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Abstract The synthetic chromosome rearrangement and
modification by loxP-mediated evolution (SCRaMbLE)
system has been used to improve prodeoxyviolacein
(PDV) production in haploid yeast containing chromo-
some synV. To rapidly and continuously generate genome
diversification with the desired phenotype, the multiplex
SCRaMDbLE iterative cycle strategy has been developed for
the screening of high PDV production strains. Whole-
genome sequencing analysis reveals large duplications,
deletions, and even the whole genome duplications. The
deletion of YERI51C is proved to be responsible for the
increase. This study demonstrates that artificial DNA
rearrangement can be used to accelerate microbial
evolution and the production of biobased chemicals.

Keywords synthetic biology, genome rearrangement,
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1 Introduction

Diversification in DNA and protein levels is the main cause
of variety in phenotypes. Natural genome rearrangements
have been observed in many species, including Yersinia
enterocolitica [1], yeast [2], rice [3], mouse [4] and human
[5]. However, natural genome rearrangements are a long-
term and undirected process. Therefore, artificial methods
are arising to address the problem. Genome shuffling has
been developed to obtain genome diversity from the
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protoplast fusion of chemically mutated cells [6,7]. In this
way, many genomic modifications are gathered in one cell
and can be inherited permanently. However, the rearrange-
ment scale of genome shuffling is limited to allelic
sequences, which is inefficient. The synthetic chromosome
recombination and modification by loxP-mediated evolu-
tion (SCRaMbLE) system, a key feature of the SC 2.0
project, has opened up a new way to generate mass
structural variation (SV) and to explore the relationship
between genotypes and phenotypes [8,9]. Because of the
special structure of the 34 bp palindromic loxPsym site
containing two 13 bp inverted repeats separated by an 8 bp
symmetric spacer sequence, SCRaMbLE can generate
genotypic diversity including genomic deletions, inver-
sions, insertions (transpositions), or translocations within
and between synthetic chromosomes as well as the
corresponding phenotypic diversity.

Violacein is a blue-purple pigment usually produced by
gram-negative bacteria, such as Chromobacterium viola-
ceum [10]. Previous studies have shown antitumoral [11],
antioxidant [12] and antimicrobial activities [13] in the
constituents of C. violaceum. Recent research has reported
the new use of violacein as an immunomodulatory,
analgesic and antipyretic agent [14]. Lee et al. [15]
expressed the violacein pathway in Saccharomyces
cerevisiae for the first time. With a combinatorial method
and several characterized promoters, they were able to
screen for high violacein-producing strains and optimize
the metabolic flux of all branches of this pathway.

Here, we choose prodeoxyviolacein, a key intermediate
metabolite in the biosynthesis of violacein that relies on
three genes, vioA, vioB and vioE, for optimization by
SCRaMbLE. The synV haploid strain obtained from the
work of Xie et al. [8] was used as the host to carry the
heterogeneous pathway.
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2 Materials and methods

2.1 Microbial strains and culture medium

The yWJRO001 yeast strain integrating the prodeoxyviola-
cein pathway genes (vioA, vioB, vioE) was obtained from
the yXZX846 (MATa his3A1 leu2A0 metl5A0 ura3A0
LYS2 synV) §. cerevisiae strain in our laboratory. BY4741
(MATa his3Al leu2A0 metl5SA0 ura3A0) was used as a
transformation control in this study (See Table SI,
Electronic Supplementary Material). YPD medium con-
taining yeast extract (10 g-L™), peptone (20 g-L™), and
glucose (20 g-L™') was used to amplify and cultivate the
strains before transformation. Synthetic complete medium
lacking histidine (SC-His) and synthetic complete medium
lacking leucine (SC-Leu) were used to screen colonies
and select transformants. Synthetic complete galactose
medium lacking histidine (SGal-His) was used to
induce SCRaMbLE. YPD medium supplemented with
200 mg- L™ geneticin (G418) was used to select the correct
gene deletion strains.

Escherichia coli Trans50 (F-¢80 lac ZAMI15 A
(lacZYA-arg F) U169 endA1l recAl hsdR17(tk—, mk + )
supE44\-thi-1 gyrA96 relAl phoA) chemically competent
cells were purchased from TransGen Biotech Company
and used for bacterial transformation and propagation.
These cells were grown at 37°C in Luria-Bertani (LB)
broth containing 1% sodium chloride, 1% tryptone and
0.5% yeast extract. Selection was performed on solid
medium (L B agar plate) containing 100 pg-mL™
ampicillin.

