87 ~ 50 kbp segments, and the entire genome was synthesized. Stars (*) in
green mark newly synthesized chromosomal segments in this study; stars in gray
mark segments into which bacterial mobile genetic elements transposed during
segment DNA synthesis (see Supplementary Fig 2 and Supplementary Table 1 for
their exact location); stars in magenta mark synthetic chromosomal segments that
did not support cell growth. Mobile genetic elements were excised using CRISPR/
Cas9-assisted MAGE*, leading to the scarless restoration of the desired synthetic
sequence (Fig. 1bl, 11).
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genome synthesis using replicon excision for enhanced genome
engineering through programmed recombination with 2 CRISPR/Cas9
cuts (in short, REXER2), from which only three appeared experimen-
tally viable'®. Despite a theoretically high-fitness recoding scheme,
codon swaps induced lethality at four loci, which were subsequently
identified by REXER2'. Once combined into a fully synthetic genome,
the final strain displayed a 73-153% increase in doubling time com-
pared to its parental strain, depending on growth conditions®.
Decreased fitness subsequently prevented the immediate deletion of
the corresponding serine transfer (t)RNA genes (serU and serT) and
RF1°%°, necessitating rounds of additional troubleshooting before the
first sense-codon-recoded strain could be completed. Recent con-
struction of Syn57”'—a strain with a distinct recoding scheme and
genome-construction workflow compared to our Ec_Syn57 design—
followed the same path, resulting in a 270-minute doubling time, 7.71
times longer than the parental strain’s?. In these studies, the causes of
nonviable genetic codes and general fitness defects beyond the leth-
ality of selected edits'®*° remained unexplored.

Prior studies, including the Sc2.0 and Mycoplasma genome
synthesis projects*® (reviewed in ref. 39.), highlighted two funda-
mental challenges in front of our ability to construct synthetic gen-
omes with custom, radically refactored genetic codes: i.) the rapid and
parallelizable discovery and debugging of fitness-decreasing design
issues on synthetic genomes, and ii.) our limited knowledge on the
genome-scale effects of synonymous codon changes.

In this paper, we address these challenges to enable radical gen-
ome and genetic code refactoring. To this end, we developed a multi-
omics-guided technology that identifies fitness-decreasing errors in
synthetic genomes and enables their debugging via genome editing
and directed evolution. We demonstrate that—by integrating multi-
omics analyses along all steps of the central dogma (i.e., genome,
primary- and total-transcriptome, translatome, and proteome profil-
ing) to discover fitness-decreasing errors and by correcting these using
multiplexed genome editing—the synthesis of six partially recoded E.
coli strains is possible, across which we install 162,521 bp changes and
remove 62,029 instances of seven codons to confer an initially highly
deleterious 57-codon genetic code. These changes include the
genome-wide removal of two leucine codons for which no complete
recoding was previously achieved using REXER', and two arginine
codons that frequently confer deleterious effects when changed
synonymously".

By analyzing the transcriptional and translational effects of a 64-,
61-, and 57-codon genetic code and fitness in hundreds of environ-
ments, we show that synonymous codon changes impact mRNA and
protein production, influence translation efficiency, induce pro-
moters, and reduce fitness. Beyond discoveries about genomes and
the genetic code, this work provides a technology for identifying and
resolving defects in synthetic chromosomal regions, which may facil-
itate the construction and debugging of synthetic microbial genomes
with radical changes.

We expect that the combination of synthetic genomics, multi-
omics, and multiplexed directed evolution will pave the way toward
industrially useful organisms with custom functionalities, including
high-fitness, virus-resistant cells capable of producing biopolymers
with an enhanced chemical repertoire and safe GMOs by eliminating
horizontal gene transfer via dependence on genetic codes and amino
acids not found in nature®*4°*,

Results

Design and DNA synthesis for a radically recoded genome

We previously designed a genome of E. coli MDS42 in which all
annotated instances of seven codons were replaced with synonymous
alternatives across all protein-coding genes”. Based on our previous
design principles (Fig. 1a, Supplementary Fig 1), we disentangled
overlapping genes and eliminated direct repeats and homopolymer

sites, resulting in a total 0f 162,521 base pair changes compared to the 4
Mbp parental genome. Codons were chosen for replacement based on
their low frequency in protein-coding genes to minimize the changes
required (i.e., the TAG stop, and the AGA and AGG arginine codons)
and their orthogonality within the tRNA pool (i.e., the TTG and TTA
leucine, and AGT and AGC serine codons) to ensure that their cognate
tRNAs and Release Factor I could be later eliminated. Following
recoding, we divided the synthetic genome into operon borders into
88 segments (Fig. 1b). Segments were assembled into bacterial artificial
chromosomes (BACs) using chemical DNA synthesis and homologous
recombination in Saccharomyces cerevisiae”. Our genome synthesis
workflow reduced the synthesis error rate 19-fold compared to early
DNA synthesis for this project and achieved an average error rate of 0.8
compared to 15.4 errors per segment before”. In total, the final set of
BACs contained 952 instances of DNA synthesis-induced mutations
(including 726 SNPs), from which only 19 originated from our updated
genome synthesis workflow, while the remaining errors were induced
by early DNA synthesis for this project”. In line with previous reports
showing that endogenous bacterial mobile genetic elements (MGEs)—
insertion sequences (ISes) and transposons—frequently invade syn-
thetic DNA constructs****, we detected extensive MGE transposition
into synthesized chromosomal regions following segment delivery
into E. coli. These transposition events were mainly driven by the
Tn1000 transposon of E. coli DH1I0B**¢, a widely used cloning host
designed to propagate large BACs (Fig. 1b, Supplementary Table 1).
Transpositions occasionally disrupted growth-essential genes in syn-
thetic constructs, preventing genome construction (Supplementary
Fig 2). We therefore eliminated transposon mutagenesis using CRISPR/
Cas9-assisted MAGE to delete all 24 instances of transposed mobile
genetic elements, and utilized mobile-genetic-element-free cloning
hosts to maintain recoded segments**®. Taken together, we com-
pleted DNA synthesis as 88 separate bacterial artificial chromosomes
for an E. coli genome in which 62,007 instances of seven codons were
recoded to synonymous alternatives.

Genome construction with frequent design issues

With the synthesized set of bacterial artificial chromosomes contain-
ing our synthetic genome, we initiated genome assembly and debug-
ging. The development of a combined genome construction and
debugging method was necessary based on our previous estimate of
approximately one lethal and multiple fitness-decreasing issues in each
synthetic segment” and the demonstrated lethality of TTG and TTA
leucine codon recoding'®. Several existing bacterial genome con-
struction methods (Supplementary Table 2)*?°”*° do not employ
sequence-based counterselection against the parental sequence, ren-
dering them unsuitable for the continuous construction of synthetic
genomic regions that contain numerous, closely spaced, fitness-
decreasing errors. Without sequence-based counterselection, these
methods frequently result in unedited genomes with fitness-impairing
changes, preventing the construction of synthetic genomes with less-
tolerant recoding schemes'®?”*° (Fig. 2a, b). We note that the location
of these unedited regions can subsequently inform follow-up debug-
ging through analysis of the resulting recoding landscape and identify
less-favored recoding schemes, as illustrated by REXER*** through-
out the construction of Syné1’s genome®. REXER, serving as both a
construction and debugging tool, can quickly identify lethal recoding
schemes™ and construct high-fitness synthetic genomes? with distant
recoding-induced defects.

We addressed this challenge by developing Synthetic genomes by
multiomics-based iterative construction and troubleshooting, or
synomics, in short, a genome construction and debugging method
that relies on CRISPR/Cas9-counterselection, recombineering (i.e.,
recombination-mediated genetic engineering), multi-omics, and ALE.
In SynOMICS (Fig. 2c), we perform CRISPR/Cas9-counterselection to
replace parental chromosomal regions with their synthetic
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Fig. 2 | Genome construction with a challenging recoding scheme. In the pre-
sence of multiple closely spaced deleterious design issues (a) without sequence-
based counterselection against the parental genome (i.e., CRISPR/Cas9-cut within
the parental copy, marked as A), genome construction methods result in chimeric
genomes and the reversion of deleterious codon changes (marked as *)'*%".

b CRISPR/Cas9-assisted counterselection against the parental locus allows the
generation of deleterious recoding schemes. ¢ The workflow of SynOMICS-based
genome construction. SynOMICS utilizes a recombination-deficient parental strain,
leading to increased CRISPR/Cas9 selection stringency and preventing unwanted
recombination between the parental and recoded copies. Following recoded seg-
ment delivery (I.), the parental segment copy is deleted using CRISPR/Cas9-assisted
Lambda-Red recombineering (IL). Following the deletion of the parental copy,
fitness-decreasing design errors are discovered using multi-omics analyses (III.)
and debugged using multiplexed genome editing and laboratory evolution (IV.).

Finally, the recoded segment is integrated by delivering a 6-plex sgRNA plasmid (V.)
that site-specifically integrates the synthetic part (VL) and eliminates the genome-
targeting crRNA plasmid of Step II., preparing cells for the next SynOMICS cycle.
d Efficiency and yield of SynOMICS'’s deletion and integration step at a 48 kbp and
451kbp locus. Data are mean + SD based on n =3 independent biological replicates.
e Synthetic segment integration using SynOMICS. Figure shows segment deletion
and integration efficiency along the genome of Ec_Syn57. Segment integration
experiments were performed once. f, g Growth of partially recoded strains, car-
rying increasing synthetic sections. Doubling time (f) and maximum optical density
(OD at 600 nm) (g) were measured in 2xYT broth at 37 °C. Data are mean + SD
based on n =10 independent biological replicates. Color groups (i.e., purple, gray,
brown) represent parallelly constructed strain series. Source data are provided as a
Source Data file.

counterpart in recombination-deficient (i.e., ArecA) cells, followed by
omics-guided directed evolution and ALE to debug design issues. We
hypothesized that the deletion of the parental copy of a synthetic
genomic segment, without induced crossover between the parental
and synthetic genomes, would allow us to construct viable recoded
variants even when recoding-induced flaws are densely distributed
(Fig. 2b). The deletion of the parental copy, in turn, poses a fitness-
based selection pressure on the synthetic region, allowing the multi-
omics-based discovery of issues and the directed evolution of bene-
ficial mutants.

In SynOMICS, we achieve these goals using a sequence of opti-
mized recombineering events. Following the delivery of a synthetic-
segment-containing BAC  (Fig. 2c),  CRISPR/Cas9-assisted

recombineering enables the complete deletion of the corresponding
parental locus. The use of a recombination-deficient host strain®
allowed us to achieve nearly 100% efficiency when deleting up to 451
kbp chromosomal DNA (Fig. 2d), 3.3-fold longer than alternative
methods (Supplementary Table 2). During the deletion step, we
sporadically—in 9 out of 88 segment deletion experiments (Supple-
mentary Table 3)—observed the reversion of a few recoded codons
within the short terminal homology of the deletion cassette due to
recombination errors, further confirming the importance of sequence-
based selection against the parental copy.

We next explored whether SynOMICS could construct a genomic
region bearing a recoding scheme previously identified as highly
deleterious using REXER'. The mraZ-ftsZ locus in Segment 2 of the 57-
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codon genome served as an ideal target, as i.) it harbors the entire,
previously tested'® mraZ-ftsZ locus, ii.) attempts the elimination of the
same 157 instances of TTG and TTA leucine codons that led to cata-
strophic failure in earlier REXER-based recoding efforts', and iii.)
contains a total number of 585 codon changes, including the synon-
ymous recoding of AGT, AGC serine, the challenging rare AGG, AGA
arginine”, and TAG stop codons besides leucine codon recoding, 273%
more codon changes than what was previously™ attempted (Supple-
mentary Table 4). SynOMICS-based deletion of the parental copy of
Segment 2 yielded 1047 colonies. Edited clones were easily identified
based on their antibiotic resistance profile and colony PCR, followed
by genotyping using Multiplex Allele-Specific Colony (MASC) PCR™".
92% of all clones surviving antibiotic selection contained only the
recoded allele. The mraZ-ftsZ recoded strain displayed a 7.7% increase
in doubling time and a 14% reduction in final OD600 in rich bacterial
medium compared to the parental strain’s 35.4 + 0.38 min doubling
time and 1.35 + 0.02 maximum optical density under identical condi-
tions (Supplementary Data 2)). On agar plates, the mraZ-ftsZ recoded
strain produced tiny, barely visible colonies after 24 h of aerobic
growth under the standard growth condition used during our
SynOMICS experiments, while the parental MDS42 displayed regular-
sized colonies (Supplementary Fig. 3). This experiment demonstrated
SynOMICS’s ability to achieve an exceptionally challenging recoding
scheme.

Following deletion of the parental locus, scarless integration of
the recoded segment is initiated by delivering a CRISPR/Cas9 guide (g)
RNA-expressing plasmid. This plasmid expresses six single guide RNAs
(sgRNAs), simultaneously cutting the two ends of the SynOMICS
deletion cassette, two ends of the recoded segment, and the backbone
of the BAC vector (Fig. 2c), thereby forcing cells to integrate the
recoded region into their genome. Once edited clones are identified
based on their antibiotic resistance profile, a short growth step pre-
pares the cells for the next integration cycle. After extensive plasmid
optimization (Methods, Supplementary Fig 4), we achieved near-100%
integration efficiency during SynOMICS'’s integration step (Fig. 2d, e).
We note that while large DNA integration is a key step, the rate-limiting
challenge in SynOMICS arises during the deletion of parental copy, as
this is the step where recoding-induced fitness defects are first
exposed (Fig. 2c).

Using SynOMICS, we initiated iterative single-segment replace-
ments but observed drastic fitness impairment. 19 out of 88 chromo-
somal segments of Ec_Syn57 did not support cell growth without their
parental copy (Fig. 1b), and recoding one to six neighboring ~50-kbp
segments (Fig. 2f, g) resulted in severe fitness reduction, confirming
the fitness-decreasing effect of Ec_Syn57’s recoding scheme. As these
fitness-decreasing errors prevented the replacement of neighboring
genomic regions, we next investigated the sources of fitness issues and
attempted their correction.

