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Synthetic genomics aims to de novo synthesize a functional genome redesigned from natural sequences
with custom features. Designed genomes provide new toolkits for better understanding organisms,
evolution and the construction of cellular factories. Currently maintaining the fitness of cells with

synthetic genomes is particularly challenging as defective designs and unanticipated assembly errors

Received 19th December 2020 ) . . . . . .
Accepted 2nd March 2021 frequently occur. Mapping and correcting bugs that arise during the synthetic process are imperative for
the successful construction of a synthetic genome that can sustain a desired cellular function. Here, we

DO 10.1035/d0sc06924h review recently developed methods used to map and fix various bugs which arise during yeast genome
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Introduction

The discovery of the chemical synthesis of urea and secretin
opened the door to new organic chemicals and protein synthesis.*
The discovery of the DNA double helix structure along with more
recent advances in DNA sequencing provided the impetus for the
synthesis of genomes.>* Synthetic biologists are no longer satis-
fied with just copying a natural genome, and are ambitious to
create new versions of genomes.>® Computer-aided simulation
allows the redesign of genomes with specific functions and, in
compliance with the most fundamental principle of genomic
design, maintaining cell viability,”*"*** custom genetic features
can be introduced to increase the genome flexibility. For example,
recoding, the introduction of recombination sites and watermark
sequences,’ and the deletion of repetitive sequences and unstable
elements may all be achieved.”* The newly designed genome
sequence is hierarchically divided into oligonucleotides,”*** and
subsequently assembled into “short”,** “medium”,*?* and
“long”**** DNA segments both in vivo and in vitro. Finally, the
chemically synthesized DNA is transplanted into a bacterial or
yeast cell replacing the native genetic material.***’

Synthetic genomes have been made for a wide range of cell
types, from unicellular prokaryotes”'"'*'® and eukaryotes®****-*
to multicellular plants and animals.*® However, generating
a synthetic genome that is capable of maintaining cell fitness is
still challenging.* Although the genomes of Synechocystis
PCC6803 and Mycoplasma genitalium have been synthesized and
assembled in yeast cells, the step to replace the corresponding
native genomes failed.>'® Design flaws often occur due to
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synthesis with the hope of providing guidance for putting the synthetic yeast chromosome to work.

limited biological knowledge or incomplete design princi-
ples,”**** whilst spontaneous DNA variations will occur during
cell division and genome assembly.”***%'73° For example, these
variations include single-nucleotide variation (SNV), insertion/
deletion (InDel), structural variation (SV) and copy number
variation (CNV). Thus, researchers have to detect the bugs and
debug following every assembly and sometimes even have to
redesign the genome in order to maintain cell fitness
(Fig. 1A).”*® Genome synthesis is associated with debugging
throughout the process,” for example, about 15 years and
US$40 million were spent on the synthesis and debugging of the
Mycoplasma mycoides genome.*® Even the presence of a single
base variant could have delayed the process for months.” During
our work on the synthetic yeast chromosome V,' our group
organized 5 sub-teams and spent more than 6 months debug-
ging a lethal defect (unpublished data). Genome synthesis is
tedious work and the most difficult task is to locate and debug
errors. Here, we review recent progress in mapping and cor-
recting bugs, revealing insights into genome synthesis.