2.2 Plasmid circuit construction and primers

The pRS416 plasmid was constructed using the yeast
assembly method [16] and used as the vector for the
prodeoxyviolacein genes. Specifically, the TEFlIp,
tTDH3p, tFBAlp and the TDH2t elements were PCR
amplified from the genome of BY4741. The vioA, vioB and
vioE genes were PCR amplified from the Registry of
Standard Biological Parts. The pRS416 plasmid linearized
by digestion with EcoRI was purified and transformed into
BY4741 with all the other seven DNA fragments. Colonies
with green color were picked to extract plasmids of
pRS416-vio, which were then transformed into E. coli
Trans50. All the restriction endonucleases, T4 DNA
Ligase and Phusion PCR Kits were purchased from New
England BioLabs (NEB). PCR products were verified on a
1% agarose gel and purified by the TTANGEN Gel Midi
Purification Kit (TTANGEN Biotech, DP209).

The pCRE4 (pGAL1-Cre-tCYC1) plasmid was obtained
from previous work in our laboratory. In addition, pRS413
was transformed into pre-SCRaMbLEd strains to make
a negative control (See Table S2). All the primers
involved were synthesized by Genewiz and are listed in
Table S3.

2.3 Yeast transformation

The standard protocol for yeast transformation using the
LiAc/SS carrier has been described previously. To
construct the pRS416-vio plasmid, 200 ng of each PCR
product fragment was mixed with 300 ng of linearized
vector. For plasmid transformation, 200 ng of plasmid was
enough.

2.4 Integration of prodeoxyviolacein (PDV) pathway

Four plasmids bearing homologous arms of the CAN site
in synV and the HO site in wtIV were obtained from our
laboratory. The arms HO-A, HO-B-HIS3, CAN-A, and
CAN-B-LEU2 were generated from HindIll and Sacl
double digestion of the four plasmids. The PDV pathway
was PCR amplified from pRS416-vio with a 40 bp
homologous sequence on each side. For CAN site
integration, CAN-A, CAN-B-LEU2 and the PCR product
of the PDV pathway were cotransformed into yXZX846
and spread on SC-Leu agar to select the right transformant,
which was then named yWJRO001. Pathway duplication
was conducted in yWJROO1. The three fragments HO-A,
HO-B-HIS3 and the PCR product of the PDV pathway
were cotransformed into this strain, and SC-His agar was
used to select double pathway transformants, which were
named yWJV009.

2.5 Growth curve analysis

To verify the growth gap of the SCRaMbLEd strain
yWIJR026 and its ancestor yWJR001, we picked single
colonies of each strain and inoculated them in 5 mL of
YPD medium at 30°C overnight, and then cell culture was
incubated at ODggo of 0.01 with 200 pL of fresh YPD
medium in a 96-well plate. Data were measured in a Thermo
MULTISKAN GO microplate reader at 600 r-min~' and
30°C.

2.6 Deletion of target genes

The selective marker HIS3 was amplified from pRS413.
The right and left homologous arms of the gene YERI51C
were amplified from the genome of yWJR001. The three
parts were joined together by overlap PCR, and 200 ng of
the gel-purified DNA fragment was directly transformed
into yeast. The yWJV003 was generated by deleting
YER151C in the yWJROOI.

2.7 SCRaMDbLE synV haploid yeast

First, we integrated the prodeoxyviolacein pathway into
the CAN site of the synV chromosome to produce
yWIJR001, and then, the pCRE4 and pRS413 plasmids
were transformed separately into this strain and plated onto
SC-His agar medium. The plates were incubated at 30°C
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for 72 h.

Second, single colonies were inoculated in 5 mL of SC-
His at 30°C for 12 h, cells were centrifuged and washed
twice with ddH,O, and the ODg,, was measured. Sample
cultures were reinoculated into 5 mL of 2% galactose
SGal-His medium with 1 umol-L™ estradiol (Sigma-
Aldrich) at an ODggq of 1.0. SCRaMbLE was carried out at
30°C for 8 h.

Third, yeast cells were isolated from 1 mL of culture by
spinning at 3000 r-min ' in a centrifuge. The estradiol and
SGal-His medium were removed completely by washing
with ddH,O. Then, the cells were resuspended in 1 mL of
SC-His glucose medium.

Fourth, a series of dilutions of SCRaMbLEd cells were
plated on SC-His glucose agar and cultivated at 30°C for
72 h. Strains with a darker color than the wild-type (wt)
parent strain were picked to SCRaMbLE for the next cycle.
We counted the darker-colored colonies and calculated
their ratio in every SCRaMbLE cycle.