Identification of lethal design issues

As the next step of SynOMICS, we identified potential fitness-
decreasing issues using simultaneous genome, transcriptome, trans-
latome, and proteome profiling. We hypothesized that synonymous
codon swaps that overlap with i.) promoter motifs within coding
sequences would decrease promoter activity, or impact translation
initiation via changes in ii.) mRNA folding or iii.) ribosomal binding site
strength.

Based on the role of the eliminated, rare arginine codons in
translation initiation”, we first explored the effects of synonymous
recoding on translation initiation. Although our genome design aimed
to minimize changes in mRNA folding around the ribosomal binding
site (RBS) and preserved 15-20 base pairs of the 5’ untranslated region
(UTR) for overlapping genes (Supplementary Fig. 1), the in vivo effects
of these changes remained unexplored. Therefore, we explored
translation initiation rate (TIR) changes by predicting TIR for every

protein-coding gene on the 57-codon genome using the RBS
Calculator>** and compared them to the TIR of the parental variant.
Our analysis identified 816 genes with reduced and 507 genes with
increased translation initiation rates, representing 36.3% of all protein-
coding genes (Supplementary Fig. 5).

Following the prediction of translational effects, we sought to
explore the impact of synonymous recoding on bacterial promoters.
Using deep primary transcript sequencing, we identified all active
promoters of MDS42 in lysogeny broth, a commonly used rich bac-
terial medium. We performed Cappable-seq®*, a transcriptomic
method that captures the 5’ end of transcripts and determines tran-
scription start sites (TSS) at single-base resolution. Deep short-read
Cappable-seq identified 39,140 TSS, from which 17,504 resided in
protein-coding genes (i.e., intragenic TSS). We also identified the
principal promoters for all operons on MDS42’s genome using long-
read Pacific Biosciences SMRT-Cappable seq* (Supplementary Fig. 6).
This latter method extends the Cappable-seq workflow by performing
long-read sequencing on entire primary transcripts, allowing the
identification of all genes driven by a single promoter. Using Cappable-
seq, we identified all promoters that overlap with codon changes on
Ec_Syn57's genome. Next, we individually synthesized 12 impacted
promoters in their wild-type and 57-codon recoded form, cloned them
into a single-copy BAC vector, and analyzed the mRNA output of these
promoter variants using transcriptomics. Transcriptomics revealed
that synonymous recoding significantly decreased the activity of 7 out
of the 12 assayed promoter pairs (Fig. 3a). Notably, promoters that
drive growth-essential genes and conferred decreased mRNA output in
our assay (i.e., accAp, dnaTp, msbAp, pgsAp, ribFp, rpsTp) were all
located in recoded chromosomal regions that had previously failed to
replace their corresponding parental copy (Fig. 1b), confirming these
damaged promoters’ impact on fitness.

Based on this observation, we validated the discovered promoter
mutations’ fitness effects using Segment 21's fabH-ycfH locus. The
deletion of Segment 21’s parental copy induced a drastic fitness drop,
and our analysis predicted accidental promoter-recoding in the
growth-essential fabH-ycfH region as the cause of fitness decrease
(Supplementary Fig 6). We restored gene expression by performing
MAGE**° and inserted a library of constitutive promoters in front of
each impacted gene. Following editing, we identified fast-growing
variants. In line with our hypothesis, fitness increase required the
insertion of three promoters that replaced all predicted damaged
promoters within the fabH-ycfH locus.

Using transcriptome profiling and computational analyses, we
identified hundreds of potential design issues and fitness-decreasing
synonymous codon changes and validated a subset of these using
multiplexed genome editing.

Genome annotation errors leading to unassigned codons

Given the deleterious effect of non-recoded codons on organisms with
compressed genetic codes”, we next explored the presence of non-
recoded codons on existing recoded chromosomes. We hypothesized
that unassigned non-recoded and, therefore, forbidden'~’ codons that
lack translational elements (cognate release factors or tRNAs)* can
originate from annotation errors on bacterial chromosomes and—fol-
lowing the elimination of tRNAs or release factors recognizing these
codons—will impact growth by arresting protein synthesis®. There-
fore, we revised the gene annotations of our 57-codon genome using
the genome of E. coli K-12 MG1655, the parental strain of MDS42*,
Genome reannotation revealed the presence of 109 previously unan-
notated protein-coding genes and an additional 100 genes with altered
coordinates, containing 644 forbidden codons. Performing the same
analysis on Syn61’s and the Robertson et al. Syn57’s genome* indicated
the presence of 105 previously unannotated protein-coding genes and
altered gene-coordinates, containing 186 forbidden codons, including
forbidden codons in mukE, ykfM, yjbS and safA Syné6l’s essential
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Fig. 3 | Detection and debugging of synonymous recoding-induced defects.

a Negative effect of synonymous recoding on promoter activity. Figure shows the
transcript output of promoters that overlap with synonymous codon swaps in
Ec_Syn57. Data are mean-based on n =10 biological replicates, error bars denote SD;
** indicates a P=0.0002, *** indicates P < 0.0001 based on unpaired two-sided
Student’s t-test. b Ribosomes stall at forbidden codons present in Syn61A3. Figure
shows ribosome footprint coverage along rpoS containing a TCA codon (marked
with *) in Syn61A3 lacking tRNASU® and tRNAS““ and in E. coli MDS42 bearing
the canonical genetic code. ¢ Ribosome footprint coverage at the previously
annotated (in magenta) and revised (in green) start codon of tadA. d, e Ribosome A-
(aminoacyl)-site coverage of sense codons in Syn61A3 (d) and MDS42 (e). Ribo-
somes in the compressed genetic code of Syn61A3 accumulate at TCA and TCG
codons—in magenta—present due to genome annotation errors and
hypermutagenesis-induced mutations. Data indicates the mean, Ribo-seq data is
based on n =3 independent biological replicates, error bars indicate SD.

f Troubleshooting recoding-induced lethality within Segment O using multiplexed

genome editing and laboratory evolution. The nonviable genome design (i) was
troubleshot using (ii) targeted mutagenesis and (iii) ALE to identify optimal variants
within the growth-essential promoter of the ribF-ispH operon. g Troubleshooting
synonymous recoding-induced lethality within Segment 18 using targeted muta-
genesis. The nonviable computational design was debugged using DIVERGE
mutagenesis and growth-based selection. h ribF promoter activity changes during
promoter debugging, based on sfGFP expression. Data represents the mean, error
bars denote SD based on n =3 independent biological replicates. i msbA promoter
activity changes in Segment 18 during promoter debugging, based on sfGFP
expression assay. Data represents the mean, error bars denote SD based on n=3
independent biological replicates. j Growth kinetics of the ALE-evolved Segment O
variant, based on n =10 biological replicates. Data represents the mean, error bars
denote SD. k Growth and maximal OD of the parental and ALE-evolved strain
containing Segments 30,31,33,34,35 of Ec_Syn57, based on n =10 independent
biological replicates. Data represents the mean, error bars denote SD. Source data
are provided as a Source Data file.

genes®, and 89 non-recoded genes containing 539 non-recoded
codons in Syn57%, respectively (Supplementary Note 1).

We next explored the consequences of unassigned codons by
performing genome-wide ribosome occupancy analysis using

ribosome profiling on MDS42 and Syn6lA3. As Syn61A3 lacks
tRNASUSY and tRNASCCA needed to translate TCA and TCG codons,
stalled ribosomes are expected to accumulate at these codons. In line
with this hypothesis, we detected ribosome A-(aminoacyl)-site
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footprint peaks centered at forbidden codons in translated genes
(Fig. 3b, Supplementary Fig 7), and the analysis of ribosome occupancy
across the genetic code table highlighted the arrest of ribosomes at the
TCA and TCG serine codons (Fig. 3d, e). Based on ribosome profiling
data, we estimate forbidden codons sequester 2.1% of all translating
ribosomes in Syn61A3.

Genome reannotation followed by ribosome profiling revealed a
severe design error in Ec_Syn57’s genome. Due to the erroneous
annotation of the growth-essential tadA’s start codon and, conse-
quently, the accidental recoding of this gene’s TTG start (Fig. 3c), our
analysis predicted no expression for tadA. In line with this hypothesis,
eliminating tadA’s parental copy resulted in drastic fitness loss, i.e., a
doubling time of 429 + 63.2 min, preventing segment integration. By
correcting the start codon with ssDNA-mediated recombineering, we
restored translation initiation’” and the integrability of this segment
(Fig. 2e), resulting in a 9.57-fold decrease in doubling time (i.e.,
44.88 +1.9 min, based on n =10 replicates). Finally, due to the extent of
genome annotation-induced recoding errors and recent reports indi-
cating the presence of multiple cryptic translated open reading frames
(ORFs) on the genome of E. coli MG1655°°-%, we performed an untar-
geted proteomics-based screen to identify translated sequences on
our genome, revealing dozens of previously unannotated sequences
containing unassigned codons (Supplementary Note 2, Supplementary
Figs. 8, 9).

Multi-omics experiments jointly revealed that existing recoded
organisms harbor and tolerate hundreds of forbidden codons (Sup-
plementary Fig. 10), and these codons might be partially responsible
for the observed fitness defects. Based on the detected adverse effect
of unassigned codons on bacterial translation, we selected all protein-
coding genes that are actively transcribed in MDS42 and recoded these
73 genes containing 311 forbidden codons to match Ec_Syn57’s genetic
code (Supplementary Data 1).

Editing-based debugging of lethal design errors

Based on the list of uncovered design errors, we initiated the debug-
ging of all lethal errors that directly prevented genome construction.
These errors were computationally predicted disruptions to pro-
moters, ribosome-binding sites, and operon structures in synthetic
segments that failed to complement their parental copy during
SynOMICS’s deletion step. Using the list of recoding-impacted pro-
moters and RBSes and the operon structure of E. coli MDS42, we
debugged predicted lethal issues using three strategies: In Segments 4
and 7, we utilized CRISPR/Cas9-assisted MAGE*® to simultaneously
insert a promoter and an optimized RBS in front of impacted operons.
As expected, the predicted 12-fold increase in gene expression
restored viability for both segments. In the case of Segments 5, 22, 61,
64, and 86, in which multiple distant changes were necessary, we
resynthesized the entire recoded segment with a modified design that
restored gene expression at all indicated loci (see Supplementary
Methods 1 for the detailed list of edits). To compensate for recoding-
induced expression defects, we targeted an approximately 10-fold
increase in gene expression compared to the recoded variant by
inserting an RBS Calculator’>*® optimized RBS and, in the case of
damaged promoters, a synthetic constitutive promoter sequence®®®’.
We intentionally overcompensated predicted gene expression chan-
ges to increase the likelihood of successful designs and relied on multi-
omics-guided directed evolution for subsequent fine-tuning to reba-
lance expression levels. Segment resynthesis restored the viability of
all but one segment (i.e., Segment 64, which we later debugged using a
combination of all three methods).

To troubleshoot all remaining design issues that induced fitness
defects but did not immediately prevent the deletion of the parental
copy, we leveraged the fitness-based selection pressure imposed by
deleting the parental chromosomal region in SynOMICS and per-
formed targeted mutagenesis to increase fitness. We utilized DIVERGE,

an ssDNA-recombineering-based targeted mutagenesis method that
allows an up to a million-fold increase in mutation rate along the entire
lengths of multiple defined loci—ranging from promoters up to entire
operons—without inducing off-target mutations, and capable of tar-
geting hundreds of sites simultaneously®®®’. We synthesized 324
DIVERGE oligonucleotides targeting promoter issues and an additional
442 MAGE oligonucleotides to correct 447 DNA synthesis errors. Next,
using a pooled mixture of all DIVERGE and MAGE oligos targeting all
potential promoter issues and DNA synthesis errors in each partially
recoded strain, we performed rounds of diversification followed by
growth-based selection. Whole-genome sequencing of the resulting
clones indicated the reversion of multiple DNA synthesis errors, up to
ten in a single strain, and newly emerged promoter mutations within
DIVERGE oligo targets (Fig. 3f,g). In Segment O, where promoter
transcriptomics identified the recoded promoter of the ribF-ispH
operon in the upstream yaaY as the cause of nonviability (Fig. 3a),
mutagenesis identified a single point mutation (Fig. 3f). In yaaY, two
neighboring recoded leucine codons overlap with the —35 region of the
growth-essential ribF-ispH promoter and DIVERGE mutagenesis resul-
ted in the reversion of one of the recoded leucine codons, restoring
viability. Similarly, diversifying the damaged promoter of the growth-
essential msbA-ycaQ operon in Segment 18 (Fig. 3g) and the pgk-fbaA
operon in Segment 56 identified beneficial mutations (Supplemen-
tary Fig 11).

Finally, we validated the positive effect of the DIVERGE-identified
mutations on downstream gene expression. We individually synthe-
sized and cloned parental and evolved ribF and msbA promoter var-
iants, followed by a superfolder GFP (sfGFP) marker gene, and
measured sfGFP production. Recoded variants conferred a marked
decrease in sfGFP expression compared to their parental promoter,
while the DIVERGE-evolved promoter variants partially restored the
lost promoter activity (Fig. 3h, i).

These experiments indicated that while targeted DIVERGE editing
can rapidly discover beneficial variants, additional fine-tuning will
likely be needed to fully mitigate fitness defects.

Laboratory evolution allows genome recoding in 11 sections
Following genome editing, we initiated Adaptive Laboratory Evolution
(ALE) to further increase the fitness of Ec_Syn57’s synthetic chromo-
somal segments. ALE is a powerful method that enables the discovery
of compensatory mutations in a nontargeted manner, and we expec-
ted it to identify additional compensatory mutations that remained
hidden in our previous screens. To perform ALE without preferentially
evolving compensatory mutations outside recoded regions and to
minimize off target mutations leading to forbidden codons (as shown
in the case of Syn61A3; Supplementary Note 1, Fig. 3b, d, e), we relied
on natural mutagenesis and growth-based selection using a large
population size (5x10°-10" cells per transfer and a population size of
approximately 10" cells per ALE step) without inducing hypermuta-
genesis. Prior studies’®”" showed that relying on the natural, low
mutation rate of E. coli—approximately 10~ mutations per genome per
generation’*>—and using a population size of ~10? cells allows the
exploration all possible single-step mutations across the entire gen-
ome at every ALE step”, which in turn suppresses the evolution of off-
target mutations by allowing the evolution of exceedingly rare, high-
fitness on-target mutations”.