Bug mapping

Phenotypes, genotypes and omics can reflect the presence of
bugs in synthetic genome sequences.’**” Genome reassembly
with semisynthetic DNA constructs,” or iterative meiotic
recombination and tetrad dissection have been used to narrow
down possible defective regions (Fig. 1B)."*'® Using semi-
synthetic genome constructs, the failure to transplant
a synthetic M. mycoides genome was attributed to the 811-900
construct.” A yeast strain carrying a synthetic yeast chromosome
VI (synVI) exhibited a respiratory deficient. In this case a mei-
totic recombination strategy and an “endoreduplication back-
cross” strategy were used to track the defect to the synthetic
PCRTag closer to the PRE4 3’ end (Table 1)."
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Fig. 1 Bug mapping of synthetic yeast chromosomes. (A) Mapping and debugging unanticipated design flaws or sequence variations on
synthetic yeast chromosomes can recover cell growth fitness. (B) Bug mapping with a genome reassembly strategy. Synthetic DNA constructs
are used to replace the corresponding native genomic sequences to generate colonies with diverse genotypes. Colonies with growth defects are
isolated for genomic analysis to narrow down potential defective loci. (C) Bug mapping by POPM strategy. A genome reassembly strategy or
a meiotic recombination strategy are used to generate candidate colonies with diverse genotypes. Then, colonies are separated into two
labraries based on their fitness, with one being robust and the other being defective in growth The two libraries undergo pooled PCR analysis to

track potential loci that cause growth defects.

Both the aforementioned strategies require multiple steps
that have to be carried out repeatedly over numerous rounds,
and thus are extremely time consuming and labor-intensive. A
pooled PCRTag mapping (PoPM) strategy was recently devel-
oped to locate bugs on the synthetic yeast chromosome X
(synX).*> Utilizing this strategy one can rapidly locate bugs on
a synthetic yeast chromosome (Fig. 1C).** Yeast colonies were
divided into two libraries based on their fitness, with one being
normal and the other being defective in growth. Subsequently,
PCR analysis was performed on both libraries using prede-
signed PCRTags based on synthetic and wild-type chromo-
somes. The specific regions only detected in the normal library
but not in the defective library were considered potential
defective loci. Using a PoPM strategy, the causes of growth
defects were quickly pinpointed to the genomic loci including
the deletion of ¢tR(CCU)J, the inserted loxPsym site at the 3'UTR
of YJR120W and a specific synonymous recoding of the essential
gene FIP1 (Fig. 2A-C).*?
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SNVs, InDels, SVs and CNVs on synthetic yeast chromosomes
have been detected by various methods including pulsed field
gel electrophoresis (PFGE), whole genome sequencing (WGS),
and PCR and qPCR analysis (Fig. 2D and E).*'*'*'*'%'” CNVs on
synthetic chromosomes are often associated with introduced
loxPsym sites or cohesive termini resulting from restriction
enzyme digestion during chromosome assembly.'>'® For
example, a CNV on synX involved three fragments of 12.8, 27.7
and 5.6 kb in length, which were ligated by the loxPsym
sequence (Fig. 2E)." The quadruplication of a 2 kb sequence on
synV was tandemly ligated by a short cohesive-end-like
“GCGGCGC” sequence.'®

Debugging

Reverting synthetic sequences at the defective loci to the cor-
responding native ones is a typical debugging method."**” For

example, in the synthesis of synX, the PCRTag in FIPI,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The pros and cons of various debugging methods
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Methods

Pros

Cons

HR-based gene replacement

I-Scel endonuclease mediated method

Meiotic crossover

Endoreduplication backcross

CRISPR/Cas9-mediated genomic editing

Dual-labelling correction

e The method is simple and based on two HR
procedures.

e The method can be used to repair SNVs,
InDels'*">"” and CNVs.'®

e DSBs are introduced in specific genomic loci
by I-Scel.

® SNVs,*® Svs,' and CNVs'* can be seamlessly
modified with high efficiency.

e This method can be used to repair extra copies
of synthetic DNA that misintegrated on the
synthetic chromosome."®

o The insertion of selective markers can
promote the selection efficiency.

13,15

e This method can avoid crossover between
synthetic chromosomes and corresponding
native chromosomes during meiosis.

e CNVs of long DNA sequences that
misintegrated on other chromosome(s),'® 2-
micron plasmid deletions'® and mitochondria
deficiencies™ can be efficiently repaired by
using this method.

e DSBs are introduced in specific genomic loci
by CRISPR/Cas9.