2.8 HPLC method for product quantification

Single colonies of SCRaMbLEd strains and the control
strain were picked, inoculated into 5 mL of SC medium,
and cultured at 220 r-min™' and 30°C overnight. The
cultures were then transplanted to 50 mL of fresh SC
medium in a 200 mL conical flask with a final ODg( of
0.1, then grown for 72 h under the same conditions. We
then took 10 mL of culture from each flask and dried it at
70°C to determine the dry cell weight. Another 2 mL of
culture was centrifuged for 2 min at 6000 r-min' and
washed with double-distilled water. Heat methanol extrac-
tion was adopted to extract the product. The cells were
resuspended in 500 pL of methanol and heated at 75°C for
at least 10 min until the cells changed to an off-white color.
The mixture was vortexed twice during this time. The
methanol extracts were centrifuged and filtered with a
0.22 um filter for subsequent analysis. An HPLC system
(Waters €2695) equipped with a BDS Hypersil C18
column (4.6 mm x 150 mm, 5 um) and a UV/VIS detector
(Waters 2489) was used to analyze the produced
prodeoxyviolacein. We detected signals of prodeoxyvio-
lacein at 610 nm, as described in a previous study [17]. In
addition, the mobile phase consisted of methanol-water
(7/3, v/v) with a flow rate 0of 0.3 mL-min™" at 25°C. For the
continuously improved strains, absolute quantification of
the product was performed in a 250 mL round-bottom
flask. The extraction process was the same as above.

2.9 Genome sequencing and verification

Yeast cultures were grown to saturation, and amplicon-free
libraries were prepared. Paired-end sequencing of all
libraries was performed on the Illumina HiSeq 2000
platform. The original figure data obtained by high-
throughput sequencing were stored in FASTQ format,

containing sequencing information and the corresponding
sequencing quality information on the reads. The
sequenced data were filtered, and the adapter sequence
and low-quality data were removed, resulting in the clean
data used for subsequent analysis. Structural variation (SV)
refers to the insertion, deletion, inversion and translocation
of the large segments in the genome level. The insertion,
deletion, inversion, intrachromosomal translocation, and
interchromosomal translocation between the reference and
the sample were found by BreakDancer software. Whole-
genome sequencing is available at the BIG Data Center
under accession code CRA000772.

3 Results and discussion

3.1 Optimizing the SCRaMbLE to improve the production
of PDV

In the yeast aromatic amino acid pathway, AROI, ARO?2,
ARO3 and ARO4 catalyze the synthesis of erythrose 4-
phosphate (E4P) and phosphoenolpyruvate to form
chorismate [18]. L-Tryptophan (L-Trp) originates from
the catalysis of chorismate by TRP1, TRP2, TRP3, TRP4
and TRP5 (Fig. 1(a)). PDV is synthesized from L-Trp by
the genes vioA, vioB, and vioE [19]. To investigate whether
SCRaMbLE of synV could be used in vivo to increase the
production of prodeoxyviolacein, the heterologous PDV
synthesis pathway along with a LEU2 marker was
integrated into the YELO63C/CANI locus in synV to
generate the yeast strain yWJR001 (Fig. 1(a)). AsPDVisa
dark green compound, green colonies were observed on
the SC-Leu agar plate (Fig. 1(b)). As shown in Fig. 1(c),
HPLC analysis under 610 nm showed a single peak for the
cell extraction, which indicated that PDV is synthesized in
the synV yeast without any other analog.

Previous research had demonstrated a controllable
SCRaMbLE method by introducing the GAL1 promoter
into the Cre/EBD expression cassette and constructing
pCRE4 with a genetic switch [20]. The Cre/EBD fusion
protein can act on loxPsym sites only when galactose and
estradiol are present simultaneously, leading to many
random interactions (Fig. 2(a)). To lower the leakage of
SCRaMDbLE and guarantee sustainable rearrangement, this
genetic switch was used in our research (Fig. 2(a)). As
there are 177 loxPsym segments in the synV chromosome,
expressing Cre in vivo can result in large-scale genome
rearrangements as well as corresponding phenotypic
diversity (Fig. 2(b)). As loxPsym sites are positioned
downstream of nonessential genes, expression of the
activated Cre-EBD may delete large chromosome frag-
ments containing essential genes in a synthetic chromo-
some, resulting in loss of viability. To assay the mortality
caused by SCRaMbLE, the ancestral yeast yWJR001
containing pCRE4 was cultured in SGal-His medium with
estradiol for 2, 4, 8, 12, 16 and 24 h, then plated on SC-His
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agar for colony counting. The yeast yWJR001 containing
pRS413 was used as a control. As shown in Fig. 2(c), the
SCRaMbLE mortality was 58.21%, 92.29%, 99.47%,
99.89%, 99.98%, and 99.99% when cells were
SCRaMbLEAd for 2, 4, 8, 12, 16 and 24 h, respectively.
This result indicated that the SCRaMbLE mortality is
strongly associated with the induction time, as in
traditional ultraviolet mutagenesis. To maintain a high
rate of genome rearrangement in the whole yeast
population, 8 h was chosen as the standard SCRaMbLE
induction time.