Strain-fitness rapidly improved during ALE experiments (Fig. 3j,
k), allowing the integration of additional recoded segments (Fig. 2e,
Supplementary Method 1). Within only 140-450 generations, per-
formed in 16-50 days, we identified improved variants. For example,
ALE identified a beneficial mutation within the previously detected
deleterious ribF-ispH promoter. This ALE-evolved sense mutation in
yaaY increased the ribF-ispH promoter activity five-fold and drastically
improved fitness (Fig. 3f, h, j). As expected based on the low mutation
rate applied during evolution’®, whole-genome sequencing of the ALE-
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evolved variants indicated the accumulation of only a few mutations
within the recoded region (Supplementary Data 5, Supplemen-
tary Note 3).

During genome recoding, we iteratively applied multiplexed
editing and ALE to maintain viability while integrating additional
recoded segments. In total, we performed 89 SynOMICS integration
rounds, 113 genome editing cycles, and 680 cumulative days of ALE to
construct partially recoded strains (Fig. 4b). We estimate that these
experiments cumulatively explored approximately 6.1 trillion variants
(Supplementary Note 4). Iterative SynOMICS and debugging cycles in
eleven E. coli strains overcame lethal fitness issues, restored the
integrability of all synthetic chromosomal segments, and enabled us to
replace the entire genome across the eleven partially recoded strains
with their synthetic 57-codon counterparts.

Debugging enables partial genome assembly but pleiotropic
defects remain

Following assembly and testing of the 57-codon genome across 11
partially recoded strains, we used SynOMICS to merge recoded chro-
mosomal regions. We merged chromosomal regions by reversing the
integration step in SynOMICS, thereby liberating the entire recoded
region from the genome. The liberated linear chromosomal region
(150-451 kbp in size, containing 4-12 segments) was then transposed
into a BAC vector within the same cells using recombineering (Fig. 4a).
Following chromosome fission, we delivered the fission BACs into a
recipient cell containing a partially recoded genome. Finally,
SynOMICS without any additional modifications allowed us to com-
bine recoded regions (Fig. 2d).

SynOMICS allowed us to assemble recoded chromosomal regions
sequentially from distinct donor strains (Fig. 4c). Despite transferring
recoded chromosomal segments to a clean genomic background and
thus eliminating a few compensatory mutations from previous
debugging steps, recoded regions remained viable. Strains with
increasingly recoded genomes displayed lower overall fitness, quan-
tified as the maximal attainable optical density in rich bacterial growth
medium (i.e., OD at 600 nm, measured in 2xYT broth; Fig. 4c). Strains
harboring more than 2.2% of the synthetic genome lost their ability to
grow in minimal M9 broth (Fig. 4d).

Iterative genome replacement and debugging allowed us to
combine 35 segments from five donor strains, representing 39% of the
entire genome. During debugging (Fig. 4c), we observed only 16 newly
emerged mutations, of which six resided within the synthetic genome.
Out of the 16 mutations, three resulted in a codon targeted for
synonymous recoding outside the recoded region, potentially indi-
cating the benefits of the reacquisition of forbidden codons. As a
reference, the hypermutagenesis-based troubleshooting of Syn61A3 in
an earlier study’ led to the accumulation of 482 off-target mutations’
and 31 forbidden codons (Supplementary Note 1, Fig. 2b).

As doubling time and the maximal attainable optical density only
partially capture the multidimensional nature of fitness landscapes and
potential underlying metabolic deficiencies™’®, we also characterized
strain-fitness under 480 additional environments using the Biolog
Phenotype MicroArray system’’. The investigated environments
included various carbon, nitrogen, and phosphorus sources, osmotic
and chemical stressors. Strains with increasingly recoded genomes
displayed more severe deficiencies, which we hypothesize might be
behind the observed poor growth and the inability of the performed
initial debugging cycles to fully restore fitness (Fig. 4c, d, e, Table 1,
Supplementary Note 5).

In sum, with 210 genome editing cycles and 1120 days of labora-
tory evolution that explored approximately ten trillion variants (Sup-
plementary Note 4), we successfully constructed seven partially
recoded strains representing the entire Ec_Syn57 genome and con-
solidated five synthetic chromosomal segments into a single strain.

However, despite extensive debugging, we observed severe fitness
reduction.

Multi-omics-based discovery of recoding effects

Fitness degradation during genome assembly indicated cumulative
defects that remained undetected in prior analyses. Therefore, we next
explored the transcriptome- and translatome-level consequences of
synonymous recoding by performing simultaneous genome-
transcriptome-translatome profiling across a wide array of recoded
strains, including Syn61A3. RNA-seq-based comparative transcriptome
profiling revealed large-scale changes. Strains harboring the replace-
ment of 33%, 6.9%, 11.7% of their genome with the 57-codon version
contained 1122, 663, and 1247 differentially expressed genes (i.e.,
showing at least two-fold relative transcript level difference and
P<0.05, based on n=3), respectively. The comparison of Syn61A3’s
transcriptome to MDS42, in the same manner, indicated 1208 differ-
entially expressed genes (Fig. 5a, Supplementary Fig 12). Comparative
translatome profiling using Ribo-seq confirmed the extent of
transcriptomics-indicated effects. Ribosome profiling indicated 1118,
627, and 716 differentially translated genes (i.e., showing at least two-
fold relative ribosome occupancy difference and P<0.05, based on
n=3) on the same set of genomes, respectively. The comparison of
Syn61A3’s translatome to MDS42 indicated 1129 differentially trans-
lated genes (Supplementary Fig 13, 14). The availability of RNA- and
Ribo-seq data for the same strains allowed us to measure changes in
translation efficiency for every parental and recoded gene and com-
pare the resulting dataset to our previous prediction. Unexpectedly,
in vivo translation efficiency differences between the recoded and
parental genome showed no correlation with in silico predictions
(R?=4.86 x107%, Supplementary Fig 15).

Since translation efficiency measurements assess the correlation
between the number of mMRNA reads and ribosome footprints on the
given gene, we hypothesized that promoter location and activity
changes could influence translation efficiency results. According to
this hypothesis, newly generated intragenic promoters would gen-
erate artifacts in transcriptomic data by increasing transcript levels
without upregulating translation, while antisense transcripts down-
regulate translation through dsRNA formation, increased mRNA
degradation, and the inaccessibility of the ribosome binding site’®”.
We tested our hypothesis by repeating Cappable-seq on a partially
recoded 57-codon strain carrying 36.7% of the entire synthetic gen-
ome. We analyzed the location and expression intensity of tran-
scriptional start sites (TSS) and compared the parental and recoded
genomes (Fig. 5b, c). In line with our expectation that synonymous
recoding only impacts intragenic promoters, from intergenic TSS we
detected no difference in total mRNA output between the parental
and recoded variant (that is, a total mRNA output of 303,477 tran-
scripts per million (TPM) in the case of the recoded strain, compared
to 292,890 TPM in the case of the parental MDS42). In contrast,
intragenic TSS were markedly affected. The total sense transcript
output from intragenic TSS—which are producing transcripts with
the matching direction of the gene they reside in—increased 2.23-fold
in the recoded strain, while the transcript output from antisense
intragenic TSS increased 4.01-fold compared to the antisense tran-
scription of the parental MDS42. Some of these recoding-induced
antisense promoters’ mRNA output was comparable to sense tran-
scription for the same gene. Our analysis revealed the same effect on
Syn61A3’s genome (Supplementary Figs. 16, 17, Supplementary Note
6). We also note that during laboratory evolution, one of the sixteen
mutated genes in the partial Ec_Syn57 genome was rnc (encoding
ribonuclease IlI) (Fig. 4c), the principal endonuclease responsible for
dsRNA degradation, indicating that antisense transcription likely
contributes to fitness defects. We hypothesize that antisense tran-
scripts in recoded genomes increase mRNA degradation and prevent
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Fig. 4 | Assembly of recoded chromosomal regions indicates cumulative
defects. a The reversal of SynOMICS's steps and direction allows genome fission,
fusion, and assembly. Chromosome fission is achieved by delivering recipient BAC
(pY2L BAC) into cells bearing a partially recoded genome (1.), and (II.) following the
expression of Lambda-Red and Cas9 proteins, chromosome fission is initiated by
delivering a four-plex sgRNA expression plasmid (pFISSIONsg) and a SynOMICS
deletion cassette. (IIl.) CRISPR/Cas9-cuts liberate the recoded genomic region and
linearize the recipient BAC allowing the Lambda-Red-mediated transposition of the
recoded region into the recipient BAC while simultaneously sealing the genomic
cut. Finally, (IV.) the fissioned chromosomal region is delivered into a new recipient
cell where it is integrated using the standard SynOMICS workflow (Fig. 2c). b The
synthetic genome of Ec_Syn57 across 11 partially recoded strains. Numbers indicate
the steps in which genomic sections are merged to assemble the final, fully syn-
thetic genome. Segments 45 and 50 (marked as A) were added following the
merging of sections 1 to 5. To date, sections 1-6 have been combined into a single
strain. ¢ SynOMICS-based sequential genome assembly and debugging. Pie chart

shows genome assembly steps; colored sections mark recoded chromosomal
regions transferred. Mutations below the debugging method indicate mutations
acquired during debugging. Mutations in gray indicate mutations replaced during
genome construction; mutations in red indicate mutations to forbidden codons;
while mutations in bold indicate mutations acquired within the recoded region. Bar
graph shows mean maximal optical density at 600 nm (ODg¢qo) in 2XYT, error bars
denote SD based on n =10 independent biological replicates. Magenta bars
represent debugged strains while gray indicates strains before debugging. Green
represents parental strain. Fitness scores indicate mean fitness defect compared to
E. coli MDS42 across 480 environments, based on n =2 independent biological
replicates. d, e Growth (d) and maximal OD (e) of the parental and partially recoded
strains and their evolved derivativesin 2xYT and M9 broth. N.d. indicates no growth
detected after 14 days based on three independent replicates. Data represents the
mean, error bars denote SD based on n =10 independent biological replicates.
Source data are provided as a Source Data file.

ribosome docking to mRNAs via dsRNA formation within the RBS
region, therby reducing translation and increasing the fraction of a
fast-decaying mRNA population inside cells®’. To provide additional
evidence for this hypothesis, we also attempted to delete rnc in our

most-recoded Strain 5, but observed no viable deletants (i.e., a
deletion frequency below 1.1x10%°). Using the same method, the
deletion of rnc in MDS42 yielded thousands of colonies with 100%
deletion efficiency, in line with prior studies®.
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Table 1 | Fitness of strains under diverse environmental
conditions

Strain Fitness score (arb. units) based on 480
environments

Syn61A3 -31.87

Strain 1 -2.07

Strain 2 -n.2

Strain 3 Evolved -37.06

Strain 4 Evolved -50.61

Strain 5 Evolved -52.86

Strain 5 + Segments 45 and 50 -55.49

Evolved

Strain 6 -8.03

Strain 7 -20.62

Strain 10 -10.26

Strain 1 -29.7

Fitness scores indicate mean fitness defect compared to E. coli MDS42 across 480 environ-
ments, measured using the Biolog system, based on n =2 independent biological replicates.
Biolog source data is provided in Supplementary Data 2.

Following the sequencing-based discovery of antisense pro-
moters on Ec_Syn57’s genome, we individually validated and con-
firmed the promoter activity of five antisense promoter-regions
(Fig. 5d). To explore which specific codon change generates an anti-
sense promoter, we performed codon-scanning at the recoded Seg93
codon of hypF. Promoter activity measurements revealed that while
the parental wild-type codon conferred one of the lowest antisense
transcription levels, the Ser93 AGC > TCT codon change of our 57-
codon code induced, on average, a 20.2-fold increase in antisense
transcription, the highest across all six serine codons nature uses to
encode serine (Fig. 5e).

Based on these measurements and prior studies’®’**?, we hypo-
thesized that recoding-induced antisense transcription contributes to
synonymous-recoding-induced fitness defects, jointly with perturba-
tions in natural intragenic promoters (Fig. 3a) and recoding-induced
changes in translation initiation (Supplementary Fig 5). Therefore, we
next attempted to multiplex the genome-scale correction of these
issues.

Multi-omics-guided evolution fully restores fitness

Based on multi-omics, we revised our genome construction and
debugging strategy. Promoter-, translation initiation-, and antisense
transcript-mediated effects are all expected to reduce protein pro-
duction. Therefore, we hypothesized that restoring protein produc-
tion based on ribosome profiling data would mitigate fitness defects.
To debug translation changes, we selected all differentially translated
genes of Strain 6, containing Segments 30-35 of Ec_Syn57. We then
designed 114 genome editing oligonucleotide libraries to restore
translation (Supplementary Fig. 18). Four rounds of ten genome edit-
ing cycles, followed by growth-based selection using our terascale
protocol, quickly identified beneficial variants. Doubling time mea-
surements for independently evolved variants indicated doubling
times matching the parental strain’s doubling time (Fig. 5f). Population
whole-genome sequencing over the course of editing indicated posi-
tive selection for edited variants at almost all target sites, with select
edits fixing quickly (Fig. 5g, Supplementary Fig. 19). Selected fast-
growing variants contained up to 24 RBS edits and newly inserted
promoters upregulating 20 genes. Repeated ribosome profiling indi-
cated that inserted edits frequently reduced gene expression for pre-
viously overexpressed genes while previously downregulated genes’
expression increased, indicating that multiplexed editing optimized
and rebalanced gene expression (Supplementary Fig. 20). For exam-
ple, at the previously overexpressed pheS-pheT-ihfA operon where the

debugging of a lethal error necessitated the insertion of a strong
constitutive promoter and RBS at prior steps of genome construction
resulting in 12.4-fold overexpression for pheS compared to the par-
ental expression level, multi-omics-guided debugging restored
expression to near parental level (i.e., a 13.9-fold decrease compared to
the upregulated state).