® SNVs and InDels can be repaired in one step by
subsequent homologous recombination of the
donor DNA.®

e The PAM site and corresponding protospacer
are inserted to make the target loci applicable to
CRISPR/Cas9.

e DSBs are introduced in specific genomic loci
by CRISPR/Cas9 to facilitate the repair of SNVs
and InDels."®

e The false positive rate is decreased by double
selection of both an antibiotic and an
auxotroph.

e Multiple targets can be repaired
simultaneously.

e The selection process is laborious.
e False positive rates are relatively high.

e An extra step to incorporate the I-Scel cassette
is necessary.

e The strain carrying the synthetic chromosome
must be mated with a native strain of the
opposite mating-type.

e The chromosomal crossover randomly occurs
throughout the whole chromosome, thus the
selection process is laborious.

o The strain carrying the synthetic chromosome
must be mated with a native strain of the
opposite mating-type, in which the
corresponding native chromosome needs to be
engineered with a specific cassette of GAL1p-
CEN::KI.URA3.

e The method relies on the presence and precise
positioning of PAM site in the target sequence
and therefore is not applicable to the entire
genome.

e Other problems of this method include off-
target cleavage and variable efficiencies.

e It is necessary to incorporate a doubly selective
cassette containing both an antibiotic gene and
an auxotroph gene adjacently to a specific target
for repair.

a synonymously recoded sequence, was designed and intro-
duced to resemble the binding site of Rap1p. Consistent with
Rap1p being a transcriptional repressor, the authors observed
that FIP1 expression in the synX strain was down-regulated.
Strikingly, merely reverting the base pairs in the putative
Raplp binding site was sufficient to completely repair the
growth deficiency (Fig. 2C)."* Another debugging example from
the synX project was at the ATP2 locus. In a qPCR screen, ATP2
expression in the synX strain was found to be significantly lower
than the wild type level. An loxPsym site inserted downstream of
the neighboring ORF YJR120W was hypothesized to alter the
ATP2 promoter function. Deletion of this loxPsym site restored
the ATP2 expression and recovered the fitness of the strain.”
Chromosome abnormalities, SVs and CNVs, are not
uncommon in synthetic yeast chromosomes and have been fixed
to recover cell fitness. The “endoreduplication backcross”
method was an efficient way to repair the CNVs of long sequences
(Fig. 3A and Table 1).2°** Using this method, an extra copy of two

© 2021 The Author(s). Published by the Royal Society of Chemistry

synV sequences (291 217-299 980 bp and 305 355-325 235 bp) on
other chromosome(s) was removed, and the conditional growth
defects of the strain were consequently repaired.® Meiotic
crossover is a frequently employed strategy to repair CNVs on the
same chromosome (Fig. 3B). To remove the CNV on synX,
haploids of opposite mating types carrying synX and semi-synX,
with and without the CNV, respectively, were crossed. Following
tetrad dissection, a haploid strain carrying a synX without the
CNV was isolated using meiotic recombination.™ To facilitate the
repair of SVs and CNVs, I-Scel endonuclease was employed to
generate a double-strand break (DSB) at the target region and to
promote homologous recombination (HR) (Fig. 3C)."*"

It is hard to predict the effects of each of the numerous SNVs
and InDels that occur during genome synthesis. These may
interfere with the evaluation of the design principles. Therefore,
perfect matching of the synthesized sequence to the designed
sequence is crucial and remains a major challenge in the field.*®
Recently a combination of various methods including HR-based

Chem. Sci., 2021, 12, 5381-5389 | 5383
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Fig.2 Bugs on synthetic yeast chromosomes. (A) The deletion of tR(CCU)J leads to a growth defect in the synX strain under selective conditions.
(B) The insertion of a loxPsym site at the 3'UTR of YJR120W disrupts the expression of ATP2. (C) The PCRTag in FIP1 is recoded to resemble the
binding site of Raplp, which down-regulates FIP1 expression. Spontaneously SNVs/InDels (D) and CNVs and SVs (E) are detected on synthetic
yeast chromosomes. YPGE, yeast extract peptone glycerol ethanol. YPD, yeast extract peptone dextrose. Green diamond, loxPsym site.