We next scaled up our method to debug entire genomes. We
initiated ribosome profiling-based debugging of our most-recoded
strain (Strain 5), which contains 39% of the synthetic genome and 1118
differentially translated genes. Nineteen genome editing cycles resul-
ted in variants doubling every 64.8 +3.09 min and reaching a max-
imum optical density of 1.01 + 0.02, a drastic increase compared to the
parental strain’s 110.6 + 5.83 min doubling time and 0.31+ 0.02 max-
imum optical density. The improved fitness of the evolved variants
allowed us to transfer Segments 30-35 of Ec_Syn57 into the debugged
Strain 5, generating a partially recoded strain that contains 45.8% of
Ec_Syn57’s genome (Fig. 5h, Supplementary Method 1).

Using multi-omics analyses across multiple recoded bacterial
strains, we discovered that synonymous codon replacements perturb
noncoding sequence motifs that regulate gene expression and induce
drastic transcriptome and translatome perturbations. To mitigate
these effects, we developed a multi-omics-guided directed evolution
method that simultaneously troubleshoots hundreds of target genes
genome-wide in weeks to restore fitness. We estimate that this method
accelerates debugging more than 30-fold compared to ALE alone
(Supplementary Note 7). In the remaining five steps of genome con-
struction (Fig. 5h), we are utilizing multi-omics-guided evolution to
optimize partially recoded strains as we assemble the fully synthetic
genome of Ec_Syn57.

Discussion

We have demonstrated that multi-omics-guided genome synthesis and
directed evolution enable genome recoding with a highly deleterious
codon set, thereby allowing the detailed exploration of collateral
effects of synonymous codon changes. To reveal synonymous
recoding-induced effects on synthetic genomes and guide future
recoding efforts—using multi-omics—we explored the transcriptional,
translational, proteomic, and phenotypic consequences of genome
recoding using an array of E. coli strains bearing synthetic genomes
with modified genetic codes. Using these tools, we discovered pre-
viously unseen effects that pose constraints on functional genetic
codes and developed genome-scale methods to enable the construc-
tion of genomes with a previously unattainable genetic code'™. Our
multi-omics-guided debugging strategy relies on three synergistic
layers: first, genome reannotation, untargeted proteomics, and ribo-
some profiling identify gene targets requiring recoding; second,
transcriptional start site profiling using Cappable-seq identifies pro-
moters and operon structures that must be preserved during sequence
design or restored during debugging; third, ribosome-profiling-guided
accelerated directed evolution of differentially translated genes, in
combination with laboratory evolution, enables the creation of high-
fitness variants.

Our results provide five important insights for future genome
recoding projects.

First, we revealed and experimentally confirmed that both our 57-
codon genome design and previously constructed recoded organisms
harbor non-recoded codons due to frequent genome annotation
errors and cryptic translated sequences—a widespread issue not pre-
viously recognized in recoded genomes. These codons lead to unas-
signed codons in the final, recoded organism and induce widespread
ribosome stalling™ (Fig. 3b, d) as they lack translation components for
their decoding, sequestering more than 2% of the entire ribosome pool
in a recently developed synthetic recoded E. coli strain®, Syn61A3. As
genome annotation errors and cryptic translated sequences yield
unassigned codons, we suggest the proteomics- and ribosome-
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Fig. 5 | Multi-omics reveals widespread gene expression changes due to
synonymous recoding and enables rapid fitness debugging. a The recoded
genome of Syn61A3 and recoded chromosomal regions of Ec_Syn57 display marked
differences in mRNA expression. The figure shows differential mRNA expression for
all protein-coding genes along the recoded genome of Syn61A3 and partially
recoded genomes of Ec_Syn57, compared to their parental variant. Recoded, syn-
thetic regions on partially recoded genomes are marked in magenta. Example
operons displaying the most significant changes in mRNA expression are high-
lighted. Bars indicate mean differential expression, calculated using EdgeR from
n=3independent biological replicates. Bars in blue indicate a P < 0.05, while bars in
gray indicate P> 0.05 based on EdgeR. b, ¢ Synonymous recoding induces the
widespread appearance of cryptic promoters. Figure shows the position and
direction of primary transcripts based on primary transcriptome sequencing on
Ec_Syn57 (b) and MDS42 (c), aligned to their corresponding genome. Recoding-
induced transcriptional start sites are marked with a star (*). Magenta marks reverse
transcript orientation, while green marks forward transcript orientation. Magenta
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triangles indicate recoded codons. d Antisense promoter activity of intragenic
Ec_Syn57 sequences and their parental variant. Data represents mean sfGFP
expression levels based on n =3 independent biological replicates, error bars
indicate SD. e Antisense promoter activity conferred by all six serine codons of the
standard genetic code at Ser93 of hypF on Ec_Syn57’s genome. Data represents
average sfGFP expression levels based on n =3 independent biological replicates,
error bars indicate SD. f Growth of the parental E. coli MDS42, the partially recoded,
and the final, debugged strains carrying Segments 30-35 of Ec_Syn57 in 2xYT broth
at 37 °C. Data represents the mean, error bars denote SD based on n =10 inde-
pendent biological replicates. g Allelic replacement frequencies during MAGE-
based multiplexed editing-and-selection cycles using genome-editing oligos tar-
geting all downregulated genes of Strain 6 based on Ribo-seq. Figure is based on a
representative sample. Source data are provided as a Source Data file. h Genome
construction of Ec_Syn57. To date, Strains 1-6 have been constructed, and the
integration of the extrachromosomal Segments 30-35 is ongoing. Dashed line
indicates future construction steps.

profiling-based discovery of translated sequences®>*® before genome
and genetic code refactoring. As a step towards a generalizable solu-
tion, we have developed a ribosome-profiling- and untargeted
proteomics-based workflow that detects translated sequences and
tracks genome-wide ribosome stalling in engineered genetic codes.
Second, we have shown that synonymous codon replacements
induce widespread promoter perturbations in recoded organisms,
leading to frequent changes in gene expression and the generation of
additional transcripts. As the elimination of seven codons from the

standard genetic code resulted in the appearance of -1 additional
promoter in each recoded gene, providing an up to 715% increase in
global antisense transcription in a 57-codon genetic code and a 301%
increase in a 61-codon code, our results confirm a prior hypothesis®
about how codon preference naturally evolves to reduce transcrip-
tional noise. Further evidence for this hypothesis is provided by the
emergence of mutations that generate codons targeted for elimination
during genome recoding (Fig. 4c), the preferred reversion of synon-
ymous codon changes of our 57-codon code (Supplementary Fig 17),
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and the deleterious effect of select leucine (Fig. 3f-i) and serine codon
changes (Fig. 5e). As certain sense codons are highly enriched in bac-
terial intragenic promoter motifs®, including the rare AGA and AGG
arginine and the TTA leucine codons, their elimination in our 57-codon
genetic code might contribute to the observed defects. Importantly,
parallel bacterial genome recoding efforts*?°*° all targeted codons
that contribute less frequently to internal promoter motifs, which
might explain their mild fitness effect. In addition, the known role of
rare arginine codons in bacterial translation initiation" likely further
exacerbates gene expression changes in the 57-codon code presented
in this work. While intragenic promoter disruption by synonymous
codon changes was previously noted for individual loci, the genome-
wide creation of additional promoters as a general consequence of
synonymous genome recoding—on both the previously reported
Syné61 and our Ec_Syn57’s genome—is a key finding of this study. We
expect that our combination of transcriptional start site and ribosome
profiling will provide a tool for future genome synthesis projects to
circumvent these effects by preserving important intragenic pro-
moters and regulatory motifs, and through rational codon selection
within 5 UTRs to preserve translation initiation.

Third, our analyses indicate that studying recoding-induced
effects on megabase-sized genomic sections can reveal fitness-
impacting factors that remain hidden in smaller-scale tests™",
including the cumulative impact of antisense transcription and issues
caused by genomic annotation errors. This complements genome
construction and debugging methods, such as REXER®* and
SIRCAS*, which enable both recoding scheme selection and issue
identification.

Fourth, we have demonstrated that omics-guided multiplexed
genome engineering in combination with carefully designed labora-
tory evolution experiments offers a powerful strategy for the debug-
ging of synthetic genomic regions with deleterious recoding schemes.
Our results revealed that ribosome profiling enables target identifica-
tion for subsequent multiplexed genome-editing-based debugging of
megabase-sized synthetic chromosomal regions, allowing fitness
restoration even for highly deleterious changes that require dozens of
compensatory mutations. The utility of ribosomec profiling to dis-
cover fitness-decreasing issues on synthetic genomes has also been
highlighted during the construction of the Sc2.0 genome*. Following
genome editing, laboratory evolution allowed us to fine-tune selected
genotypes. While previous evolution experiments frequently utilized
hypermutator variants’ or insufficient population sizes®*° to evolve
compensatory mutation, the terascale (i.e., 10" variant-scale) selection
strategy’®”" established in this work enabled us to evolve high-fitness
variants with reduced frequency of deleterious off-target mutations,
allowing the parallelized debugging of synthetic sequences. This
technology may provide a broadly applicable strategy for industrial
use of whole-genome synthesis.

Fifth, we have observed that endogenous mobile genetic ele-
ments of commonly used cloning strains frequently invade synthetic
genomes, preventing genome assembly. Future genome synthesis
projects should therefore avoid using cloning hosts containing active
mobile genetic elements or prophages, i.e., E. coli DHIOB or
BL21(DE3)*>***”%7 and strains with elevated mutation rates, as also
demonstrated by the mobile-genetic-element-free MDS42-based
assembly of Syn61’s genome.

Limitations of this study include the low number of recoding
schemes tested compared to the theoretically possible, astronomical
number of possible recoding schemes, i.e., ¥’ for a single codon, in
which x is the number of alternative codons (2 to 6 in the standard
genetic code) and y is the number of codons targeted for recoding
genome-wide, 2.8x10” to 6.4x10*. Furthermore, despite assessing fit-
ness under 482 conditions, recoded cells might face drastically dif-
ferent environmental conditions outside laboratory environments or
in their natural habitat, where E. coli cells double once approximately

every 15 h, 45 times slower than under laboratory conditions®®. Finally,
the current work focuses on E. coli genome construction, and the
generalizability of our findings to other organisms remains to be
established. Promoter architecture, antisense transcription tolerance,
and translation initiation signals vary substantially across bacterial
species®*”°, and the fitness consequences of synonymous recoding can
therefore depend on the target organism. However, we note that the
strong preference for the TTG motif in the =35 promoter element is
conserved not only in E. coli but also in other Gammaproteobacteria,
Firmicutes, and Alphaproteobacteria, suggesting that the elimination of
the TTG codon from an organism’s genetic code would influence
intragenic promoters across a broad range of bacterial phyla—a design
constraint that future recoding efforts in these organisms will likely
need to account for and analyze using multi-omics prior to genome
design.

We also note that eliminating certain genomic codons, followed
by deleting their corresponding tRNAs and release factors, might not
directly translate to fully liberated codon channels. The existence of
hundreds of TCA and TCG codons on the recently developed
Syn61A3 strain lacking tRNAS VY and tRNASCA, the efficient trans-
lation of TCA and TCG codons by the E. coli serU tRNAS"“°» and TCT
codons by overexpressed viral tRNAS"Y S and recent reports show-
ing how near-cognate suppression can impact the fidelity of protein
production in recoded organisms¥, indicate that crosstalk between
remaining translational components can mask liberated codon chan-
nels. If this happens, we envision that the use of engineered tRNAs that
avoid RNA modifications known to promote relaxed tRNA selection by
the ribosome®? and the replacement of cellular ribosomes with
hyperacute variants” to increase translational fidelity will provide a
solution.

We expect these results to enable troubleshooting cells harboring
refactored genomes, including engineered genetic codes for ther-
apeutic and industrial applications. Below, we conclude our observa-
tions for future genome designs and guidelines for implementing
SynOMICS in other organisms:

Genome design
* As genomic annotations errors, incomplete genome databases,
and cryptic translated sequences yield unassigned codons, pro-
teomics- and ribosome-profiling-based discovery of translated
sequences®®®*** is necessary before genome and genetic code
refactoring. In addition to omics-based methods, high-resolution
Tn-seq can serve as an additional confirmation for coding-
sequence boundaries and reveal the fitness consequences of
loss-of-function mutations, as demonstrated during the design
and minimization of the Mycoplasma mycoides JCVI-syn3.0

genome”*s,

* Prior to genome design, accurately identifying promoters and

operon structures is necessary using simultaneous short- and
long-read Cappable-seq for prokaryotic genomes and
ReCappable-seq for eukaryotic genomes***>%,
Following promoter identification, experimental and computa-
tional transcriptional factor and ribosome binding site analyses
can reveal essential regulatory sequences that need to be pre-
served during genome refactoring and sequence design®®*?¢%,

Genome synthesis, assembly, and troubleshooting

* Projects should minimize DNA synthesis errors and avoid using
cloning hosts containing active mobile genetic elements, pro-
phages, or hypermutator alleles***”.

* Transcriptome and ribosome profiling, in combination with
genomic machine learning and metabolic models’**'°° and phe-
notypic microarray screens’® to discover and prioritize fitness-
decreasing errors for multiplexed troubleshooting, can yield high-
fitness variants, paving the way for industrial use.
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We anticipate that future bacterial genome design projects
attempting to achieve codon compression beyond the elimination of a
select few codons?®?'” should focus on developing and implementing
algorithms that reduce changes in promoter activity, regulatory
functions, and translation rate and avoid generating unwanted cryptic
promoters and translated ORFs. We hypothesize that the development
of genome language models capable of forecasting transcriptional and
translational effects and integrating these predictions to refactor
codon composition would minimize the negative fitness impact of
synonymous genome recoding’>*>'°%1971% Toward this goal, we pro-
vide high coverage, high-quality, openly available multi-omics datasets
for a range of partially and fully recoded genomes.

The updated design of Ec_Syn57 contains 62,347 target codons for
recoding—excluding 342 codons in silent genes based on our omics
analyses—of which 62,029 have been recoded to date, 99.4% of all
(Supplementary Fig. 10). A potential challenge in completing
Ec_Syn57’s genome is the time needed to iteratively debug partially
recoded strains in the next five steps of genome construction. How-
ever, based on our omics-based workflow, which now allows sig-
nificantly faster growth restoration than ALE before, we expect no
difficulty finishing genome assembly. Once complete, the resulting
Ec_Syn57A7 strain will provide a broadly applicable chassis for genetic
code expansion in fundamental research and biotechnology. We also
anticipate that our genome construction workflow and the omics
datasets generated in this work will significantly reduce the cost and
time required for future genome synthesis efforts. Follow-up works
might translate and validate our results in ongoing prokaryotic and
eukaryotic genome recoding projects? 33449107113

Methods

Bacterial media and reagents

Adaptive Laboratory Evolution experiments utilized Lysogeny Broth
Lennox (LBL) supplemented with Tris/Tris-HCL as a buffer, prepared
by dissolving 10 g/l tryptone, 5 g/l yeast extract, 1.5 g/l Tris/Tris-HCL,
and 5g/l sodium chloride in deionized H,O and sterilized by auto-
claving. Bacterial cell cultures and genome editing experiments uti-
lized 2xYT media consisting of 16 g/I casein digest peptone, 10 g/l yeast
extract, and 5 g/l sodium chloride. 2xYT agar plates were prepared by
supplementing LBL medium or 2xYT with agar at 1.6% w/v before
autoclaving. Super Optimal Broth (SOB) was prepared by dissolving
20¢g/l tryptone, 5g/l yeast extract, 0.5g/l sodium chloride, 2.4 g/l
magnesium sulfate, and 0.186 g/l potassium chloride in deionized H,O,
and sterilized by autoclaving. Minimal M9 broth with 2% glucose and
0.5 ug/ml thiamine was purchased from Teknova Inc (M8000).

Bacterial genome sequencing and annotation

Genomic DNA from overnight saturated cultures of isogenic bacterial
clones was prepared using the MasterPure™ Complete DNA and RNA
Purification Kit (Lucigen) according to the manufacturer’s guidelines
and sequenced at SeqCenter (Pittsburgh, PA, USA). BACs containing
individual recoded chromosomal regions were isolated using the ZR
BAC DNA Miniprep Kit (Zymo Research) based on the manufacturer’s
protocol. Sequencing libraries were prepared using the lllumina DNA
Prep kit and IDT 10 bp UDI indices with a target insert size of 280 bp
and sequenced on an Illumina NextSeq 2000 or on an Illumina Nova-
Seq X Plus, producing 150 bp paired-end reads. Demultiplexing, qual-
ity control, and adapter trimming were performed with bcl-convert
(v4.2.4). Reads were then trimmed to Q28 using BBDuk from BBTools
and aligned to their corresponding reference by using Bowtie2 2.3.0™
in --sensitive-local mode. Single-nucleotide polymorphisms (SNPs) and
indels were called using breseq (version 0.36.1)'". Only variants with a
prevalence higher than 75% were voted as mutations. Following variant
calling, mutations were also manually inspected within the aligned
sequencing reads using Geneious Prime® 2023.2.1.

We performed de novo sequencing and hybrid genome assembly
on all parental strains, strains with completed recoded chromosomal
sections, and SynOMICS fissioned and fused, partially recoded strains.
Hybrid genome assemblies were performed as described earlier®.
Specifically, we generated 300-600 Mbp of Oxford Nanopore (ONT)
long-reads by PCR-free library generation (Oxford Nanopore, UK) on a
MinlON Flow Cell (R9.4.1) and 3-15x10° 150 bp paired-end reads on an
Illlumina NextSeq 2000 or on an Illumina NovaSeq X Plus. Quality
control and adapter trimming were performed with bcl2fastq
2.20.0.445 and porechop 0.2.3 seqan2.1.1 for Illumina and ONT
sequencing, respectively. Next, we performed hybrid assembly with
Illumina and ONT reads using Unicycler 0.4.8 with the default para-
meters. Finally, the resulting single, circular contig representing the
entire genome was manually inspected for errors in Geneious Prime®
2023.2.1. and annotated based on sequence homology using the
BLAST function implemented in Geneious Prime® 2023.2.1. based on £.
coli K-12 MG1655 (NCBI ID: U00096.3) as reference. Protein-coding
gene annotations between the original and updated genome versions
were performed using the compare_annotations.py script available
from https://github.com/rrwick/Compare-annotations (developed by
Ryan Wick, University of Melbourne, Melbourne, Australia). Gene
essentiality in rich bacterial medium was determined based on Ref*®,
We note that the previously reported®’. 51bp insertion between mrcB
and heml of E. coli MDS42, not reported in the original AP012306.1
GenBank sequence, was confirmed by our analysis.

Segment DNA synthesis and assembly

Chromosomal segments of Ec_Syn57 were synthesized and assembled
into BAC vectors by BGI Research (Shenzhen, China) and GenScript
USA Inc. (Piscataway, USA, and Nanjing, China). Segments 50, 60, 62,
63, 65, 66, 67, 68, and 75 were synthesized and assembled by BGI
Research, while Segments 2, 5, 6, 8,10 A, 10B, 13, 19, 22, 35, 37, 45, 53,
55, 57, 61, 64, 73, 86, and 89 were synthesized by GenScript USA Inc.
Segment synthesis at BGI Research utilized 55-80 nucleotide-long oli-
gonucleotides as building blocks that shared 20 nucleotide terminal
homology, synthesized using the standard phosphoramidite DNA
synthesis procedure™®. These 55-80-nt ssDNA oligonucleotides were
subsequently assembled into 600 bp dsDNA fragments using poly-
merase cycling assembly (PCA). Following agarose gel electrophoresis-
based size verification, assembled dsDNA products were purified and
cloned into a pBR-based plasmid containing an Amp-R marker gene
using isothermal assembly and transformed into E. coli DH10B cells.
Following plasmid extraction, each plasmid was validated using Sanger
sequencing. Next, the sequence-verified 600 bp dsDNA fragments
were assembled into 1000-2500 bp products, cloned into a pBR-based
plasmid containing a kanamycin resistance gene as a selectable mar-
ker, using isothermal assembly, and sequence-validated using Sanger
sequencing. Next, two or three 1000-2500bp fragments were
assembled into 4.5-8 kb fragments using the same strategy, sequence
validated, and used for subsequent bacterial artificial chromosome
assembly in yeast. Segment synthesis at GenScript USA Inc. followed
the same strategy but with minor modifications. We synthesized and
assembled 5-8 kbp intermediate dsDNA fragments, sharing 500 bp
terminal homology with the neighboring fragment or, in the case of
segment ends, with the pYES2L vector. These intermediate fragments
were directly constructed from chemically synthesized ssDNA frag-
ments and cloned into either pUC57 high-copy or pCC1 low-copy BAC-
based vectors. The use of low-copy vectors allowed us to mitigate
frequent instability issues caused by the toxicity of endogenous E. coli
genes in E. coli cloning hosts""%. Following fragment assembly and
sequence validation, yeast assemblies were performed in Sacchar-
omyces cerevisiae W303, BY4733, or MaV203 using the intermediate
dsDNA fragments, mixed at a 6:1 molar ratio of fragment to vector and
assembled in yeast"’, followed by sequence validation using Illumina
whole-BAC sequencing. The target BAC vector of yeast assemblies,
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pYES2L (Supplementary Data 1), was de novo synthesized based on the
PYESIL-URA (Addgene plasmid #84301) plasmid and contains an
additional oriV origin-of-replication for potential conditional amplifi-
cation in EPI300 cells (Epicenter). Following yeast assembly, segments
at BGI Research were isolated from 4 ml yeast culture by lysis and then
electroporated into E. coli MDS42 ArecA cells carrying the genomically
integrated Segment 69 of Ec_Syn57 and, following overnight recovery
at 32°C, plated on LBL agar plates containing 80-100 pg/ml specti-
nomycin. Plates were incubated at 32 °C until colony formation. Fol-
lowing yeast assembly and sequence validation using Illlumina whole-
BAC sequencing, the pYES2L-Segment assemblies were electroporated
into E. coli MDS42 ArecA cells and, following overnight recovery at
32 °C, plated on 2xYT agar plates containing 80 pg/ml spectinomycin,
and the plates were incubated at 32 °C until colony formation. Fol-
lowing MASC PCR validation using the MASC PCR primer set described
in Supplementary Data 1 and BAC extraction using the ZR BAC DNA
Miniprep Kit (Zymo Research) based on the manufacturer’s protocol,
PYES2L segment assemblies were validated using Illumina whole-BAC
sequencing. Our workflow allowed us to assemble all but one of the
87 segments smoothly. Segment 10 was challenging to synthesize, and
we therefore constructed it by splitting its sequence into two frag-
ments, a 21 kbp part A and a 24 kbp part B. Finally, we also constructed
a 90.1 kbp neochromosomal region carrying genes and operons that
were disrupted by DNA synthesis errors on 24 previously synthesized
segments.

Clonal, DNA-synthesis-error-free DNA constructs for all debug-
ging, genome editing, and genome construction steps were sourced
from commercial DNA synthesis companies (i.e., GenScript USA,
Genewiz, Twist Bioscience, Ranomics), and we relied on these com-
panies’ sequence validation to confirm DNA sequence in all cases.
Plasmids for expression assays and promoter activity measurements
were synthesized by GenScript using full-plasmid synthesis and deliv-
ered as error-free, clonal, sequence-validated constructs. All utilized
DNA constructs are described and reported in Supplementary Data 1
and available from the corresponding authors upon request

Transcriptome and translatome analysis

We explored transcriptomic and translatomic changes by collecting
cells from mid-exponential cultures using rapid filtration, then per-
forming RNA-seq and ribosome profiling on the same samples. As we
sought to explore the native transcriptome and translatome of ana-
lyzed cells, and the addition of antibiotics and cell-harvest conditions
are known to influence ribosome profiling experiments?*?, we per-
formed cell growth and sample collection without the presence of
antibiotics and carried out all cell harvest steps immediately following
cell growth. To minimize changes in cell state, we implemented the
rapid filtration technique described in ref. 120. Experiments were
performed in three independent replicates, initiated from separate
starter cultures. Cells from single colonies were inoculated into Lyso-
geny Broth Lennox (LBL) and grown at 37 °C, 250 rpm for 18 h, and
then diluted into 500 ml 37 °C prewarmed LBL to an ODggo of 0.02 in a
2000 ml baffled Erlenmeyer flask with a vented cap. Cells were grown
at 37 °C, 250 rpm until cultures reached ODggo = 0.40-0.45. Next, cells
were immediately collected by pouring 400 ml culture into a Nal-
gene™ Rapid-Flow™ filter unit with 0.45 um PES membrane (169-0045)
and vacuum filtered. Cells were then washed off the filter membrane
using 1 ml prewarmed LBL, and immediately dripped into liquid N,.
Once frozen, cell suspensions in liquid nitrogen were supplemented
with 1ml ice-cold lysis buffer (containing 10 mM MgCl,, 100 mM
NH,CI, 20 mM Tris, pH 8.0, 0.1% NP-40, 0.4% Triton X-100, 100 U/ml of
RNase-free DNase | (New England Biolabs, USA), 0.5 U/pl of SUPER-
ase-In RNase Inhibitor (Invitrogen, catalog number AM2696) and 2 mM
chloramphenicol). Frozen cell samples with lysis buffer were pulver-
ized using a liquid nitrogen pre-chilled Cell Crusher Tissue Pulverizer
(Cell Crusher, 607KSL) according to the manufacturer’s protocol.

Samples were kept in liquid nitrogen throughout the entire procedure.
Cell extracts were then centrifuged at 14,000 x g for 20 min at 4 °C to
remove cell debris. The supernatants were collected, and RNA con-
centration in each sample was determined using the Qubit RNA High
Sensitivity Assay Kit (Invitrogen, USA). Ribosome profiling was per-
formed according to the protocol described earlier'. Specifically, the
clarified cell lysates were digested with micrococcal nuclease from
Staphylococcus aureus (MNase, Roche, USA) for 1h at 25°C under
continuous agitation based on the manufacturer’s protocol. Digestions
were stopped by supplementing samples with EGTA (Millipore-Sigma,
USA) to a final concentration of 6 mM. Next, the monosome fraction
was purified by size exclusion chromatography on Amersham Micro-
Spin S-400 HR columns (Cytiva, USA) according to the manufacturer’s
protocol. Following monosome isolation, samples were denatured by
adding SDS to a final concentration of 1%, and the RNA fraction was
extracted and resolved on a 15% TBE-urea denaturing gel (Invitrogen,
USA) according to the manufacturer’s protocol. The RNA band
between 15 and 45bp, corresponding to ribosome footprints, was
excised, gel-purified, and resuspended in 15 pl of 10 mM RNase-free
Tris buffer, pH 7.0. The 3’ end of isolated RNA was subsequently
dephosphorylated using T4 polynucleotide kinase (New England Bio-
labs) at 37 °C for 1 h based on the manufacturer’s protocol. Next, the
RNA was purified and resuspended in 10 pl of 10 mM RNase-free Tris
buffer, pH 7.0. Ribo-seq RNA libraries were prepared for sequencing
using the SMARTer" smRNA-Seq Kit for Illumina (#635030) from
Takara Bio USA, Inc., according to the manufacturer’s protocol. Finally,
sequencing-ready libraries were sequenced using Illumina’s standard
sequencing protocol on an Illumina NovaSeq 6000 to generate more
than 30 million single-end 50 bp reads from each sample.