gene replacement, clustered regularly interspaced short palin- been employed to fix SNVs and InDels. This resulted in the
dromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9)- successful synthesis of a synV that “perfectly” matches the
mediated genomic editing and dual-labelling correction have designed sequence (Table 1).*
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Fig. 3 Debugging of CNVs, SNVs and InDels. (A) An “endoreduplication backcross” strategy was used to repair large-scale duplications of synV
that misintegrated on other chromosome(s). (B) A Meiotic crossover strategy was used to restore the duplication that misintegrated on the

synthetic chromosome. (C) An |-Scel mediated repair strategy was used
InDels on synthetic yeast chromosomes are repaired using HR-based

dual-labelling correction (F) strategies. The orange rectangles denote th
SNVs/InDels.

For the initial synV, SNVs and InDels involving 3331 bp were
revealed using WGS.'® The HR-based gene replacement method,
requiring two steps of homologous recombination and selec-
tion (Fig. 3D), is laborious. A CRISPR/Cas9-mediated one-step
method was then developed. It has been reported that the use
of the CRISPR/Cas9 genomic editing tool to generate DSBs
resulted in a 5-130 fold increase in the HR efficiency.** There-
fore, CRISPR/Cas9 was adapted in an effort to eliminate the
SNVs and InDels during the construction of synV (Fig. 3E).****
However, this method relies on the presence and precise posi-
tioning of the NGG sequence, the protospacer adjacent motif
(PAM) site in the target sequence and therefore is not applicable

© 2021 The Author(s). Published by the Royal Society of Chemistry

to correct SVs. The red segments denote I-Scel recognition sites. SNVs/
gene replacement (D), CRISPR/Cas9-mediated genomic editing (E) and
e target regions that need to be corrected and the red stars represent the

to the entire genome. Other problems with this method include
off-target cleavage and variable efficiencies.

The problems associated with the aforementioned methods
have hindered the complete removal of errors in synV. There-
fore, a dual-labelling correction strategy (Fig. 3F) was developed
to repair the remaining errors. A doubly selective cassette con-
taining both an antibiotic gene (e.g. KanMX4) and an auxotroph
gene (e.g. HIS3) was inserted adjacent to a specific target with
the double selection minimizing false positive rates. The
insertion of the cassette also introduced a protospacer and
a PAM site. Subsequently, a pool of donor DNA fragments
covering multiple target sites was co-transformed for multiplex
correction. The predesigned artificial protospacer was cut using

Chem. Sci., 2021, 12, 5381-5389 | 5385
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Cas9 and thus increasing the HR efficiency.”® The isolated
candidate clone with the most correction events confirmed by
sequencing was subjected to the next round of correction. After
24 rounds, all errors, including two new mutations, were cor-
rected resulting in a synV with a sequence as designed and
exhibiting wild-type fitness.'**

Discussion and outlook

Advances in DNA assembly have enabled the synthesis of both
prokaryotic and eukaryotic genomes. The “bottom-up” genome
synthesis opens the door to many imaginative changes at the
genomic scale. These include creating a functional genome of
minimal size,"* data storage,* recoding at the genomic
scale,®'®%*** and directed genome evolution.'***** However,
design flaws and spontaneous variants often cause malfunc-
tions of the synthetic chromosome, which then require bug
finding and removal.*®* We have summarized strategies that
have been applied to the bug mapping and debugging process,
which typically involve genotypically and phenotypically
massive screening and are labor-intensive and time-consuming.
Future strategies incorporating automation and high-
throughput screenings are highly sought after. The endeavors
by the Global Biofoundry Alliance (GBA) have made great
advances in automation, which has been used widely for
different purposes including genome assembly,” directed
enzyme evolution, and liquid-based high-throughput anal-
ysis.*™*¢ Furthermore, we expect that robotic systems and
workflows will be automatically executed in the future via arti-
ficial intelligence and machine learning to facilitate the bug
mapping and debugging process.*’
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