We obtained matched strand-specific (stranded) RNA-seq libraries
for each Ribo-Seq library by extracting total RNA from the clarified cell
lysates in parallel with Ribo-seq library preparations. Sequencing
libraries were prepared according to our earlier protocol®, with minor
modifications. Specifically, the rRNA-depleted and fragmented total
RNA fraction was converted to sequencing libraries using the
SMARTer” smRNA-Seq Kit for Illumina (Catalog number #635030)
from Takara Bio USA, Inc., according to the manufacturer’s protocol
that generates strand-specific sequencing libraries. Library con-
centrations were measured using Qubit and analyzed for fragment
length distribution using an Agilent 2100 Bioanalyzer. Finally, RNA-seq
libraries were sequenced on an Illumina NovaSeq 6000 to generate
more than 25 million single-end 50bp reads from each sample.
Demultiplexing, quality control, and adapter- and poly-A-trimming
were performed with bcl-convert (version 3.9.3). cDNA reads were
aligned to their corresponding reference by using Bowtie2 2.3.0" in
--very-sensitive-local mode. Sequencing reads mapping to rRNA genes
were excluded from downstream analyses, and ribosome-footprint
length distributions were determined based on ribosome footprint
reads mapping to protein-coding CDSes. Next, we performed meta-
gene analysis following the protocol described in ref. 120 to determine
the offset position of the ribosomal P-site within Ribo-seq sequencing
reads for each sample. Following metagene analysis, ribosome-
footprint P-sites were mapped to their corresponding genomic refer-
ence sequence. Finally, translation levels of all protein-coding genes
were determined as the number of ribosome footprints mapped by
P-site location to each protein-coding CDS region. Transcription levels
were evaluated by mapping RNA-seq reads using Bowtie2 2.3.0"* in a
very-sensitive-local mode. Read counts and expression metrics were
determined for each CDS, and differential expression analysis was
performed using the EdgeR package (version 4.0.12, ref. 122) using the
standard settings. Differential expression analyses for Ribo-seq-based
multiplexed debugging were performed directly from read counts due
to EdgeR’s inability to calculate differential expression for genes with
near-zero expression levels. To avoid excluding genes due to low
ribosome footprint coverage, we selected all genes at least two-fold
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differentially expressed for follow-up oligo-editing. The calculation of
the sequestered ribosome fraction on Syn61A3’s genome was per-
formed by dividing the number of ribosome footprints mapped to
genes containing forbidden codons by the number of all ribosome
footprints that map to all protein-coding CDS regions on the genome.
As forbidden, non-recoded codons accumulate ribosomes before the
unassigned codon due to stalling and ribosome collision and result in a
wide peak across non-recoded genes (i.e., rpoS, as illustrated in
Fig. 3b), this approach allowed a better detection of stalled ribosome
fraction than the analysis of only the ribosome footprint A-(-aminoa-
cyl-)-sites mapped to non-recoded codons. The validation of
proteomics-detected intragenic open reading frames was performed
using a ten-fold increased Ribo-seq coverage, after resequencing
select, previously constructed Ribo-seq libraries to generate more than
500 million single-end reads. Relative ribosome A-(-aminoacyl-)-site
occupancy of sense codons in E. coli MDS42 and Syn61A3 was deter-
mined based on the number of Ribo-seq reads mapping to a given
codon position and the frequency of the given codon across all ana-
lyzed coding sequences. Analyses of codon occupancies were based
on the set of protein-coding genes (CDS) in the given genome that (1)
are not annotated as pseudogenes and (2) do not include internal in-
frame stop codons. Codons overlapping between neighboring genes
were also excluded. Finally, we also excluded protein-coding genes
with low translation levels by excluding all genes displaying a nor-
malized ribosome occupancy level below 50.0 (i.e., RPKM < 50.0). We
evaluated codon occupancy at the A site for ribosome footprints in
each sample, following the method described by Nedialkova and Lei-
del (2015)'%. Specifically, for each sample, we first determined the
A-site offset within ribosome footprints using metagene analysis by
selecting the P-site offset that aligned and formed a peak in coverage at
the Translation Initiation Site (i.e., the AUG start codon). A-site coor-
dinates were derived from P-site locations determined by metagene
analysis. A-site fractional coverage over codon frequency values in
each sample and for all sense codons was determined as the log, ratio
of the codon frequency normalized codon coverage over codon fre-
quencies averaged at the A-site. Finally, translation efficiency was
evaluated as the ratio between Ribo-seq and RNA-seq coverage for the
given protein-coding gene.

To ensure accurate genome and protein-coding gene annotations,
we utilized de novo assembled, reannotated, and manually inspected
reference genome sequences in all transcriptomic, translatomic, and
proteomic analyses. Gene annotations were transferred based on
sequence homology using the BLAST function implemented in Gen-
eious Prime® 2023.2.1. from the genome of E. coli K-12 MG1655 (NCBI
GenBank ID U00096.3) and manually inspected for errors, as indicated
in section Bacterial genome sequencing and annotation above.

Translation Initiation Rate (TIR) predictions for each protein-
coding gene of E. coli MDS42 and Ec_Syn57 were performed using the
Ribosome Binding Site Calculator Version 2.1.1 (available at www.
denovodna.com)*>**19%1% We predicted TIR values for each coding
sequence by extracting the complete sequence of each CDS, including
a 100 bp-long UTR, and TIR values were predicted at the annotated
start codon of each CDS. The relative TIR for each CDS in its recoded
form was determined by comparing the resulting TIR dataset from
Ec_Syn57 to the TIR values obtained for the same CDS in the parental £.
coli MDS42.

Cappable-seq sample preparation and analysis

We identified transcriptional start sites across the genome of E. coli
MDS42 and its 57-codon, partially recoded derivative containing Seg-
ments 1 to 8, Segments 9 to 18, 36 to 44, 46 to 49, and 51 to 59 using
Cappable-seq, a transcriptomic method that enriches and sequences
nascent, unprocessed triphosphorylated mRNAs originating directly
from bacterial promoters. mRNA samples for Cappable-seq analysis
were collected by inoculating both strains from single colonies into

Lysogeny Broth Lennox (LBL) and grown at 37 °C, 250 rpm for 18 h.
Cultures were then diluted into 50 ml of 37 °C prewarmed LBL to an
ODg0o of 0.02 in a 300 ml baffled Erlenmeyer flask with a vented cap.
Cells were grown aerobically at 37 °C, 250 rpm until cultures reached
ODg¢oo = 0.43-0.47, submerged in ice-water slurry for one minute with
constant agitation, and cells were immediately collected by cen-
trifugation at 5000 x g at 4 °C for 8 min. Next, following the removal of
the supernatant, cell pellets were immediately dropped into liquid
nitrogen. Samples were stored at —80 °C until RNA extraction. Cell
samples were prepared in duplicates. Total RNA from frozen samples
was extracted by using the RNeasy Midi Kit (Qiagen, USA) according to
the manufacturer’s instructions with in-column DNase treatment with
the RNase-Free DNase Set (Qiagen, USA). Total RNA samples were then
converted to Cappable-seq libraries according to New England Bio-
labs’s published protocol** available from the manufacturer (New
England Biolabs) at www.neb.com/en-us/protocols/2018/01/19/
cappable-seq-for-prokaryotic-transcription-start-site-determination,
with minor modifications. Modifications included the use of the Zymo
Research RNA Clean & Concentrator-5 kit (R1015, Zymo Research, USA)
for RNA purification and recovery instead of AMPure XP beads and the
use of heat-denaturation (80°C) to release streptavidin-bound 3’-
Desthiobiotin-GTP (New England Biolabs, NO761) capped RNA. Fol-
lowing enrichment and decapping, RNA samples were converted to
sequencing libraries using the NEBNext Small RNA Library Prep kit for
Illumina (New England Biolabs, E7300) using the manufacturer’s pro-
tocol. Sequencing libraries were then sequences on a NextSeq
2000 sequencer using the Illumina P3 100 cycle flow cell and the P2
100 cycle flow cell (Illumina, USA) to generate approximately 0.4-
1.5x10° 50 bp paired-end reads. We applied ultradeep sequencing (i.e.,
1000-4000x% average coverage across the entire genome, approxi-
mately tenfold higher than in prior Cappable-seq experiments®) to
identify even weakly active transcriptional start sites (TSS) with high
confidence. Non-mapping reads, formed due to adapter-dimer for-
mation in the NEBNext Small RNA Library Prep kit, were discarded
from follow-up analyses. We identified TSS across each strain’s corre-
sponding reference genome by mapping Rl reads using Bowtie2
2.3.0" in local mode with -L 16, implemented in Geneious Prime®
2023.2.1. Alignments were exported as.bam files and analyzed using
the previously described suite of programs for the identification and
filtering of TSS data. Scripts and data analysis protocols are freely
available on GitHub (https://github.com/elitaone/cappable-seq) and
described in references®*. Following the identification of genomic
TSS and their direction, each TSS’s mRNA output was quantified as the
TPM (transcript per million) of Cappable-seq reads originating from a
given TSS. Finally, TSS coordinates were binned based on their loca-
tion (intragenic or intergenic, and residing within the recoded chro-
mosomal region or outside’), and each category was quantified,
followed by averaging each category across the two independent
replicates. We utilized the same data analysis workflow to measure
antisense transcription using our stranded RNA-seq data.

We relied on previously generated Pacific Biosciences long-read
SMRT-Cappable-seq data from E. coli K-12 MG1655 to analyze operon
structures and identify their corresponding promoter on the genome
of Ec_Syn57. Sequencing data (Sample GSM3290315, MG1655_rich_-
PacBio RS I, generated in rich bacterial medium and harvested in late
exponential phase (i.e., an ODggo = 0.55-0.6)) was downloaded from
Gene Expression Omnibus dataset GSE117273%, Pacific Biosciences RS
II circular consensus sequencing (CCS) reads were mapped to
Ec_Syn57’s genome using Minimap4 (version 2.24) using -t 10 -x map-
pb as settings, implemented in Geneious Prime® 2023.2.1. TSS coor-
dinates were identified as the most 5-mapped nucleotide of each
sequencing read. Synonymous recoding-impacted promoters were
manually identified as sequences 0-80 bp upstream of each TSS that
overlapped with intergenic mutations or codon changes on Ec_Syn57’s
genome. Promoter troubleshooting DIVERGE oligonucleotides based
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on SMRT-Cappable-seq-identified promoter locations were designed
to cover identified promoter regions and synthesized by GenScript
using the standard phosphoramidite DNA synthesis procedure®,

Promoter transcriptomics

We synthesized 12 select promoters in their wild-type parental, E. coli
MDS42-derived and 57-codon, Ec_Syn57-derived versions, and indivi-
dually cloned them into a pCCl1-4k single-copy BAC, harboring the E.
coli F plasmid origin-of-replication vector, using whole-plasmid
synthesis (GenScript). The complete sequence of the 24 plasmids is
available in Supplementary Data 1. We analyzed these promoter var-
iants” mRNA output in E. coli MDS42 cells using coupled DNA- and
mRNA-sequencing in five independent biological replicates sequenced
in two technical replicates (i.e., 10 replicates in total for each promoter
variant). To measure RNA expression in a multiplexed manner, we first
barcoded each plasmid library member downstream of the assayed
promoter using a 30-bp barcode containing randomized (i.e.,, N)
positions. Each barcode was sample-specific and contained degenerate
positions to measure DNA and mRNA levels of multiple variants from
the same promoter-plasmid. Consequently, every promoter variant in
our screen was assayed in multiple biological and technical replicates
and also multiplexed across multiple members of the plasmid library in
each experimental replicate. Following plasmid synthesis and pur-
ification, plasmids to be barcoded were diluted to 2 ng/ul and PCR
amplified using the primers containing the full barcode sequence
using KAPA HiFi HotStart ReadyMix (KK2602, Roche, USA). Barcoded
PCR products were run on a 1.2% agarose gel, and the amplified plas-
mid DNA was extracted using the Monarch® DNA Gel Extraction Kit
(New England Biolabs, USA) according to the manufacturer’s protocol.
Barcoded plasmids were circularized by mixing 4 pl of the eluted,
extracted PCR product with 2 pl of NEBuilder® HiFi DNA Assembly
Master Mix (New England Biolabs, USA) according to the manu-
facturer’s protocol. Following assembly and DNA cleanup, the bar-
coded plasmids were individually transformed into electrocompetent
TransforMax EPI300 (LGC Bioresearch Technologies, USA) cells and,
following 1 h of recovery, plated on LBL agar plates containing 12.5 pg/
ml chloramphenicol. Next, we extracted plasmids from 16 indepen-
dent colonies from each construct (16x24 in total), using the 96-Well
Plate Plasmid DNA Mini-Preps Kit (Vacuum Based, B814152-0005) from
Bio Basic, Inc., according to the manufacturer’s protocol. Plasmids
were then transformed into electrocompetent E. coli MDS42 cells in
five independent replicates to generate the assayed promoter-plasmid
library. To generate sequencing libraries, overnight cultures of the
promoter library, grown in LBL broth containing 12.5 pg/ml chlor-
amphenicol at 37 °C aerobically, were diluted 1:200 into 100 ml LBL
containing 12.5 pg/ml chloramphenicol, and incubated at 37 °C under
continuous shaking. Upon reaching ODggo of ~0.8, cultures were split
into two technical replicates, quickly chilled on ice under constant
agitation, and 50 ml from each culture was pelleted at 4 °C for sub-
sequent DNA and RNA extraction. Plasmid DNA was extracted from
cultures using the EZ-10 Spin Column Plasmid DNA Miniprep Kit (Bio
Basic, Inc.) according to the manufacturer’s protocol and the barcode
region was amplified for Illumina amplicon sequencing using primers
5-ATCGCAAACGTCACGGCTAATGGAAGCGTTCAACTAGCAG and 5-
GTGACATTTATGACGCGGGCCCGCGTCATAAATGTCACAC, followed
by barcoding PCRs to multiplex samples. Total RNA from each sample
was extracted using the PureLink RNA Mini Kit (Invitrogen, USA) and
converted to first-strand cDNA using SensiFAST First-strand cDNA
synthesis kit (BIO65054, Meridian Life Science) with 1 g RNA as input.
Amplicon RNA-seq libraries were constructed in the same way as
plasmid DNA libraries outlined above, but 5 il of the synthesized cDNA
was used as the template for the amplification of the barcode region.
Finally, purified amplicon DNA was sequenced with 20% PhiX control
DNA spike-in on an Illumina MiSeq instrument using the MiSeq v2 chip
to generate 250 bp paired-end reads. Relative expression levels were

determined using the following steps. First, raw Illumina reads were
processed to obtain per-barcode read coverage by merging paired-end
reads using bbmerge from bbmap ver. 38.82. Next, reads were trim-
med to remove all bases flanking the 30 bp barcode sequences using
cutadapt ver. 3.4, and each barcode was counted across all samples.
Next, barcode counts were first corrected for library sequencing depth
by dividing the read count for the specific barcode by the number of
reads obtained for the given DNA-seq or RNA-seq library. Next, the
relative expression of each barcoded promoter was obtained by
dividing the sequencing-depth-corrected RNA-seq barcode count by
the sequencing-depth-corrected DNA-seq barcode count generated
from the same culture and technical replicate. Finally, the mean rela-
tive expression for each specific promoter barcode was calculated
across all replicates, and the resulting data were based to plot pro-
moter relative expression levels for each promoter of interest. All
utilized promoter-plasmid and barcode sequences are available in the
Supplementary Data 1 of this work; the Source Data file contains the
source data obtained from promoter transcriptomics experiments.

Fluorescence-based promoter activity assays

We utilized a kanamycin-resistant pUC-based sfGFP plasmid design to
measure promoter activities for selected sequences and validate our
transcriptomics-based findings. We individually synthesized and
cloned all selected sequences in front of a strong RBS-sfGFP construct
using whole-plasmid synthesis (GenScript), followed by transforma-
tion into the parental E. coli MDS42 ArecA cells. For fluorescence
measurements, we diluted the promoter-sfGFP construct-containing
cultures 1:100 from overnight starters into 15 ml 2xYT in 300 ml shake
flasks containing the corresponding antibiotic and cultivated for 24 h
at 37°C, 200 rpm aerobically. We then determined sfGFP expression
levels in samples by pelleting and washing 1 ml of the culture with PBS
(Invitrogen) and resuspending cell pellets in 150 L BugBuster Protein
Extraction Reagent (MilliporeSigma). Reactions were incubated for
15 min at room temperature and then spun down at 16,000 x g for
10 min. The fluorescence of the BugBuster-treated supernatants and
the ODgqp Of the original culture were measured using the Synergy H1
Hybrid Reader (BioTek) plate reader using the bottom mode analysis
with an excitation at 480 nm and emission measurement at 515 nm.
Fluorescence values were normalized based on OD¢go data. Promoter
activity measurements were performed in three independent
replicates.

SynOMICS-based genome assembly

We performed SynOMICS genome construction cycles in E. coli MDS42
ArecA cells or in E. coli DHIOB cells, containing the pRedCas2 plasmid.
The pRedCas2 contains the cI857 repressor-pL promoter-driven
Lambda-Red operon, consisting of gam, exo, and bet (from
pORTMAGE-3%°, Addgene plasmid #72678; http://n2t.net/addgene:
72678; RRID:Addgene_72678), a pl5A origin-of-replication, a con-
stitutively expressed chloramphenicol resistance marker and SpCas9
and tracrRNA (from pCas9*"***, Addgene plasmid #42876). BACs con-
taining individual recoded chromosomal regions were isolated using
the ZR BAC DNA Miniprep Kit (Zymo Research) based on the manu-
facturer’s protocol, and 500-1000 ng BAC DNA was electroporated
into recipient cells using our standard electroporation protocol®:
Specifically, cells were diluted 1:100 from an overnight starter culture
into 2xYT broth containing 20 pg/ml chloramphenicol, grown aero-
bically at 32 °C, 250 rpm in a shaking incubator until an ODggo of 0.3,
followed by induction at 42 °C for 15 min. Cells were then chilled onice,
washed twice using ice-cold water on ice and resuspended to 100 pl in
water or 10% glycerol. Finally, cells were electroporated on a BioRad
GenePulser electroporator in 1 mm cuvettes (1800V, 200 Ohm, 25 pF)
and resuspended in 2xYT broth. Following electroporation, cells were
allowed to recover overnight at 32 °C in a rotor drum and then plated
onto 2xYT agar plates containing 80 pg/ml spectinomycin and 20 pg/
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ml chloramphenicol and incubated at 32 °C until colony formation
(i.e., 2-10 days). In rare cases when electroporation did not yield
colonies (i.e., in the case of Segment 11 and 32), we performed F-
plasmid-mediated conjugation utilizing the oriT sequence present on
our pYES2L plasmid (for a detailed protocol, see Supplementary
Method 1.). Next, we confirmed the presence of the recoded chro-
mosomal region, first using MASC PCR (using MASC-PCR primers lis-
ted in Supplementary Data 1) in KAPA2G Fast Multiplex MasterMix
(Roche, USA) and then by validating its sequence using lllumina whole
genome sequencing. To perform genomic deletions, cells were diluted
1:100 into 50 ml 2xYT broth containing 50 pg/ml spectinomycin and
20 pg/ml chloramphenicol and grown at 32 °C, 250 rpm until the early
exponential phase. We eliminated the parental copy of the extra-
chromosomal BAC-carried recoded segment by co-electroporating in
two to three 40 pl replicates, 6-10 pg of the corresponding genome-
targeting pCRISPR plasmid*”'**-derived constitutive crRNA expression
plasmid and 8-10 pg of the corresponding SynOMICS deletion cas-
sette (for the complete list of crRNA plasmids and deletion cassettes,
see Supplementary Data 1). This step is initiated in cells with con-
stitutive Cas9 expression by transiently overexpressing recombineer-
ing proteins and delivering a genome-targeting CRISPR-RNA-
expressing plasmid with an antibiotic marker cassette. The marker
cassette serves three purposes: 1.) it deletes—in combination with a
Cas9 cut and recombineering—the parental genomic region, 2.) pre-
pares the deleted genomic locus for the integration of the synthetic
recoded segment based on short terminal homologies that match the
recoded part, and 3.) allows the antibiotic-resistance-based identifi-
cation of clones that lost the complete parental locus. Before elec-
troporation, the expression of gam, exo, and bet was induced by a brief,
15-minute heat shock at 42 °C, 250 rpm. Following electroporation,
cells were recovered overnight in 2xYT broth at 32 °C under constant
agitation and then plated in 0.5-50 ml batches onto 2xYT agar plates
containing 11pg/ml gentamicin, 20 pg/ml chloramphenicol, and
50 pg/ml kanamycin. Plates were incubated at 32 °C until colony for-
mation (i.e., 2-12 days). Plated recovery cell culture volumes were
determined and adjusted based on the recovery culture’s optical
density prior to plating. We confirmed the deletion of the parental
chromosomal copy using colony PCR with genome-specific, external
primers, hybridizing 200-500 bp outside the flanking homology of the
SynOMICS deletion cassette. All colony PCRs were performed using
Platinum™ II Hot-Start Green PCR Master Mix (Thermo Fischer Scien-
tific, USA). The sequence of all PCR primers is provided in Supple-
mentary Data 1. Colonies displaying the correct PCR amplicon size
(i.e., ~2700-3000 bp) were restreaked to 2xYT agar plates containing
8 pg/ml gentamicin, 20 pg/ml chloramphenicol, and 50 pg/ml specti-
nomycin and incubated at 32 °C until colony formation (i.e., 2-12 days).
Finally, the loss of the parental segment copy was confirmed using
MASC PCR and Illumina whole-genome sequencing. We integrated the
extrachromosomal, BAC-carried segment by diluting cells from an
overnight starter culture into 50 ml 2xYT broth, containing 1%
D-glucose and 20 pg/ml chloramphenicol, and growing cells at 32 °C,
250 rpm until the early exponential phase. As the selection stringency
of CRISPR/Cas9-based selection is primarily limited by intramolecular
recombination due to sequence similarity between neighboring sgRNA
constructs'®'? (Supplementary Fig. 4), we maximized SynOMICS's
efficiency by utilizing a recently developed set of nonrepetitive sgRNA
sequences and eliminated all unstable motifs from pINTsg®®!%61%
(Supplementary Fig. 4). The elimination of unstable sites boosted
SynOMICS'’s integration efficiency, frequently approaching 100%
(Fig. 2d, e). Following electrocompetent cell preparation*”’** as
described above, we electroporated 6 pg pINTsg plasmid. Cells were
allowed to recover overnight at 32 °C in a rotor drum in 2xYT broth
containing 1% D-glucose, washed once using 2xYT broth containing 1%
D-glucose, and plated in 5 pl, 200 pl, and 500 pl volumes onto 2xYT
agar plates containing 50pg/ml  carbenicillin, 20 pg/ml

chloramphenicol, and 1% D-glucose, and incubated at 32 °C until col-
ony formation (i.e., 2-12 days). Cells from all SynOMICS deletion and
integration experiments were plated on agar plates in 14.5 cm diameter
Greiner Bio-One Petri dishes (VWR Catalog No. 82050-600). Following
colony formation, segment integrations were confirmed using colony
PCRs checking the terminal junctions between the segment and the
neighboring genomic end. Colonies displaying the correct PCR
amplicons were then restreaked to 2xYT agar plates containing 50 pg/
ml carbenicillin, 20 pg/ml chloramphenicol, and 1% D-glucose, and the
integrity of the recoded chromosomal region was validated using
MASC PCR and whole genome sequencing. Finally, cells were made
suitable for the next SynOMICS integration cycle by growing them in
2xYT broth containing 20 pg/ml chloramphenicol and 0.6%
L-rhamnose (CAS number: 10030-85-0) at 32 °C, inducing the expres-
sion of the pRham (rhaB) promoter-driven hok bacterial toxin that
resulted in the rapid loss of the pINTsg plasmid. Given the rapid loss of
the pINTsg plasmid in the presence of L-rhamnose, we could directly
proceed with the next SynOMICS cycle by electroporating the next
segment.

crRNA and sgRNA plasmids used in SynOMICS experiments were
synthesized by GenScript USA as research-grade, primarily supercoiled
plasmids, delivered freeze-dried, and resuspended to 1pg/mpl in
nuclease-free H,O. During SynOMICS cycles, we initiated DIVERGE-,
MAGE-, and/or ALE-based troubleshooting after the deletion or inte-
gration steps, depending on cell fitness. The details of troubleshooting
for each segment are summarized in Supplementary Method 1. All
primer sequences used during genome assembly are listed in Sup-
plementary Data 1. Based on the stringent selection posed by CRISPR/
Cas9 and the multi-kbp payload capacity of the marker cassette, we
expected that SynOMICS would also allow us to simultaneously cor-
rect design flaws and DNA synthesis errors within recoded segments,
while testing the functionality of the recoded design. We demon-
strated that the deletion cassette of SynOMICS is extendable to correct
design and synthesis errors within BAC-carried segments. We utilized
this feature to insert and replace genes and operons up to 6.7 kbp,
correct DNA synthesis errors in eight segments, and complement
lethal design flaws at four additional loci (Supplementary Method 1).
This feature of SynOMICS is especially important, as it allows both the
replacement of essential genomic motifs (e.g., oriC) and the paralle-
lized correction of errors by varying only the sequence of a short
double-stranded (ds)DNA deletion cassette. Finally, we utilized the
same pCRISPR-assisted recombineering workflow to delete rnc in
MDS42 and our most recoded strain, Strain 5. To delete rnc, we engi-
neered an in-frame deletion that deletes rnc while preserving only the
last 11 codons to maintain era expression using an ssDNA MAGE oligo.
CRISPR-counterselection against the parental rnc sequence was per-
formed using a 5-TTGAAGCCGATTAATTACGA sgRNA. Following
deletion using our standard CRISPR/Cas9-assisted ssDNA deletion step
procedure as described above, cells were recovered overnight, and
12 ml saturated culture was plated in 3 ml batches on agar plates in
14.5cm diameter Greiner Bio-One Petri dishes (VWR Catalog No.
82050-600). Following colony formation, deletions were confirmed
using external colony PCRs. In the case of rnc deletion in Strain 5,
plates were incubated up to 5 days due to a slower growth rate and all
outgrowing colonies were screened with external PCR primers, but no
successful deletants were observed. In comparison, MDS42 yielded
nearly 100% deletion efficiency.

Genome editing-based debugging

Slow-growing variants from SynOMICS cycles were transformed with
PORTMAGE plasmids®, selected based on the antibiotic resistance
phenotype of the given strain. Strains originating from SynOMICS
deletion steps (i.e., Gentamicin-R and Kanamycin-R) were made elec-
trocompetent using our standard protocol® and electroporated with
PORTMAGE-2 (Addgene plasmid #72677; http://n2t.net/addgene:
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72677; RRID:Addgene_72677) or alternatively, pORTMAGE203D, a
derivative of pPORTMAGE-2 expressing CspRecT"” instead of gam, exo,
and bet. Strains originating from the integration step of SynOMICS
were transformed with pORTMAGE-Ec1'”, unless noted otherwise in
the Supplementary Method 1. pPORTMAGE plasmid containing cells
were induced and made electrocompetent as described earlier®®"° and
in our general electrocompetent cell protocol in Methods: SynOMICS-
based genome assembly, and 40 pl freshly made electrocompetent
cells were electroporated with 2 pl of 500 pM mixture of MAGE and
DIVERGE ssDNA oligonucleotides in two replicates, targeting potential
promoter-recoding- and DNA-synthesis-derived errors in the given
strain. For a detailed list of all oligonucleotides, see Supplementary
Data 1. All oligonucleotides were chemically synthesized either by
GenScript, USA, or by Integrated DNA Technologies, USA, and resus-
pended in IDTE buffer, pH 8.0 (Integrated DNA Technologies, USA) to
a 500 pM final concentration. Following oligo-delivery, cells were
allowed to recover overnight in SOB or 2xYT broth, and electropora-
tion cycles were repeated as described in Supplementary Method 1 for
each segment. Following electroporation cycles, cells were diluted
twice 1:100 in 50 ml SOB or 2xYT broth in a 300 ml Erlenmeyer flask
with a vented cap, grown aerobically between each dilution to
saturation aerobically, and then plated onto 2xYT agar plates and
incubated until colonies formed. Finally, individual fast-growing
colonies from each experiment were isolated—based on colony size,
following colony formation on 2xYT agar plates—and subjected to
whole-genome sequencing. Tnl000 and Insertion Sequence (IS)
deletions were performed similarly, but the corresponding MAGE oli-
gonucleotides, targeting the complete deletion of the given mobile
genetic elements, were co-electroporated with a pCRISPR plasmid*’'*,
carrying a crRNA guide sequence to cleave the genomic or BAC-carried
Tnl000 or IS element (Supplementary Data 1). For a detailed
description of the utilized crRNA sequences, mobile genetic element
removal experiments, see Supplementary Method 1. The deletion of
the genomic recA was performed as described in Supplementary
Method 1. Ribo-seq-based multiplexed genome editing experiments
were performed similarly. Differentially translated genes based on
ribosome profiling results were selected as targets for multiplexed
editing. We inserted a 1024-member constitutive promoter library (5'-
YTKAYRGCTAGCTCAGYCCTWGGKAYWRTGCTAGC) in front of all
downregulated operons. To identify operon structures before oligo
design, we relied on our SMRT-Cappable-seq analysis to identify the
principal promoter and the most 5° TSS of each operon. Editing oli-
gonucleotides were designed to insert the compressed promoter
library downstream of each selected TSS, without disrupting the native
promoter and regulatory sequences. Upregulated genes based on
Ribo-seq data were targeted for debugging using the RBS Library
Calculator'®" (version 2.0) of DeNovoDNA (available at https://www.
denovodna.com/software/design_rbs_library_calculator) in genome
editing mode. The RBS sequence of each target gene was randomized
to generate a 64-member RBS library spanning a TIR range between
100 and 100,000 using at maximum 10 bp changes compared to the
parental RBS sequence to ensure high editing efficiency and com-
pensate for inaccuracies in the RBS calculator algorithm. If needed,
overlapping genes were manually disentangled to accommodate
newly inserted promoters or RBS sequences. To increase library size,
we performed electrocompetent cell preparation in 50 ml 2xYT broth
with the appropriate antibiotics and electroporated four parallel
replicates for each edited line (See our general electrocompetent cell
preparation and editing protocol in Methods: SynOMICS-based gen-
ome assembly). Following oligo editing, we relied on 2-3 consecutive
selection cycles using our terascale selection protocol (see Methods:
Adaptive laboratory evolution-based troubleshooting for details) to
enrich high-fitness variants in 500 ml 2xYT broth at 37 °C before the
next oligo-editing cycle. The list of MAGE oligonucleotides in included
in Supplementary Data 1.

Adaptive laboratory evolution-based troubleshooting

We performed adaptive laboratory evolution experiments in rich
bacterial medium on the course of SynOMICS genome construction
cycles to evolve variants with increased fitness. At each daily transfer
step, ~-5x10° to 10'° cells were transferred into 500 ml Lysogeny Broth
Lennox (LBL) supplemented with 1.5g/l1 Tris/Tris-HCL as buffer and
incubated aerobically for 24 hours at 37°C, 250 rpm in a 2000 ml
baffled Erlenmeyer flask with a vented cap. Adaptive laboratory evo-
lution experiments were performed in two replicates, starting from the
same seed culture or two isogenic clones of the starting strain. During
ALE experiments, cells were plated onto 2xYT agar plates following
every five transfers and incubated at 37 °C to assess growth rate based
on the speed of colony formation. Finally, evolution experiments were
terminated by spreading bacterial cells onto 2xYT agar plates, incu-
bated at 37°C, and an individual, fast-growing colony from each
experiment was isolated and subjected to whole-genome sequencing.
We progressed to the next genome construction step using this
selected clone without additionally selecting variants based on the
genotype of whole-genome sequencing results. As expected, based on
the low mutation rate applied during evolution, whole-genome
sequencing of the ALE-evolved variants indicated the accumulation
of only a few mutations within the recoded region. The only exception
was the strain carrying Segments 82-0, likely due to the emergence of
a variant with an elevated mutation rate. The duration of each ALE
experiment is listed in Supplementary Method 1.

Directed evolution of deleterious codons

To study codon preference at the deleterious yceD-holB locus in
Segment 21 of Ec_Syn57, we relied on MAGE to randomize all recoded
codon positions to compressed codons representing the same sense
forbidden codons. In this recoding scheme, all recoded serine codons
were randomized to AGY, all leucine codons were mutated to TTR, and
all arginine codons were mutated to AGR, while stop codons were
targeted with a reversion to TAG. We designed 96 MAGE oligonu-
cleotides targeting all 172 recoded codon positions. Next, we per-
formed three genome editing cycles on E. coli MDS42 carrying the
recoded Segment 21 using pORTMAGES03B, followed by growth-
based selection using our terascale selection protocol at 37 °C in 2xYT
broth. Strain fitness improved rapidly. Following 27 generations of
growth-based selection, we isolated bulk genomic DNA and sequenced
the evolved population using deep Illumina whole-genome sequen-
cing. Sequencing libraries were prepared using the lllumina DNA Prep
kit and IDT 10 bp UDI indices with a target insert size of 280 bp and
sequenced on an Illumina NovaSeq X Plus, producing 150 bp paired-
end reads. Demultiplexing, quality control, and adapter trimming were
performed with bcl-convert (v4.2.4). Reads were then trimmed to Q28
using BBDuk from BBTools and aligned to E. coli MDS42 carrying the
recoded Segment 21 as a reference using Bowtie2 2.3.0"* in -very-
sensitive-local mode. Single-nucleotide polymorphisms (SNPs) and
their frequency at each target codon position were determined using
the SNP calling function of Geneious Prime® 2025.1.2.

Doubling time and growth measurements

To determine growth parameters under standard laboratory condi-
tions, saturated overnight cultures, initiated from isogenic, single
colonies, were diluted 1:100 into 100 pl 2xYT or M9 + 2% D-glucose in a
96-well flat-bottom transparent microtiter plate (Corning Inc., USA).
Overnight starter cultures were grown in the same media as the
downstream conditions. To assess growth kinetics, diluted cultures in
ten replicates were incubated aerobically at 37 °C, 800 rpm, and 1-mm
orbital shake in a BioTek Synergy H1 Multimode plate reader (Agilent
Technologies, Inc., USA). Optical density at 600 nm (ODggo) measure-
ments were taken every 9 min until the stationary phase was reached.
We calculated the doubling time using the open-source GrowthRates
package, version 4.4, according to the method described in Ref. 132.
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Long-term cultivation in M9 + 2% D-glucose broth was performed in
three replicates for strains that were unable to form distinct colonies on
M9 +1% glucose agar plates (Teknova, M1201) after 7 days of incubation
at 37 °C. For long-term cultivations, cells were grown in MOYG broth
(M6018, Teknova) and then diluted 1:100 into fresh M9 +2% D-glucose
and incubated for 14 days at 37 °C in a rotor drum.

Biolog Phenotype measurements

Biolog Phenotype microarray measurements were performed on PM
Phenotype MicroArrays™ (Biolog) plates PMO1, PMO2 (carbon sources)
and PMO04 (phosphorus and sulfur sources), PMO6 (nitrogen sources)
and PMO09 (osmotic and ionic stressors), according to the previously
described protocol”. Specifically, strains were grown overnight at 37 °C
in Tryptic Soy Broth from single colonies and diluted 1:500 into 15 ml
Biolog inoculation fluid (IF-O, Biolog). To compensate for metabolic
auxotrophies, we supplemented the inoculation fluid with 3 mg/ml of
SC powder (Sunrise Scientific Products, 1300-030) for PM 1, 9, and
phosphorus tests in PM 4, while we applied 3 mg/ml of SC powder
without cysteine and methionine (MP Biomedicals, 114420322) in sulfur
tests (PM 4). Plates PM 4, 6 and 9 utilized D-glucose as a carbon source.
PM plates were inoculated with 100 pl cell suspension per well and
incubated at 37 °C in an Odin plate reader (Biolog) for 48 h with kinetic
OD monitoring at 590 nm every 20 minutes. Measurements were per-
formed in two independent replicates, and mean ODgqo values based on
n=2 were compared to E. coli MDS42.

Total proteome analysis and the detection of translated genes

We analyzed the proteome of E. coli MDS42 as wild-type and Syné6l
(Addgene #174513) as a 61-codon variant of E. coli MDS42 by performing
tandem mass spectrometry-based proteome analysis. 10 ml mid-
exponential phase cultures (ODgoo =0.45) of each strain, growing at
37°C, 250 rpm in 2xYT broth in 300 ml baffled flasks, were spun down
at room temperature and washed four times in 1 ml phosphate-buffered
saline (Invitrogen, USA). Cell samples were immediately frozen in liquid
N, and stored at —80 °C until total protein extraction and proteome
analysis. Proteome analysis was performed in one replicate. Next, fro-
zen samples were thawed on ice and digested using the S-Trap™ micro
columns (ProtiFi, NY, USA) digest procedure according to the manu-
facturer’s protocol. Specifically, samples were loaded to a 10 kDa filter
(Pall, TX) and washed three times with 0.15ml ultrapure water. Next,
samples were reduced followed by spinning down chemicals each time
in a centrifuge (Eppendorf, Germany) for 2 min at 100 xg. Finally, pro-
teins were dissolved on the top of the 10 kDa filter in 100 uL 50 mM
TEAB (triethyl ammonium bicarbonate) buffer, followed by trypsin
(sequencing-grade, from Promega, WA) digests for 3 h at 38 °C. Diges-
ted samples were spun down through the filter, dried down to 20 ul and
half of the entire sample was submitted for LC-MS/MS analysis. For
analysis, samples were solubilized in aqueous 0.1% formic acid for
subsequent analysis by tandem mass spectrometry. LC-MS/MS analysis
of digested samples was performed on a Q Exactive Orbitrap Mass
Spectrometer equipped with a UNO nano-HPLC (both from Thermo-
Scientific, USA). The Q Exactive instrument was run in WWA mode
(Wide Window isolation) with MS1 data-dependent acquisition. Pep-
tides were separated on a 150 um inner diameter microcapillary trap-
ping column packed first with 1.9 cm of C18 PepSep column (Bruker,
MA). Separation was achieved by applying a gradient from 5 to 27%
acetonitrile in 0.1% formic acid over 45 min at 200 nl/minute. Electro-
spray ionization was performed by applying a voltage of 2000 V using a
custom electrode junction at the end of the microcapillary column and
sprayed from metal tips (PepSep, Denmark). The mass spectrometry
survey scan was performed in the Orbitrap in the range of 400-550,
550-750 and 750-1250 m/z as gas-phase-fractionation-based analysis at
a resolution of 6x10*, followed by the selection of the ten most intense
ions for fragmentation using Collision Induced Dissociation (CID) in the
second MS step (CID-MS2 fragmentation) in the ion trap using a

precursor isolation width window of 10 m/z, AGC (automatic gain
control) setting of 10,000 and a maximum ion accumulation of 150 ms.
Singly charged ion species were excluded from CID fragmentation. The
normalized collision energy was set to 30V, and an activation time of
10 ms was utilized. lons in a10 m/z window around ions selected for MS/
MS as wide window acquisition mode were excluded from further
selection for fragmentation for 60 seconds.

The proteome reference database was generated by identifying all
potential Open Reading Frames (ORFs) longer than 20 amino acids
using the canonical genetic code and TTG, ATC, ATG, CTG, ATT, GTG,
and ATA" as potential start codons on each genome sequence (i.e., E.
coli MDS42 and Syné61) using Geneious Prime® 2023.2.1. The raw data
was analyzed using Proteome Discoverer 3.1 (Thermo Fisher Scientific,
USA) and Chimerys 2.0 (MSAID, Germany). Assignment of MS/MS
spectra was performed using the Sequest HT algorithm by searching the
data against a manually constructed protein sequence database which
included all ORF entries from the sample’s corresponding reference
genome and other known contaminants, such as human keratins and
common lab contaminants. Peptide amounts in each sample were
quantified by LFQ (label-free quantitation). Sequest HT searches were
performed using a 10-ppm precursor ion tolerance and requiring each
peptide’s N-/C termini to adhere to trypsin protease specificity while
allowing up to two missed cleavages. Methionine oxidation
(+15.99492 Da) was set as a variable modification. All cysteines were set
to permanent no modification due to no alkylation procedure. An
overall false discovery rate (FDR) of 1% on both protein and peptide
levels was achieved by performing a target-decoy database search using
Percolator'®. Next, peptides originating from previously not annotated
cryptic ORF sequences were identified by screening all identified pep-
tides from a given sample using ProteoMapper version 5.2.0"* to filter
out all peptides matching known proteins on the sample’s reference
genome. Finally, all identified peptides were mapped back to genomic
ORFs using the BLAST function implemented in Geneious Prime®
2023.2.1. and inspected manually. All identified cryptic ORFs and ORF-
derived peptides are listed in Supplementary Data 6.

Statistics & reproducibility

No statistical calculations were done to predetermine sample size.
Sample sizes were chosen as large as possible while remaining feasible
for sample handling and data collection. Three or more replicates were
performed in almost all cases, with a small standard deviation across
measurements. We used this strategy and sample size because the
variation across assays was small and we were interested in large
effects. Measurements were performed in independent replicates, and
only slight variation was observed between them. The exact number of
replicates is stated in the corresponding figure legend and methods
section. All measurements were reproducible, and no data were
excluded from the analyses. The experiments were not randomized.
Sequencing and mass spectrometry raw data generation were blinded.
All other forms of experiments and data generation were not blinded.

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

Data availability

Raw sequencing data have been deposited to the Sequence Read
Archive (SRA) under BioProject ID PRJNA1088510. The annotated
genome of Ec_Syn57 is available in the Source Data file of this paper as
Ec_Syn57.gb. All other sequences utilized in this study are listed in
Supplementary Data 1. The previously generated Pacific Biosciences
long-read SMRT-Cappable-seq data analyzed in this study is available
from the Sequence Read Archive (SRA) under BioProject ID
PRJNA481586. Mass spectrometry and proteomic datasets are avail-
able on MassIVE, under MSV000094380 [https://doi.org/10.25345/
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C59G5GR15]. To aid future recoding efforts and the investigation of the
effects described in this work, we have deposited the current set of 57-
codon Ec_Syn57 genome regions on Addgene, making it freely avail-
able together with the datasets generated in this paper. Source data are
provided with this paper.

Code availability

The comparison of protein-coding gene annotations between the
original and updated genome versions was performed using the
compare_annotations.py script available from GitHub [https://github.
com/rrwick/Compare-annotations], developed by Ryan Wick, Peter
Doherty Institute for Infection and Immunity of the University of
Melbourne, Melbourne, Australia. Cappable-seq data analysis scripts
and protocols are available on GitHub [https://github.com/elitaone/
cappable-seq], developed by Bo Yan from New England Biolabs, Ips-
wich, MA, USA, and described in references ***. The genome design
scripts used for the initial design'® of Ec_Syn57’s genome are available
on Zenodo™ [https://doi.org/10.5281/zen0d0.19682030].
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