3.2 Generating desired strain phenotypes by SCRaMbLE

To facilitate the screening, SCRaMbLEd cells were plated
on SC-His (glucose) agar and incubated at 30°C for 48 h,
followed by incubation at 4°C for 10—15 h until the colony
color deepened enough for differentiation. After one round
of SCRaMbLE from the initial strain yWJRO001, many
small colonies were observed among the deeper green
colonies. As shown in Fig. 3(a), yWJR026 presents the
deepest color, close to black-green, in contrast to the light
green color of its ancestor yWJR001. The SCRaMbLEd
strains yWJR026 showed an increase of 3.8-fold in the
PDV vyield compared with that of the non-SCRaMbLEd
parent strain yWJRO001 (Fig. 3(b)). The cell growth curves
of yWJR001 and yWJR026 are shown in Fig. 3(c). A
growth defect was observed in yWJR026. To determine the
genomic SV in yWJR026 caused by SCRaMbLE, we deep
sequenced yWJR026 and aligned the reads to chromosome
synV. As shown in Fig. 3(d), three long fragments were

duplicated to two copies, and the total length reached to
465.8 kb, covering approximately 80% of the whole synV
chromosome. The PDV pathway was also observed to be
duplicated, which was probably the main cause of the
improved production. These results indicated that SCRaM-
bLE can generate large chromosome fragment duplication
and can be used to improve biochemical production.
Generally, the natural evolution of microorganisms is a
long-term accumulation process [21]. We hypothesized
that a stepwise SCRaMbLE strategy can be used to
iteratively accumulate multiple rearrangements through
multiple cycles of SCRaMbLE for enhanced PDV
production. To rapidly and continuously generate genome
diversification, MuSIC was used to iteratively accumulate
desired phenotypes and genotypes through multiple cycles
of SCRaMbLE. Cells with improved production yields
were incubated for the subsequent cycle to perform
stepwise screening accumulation (Fig. 2(c)).

To prove the concept of MuSIC, five cycles of
SCRaMbLE were performed in the yWJR001 (Fig. 4(a)).
Strains yWJR006, yWIR040, yWJR085, yWJR104 and
yWIR111 were generated from SCRaMbLEd plates of
yWJR001, yWJR006, yWJR040, yWJRO085 and
yWIR104, respectively. The color intensity of the cultures
in each cycle increased with MuSIC. The PDV production
levels of yWJR006, yWJR040, yWJR085, yWJR104 and
yWIR111 increased 1.07-fold, 1.18-fold, 2.34-fold, 2.95-
fold and 4.04-fold compared with yWJRO001, respectively,
representing a significant fold change from the production
of yWJR001 (Fig. 4(b)). To analyze the frequency of
various SCRaMbLEd phenotypes, we counted the ratio of
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darker-colored strains in each cycle. As shown in Fig. 4(c), mized phenotypes with iterative SCRaMbLE. To assay the
the darker color ratios from cyclel to cycle5 were 6.99%,  growth phenotype of the 5 SCRaMbLEd strains, 10-fold
2.87%, 2.46%, 1.22% and 1.36%, respectively. These serial dilutions of yWIJR001, yWJR006, yWIR040,
results demonstrated the feasibility of generating opti- yWIJRO085, yWJIR104 and yWIJRI111 were spotted on
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SC-His agar plates at 30°C for 48 h. As shown in Fig. 4(d),
no significant growth defects were observed in these
experiments.

3.3 Deep sequencing analysis of high-yield production
strains

To determine the genomic SV caused by SCRaMbLE in
high PDV production strains, we deep sequenced
yWIJR006, yWIJR040, yWJRO085 and yWJR104. As
shown in Fig. 5(a), the deletion of YER151C was observed
in yWIJR006, yWJR040, yWJRO85 and yWIR104. This
result demonstrated that yWJR040, yWJR085 and
yWIJR104 inherited the deletion of YERISIC from
yWIR006. In addition, a decrease in copy number from
YER158C to YER174C was observed in yWJRO085 and
yWIJR104, and a decrease in copy number from
YER025W to YERO73W was observed in yWJR104
alone. A qPCR experiment demonstrated that the whole
genome was duplicated into two copies, and deletions of
YER158C to YER174C and YERO025W to YERO73W
were observed on one copy of the synV chromosome
(Fig. S1).

To assay whether YERIS5IC deletion or pathway
duplication influenced the heterogeneous prodeoxyviola-
cein yield, we performed a knockout of YER/51C and the
HO site (wild-type IV) integration of the second pathway
genes in the ancestor yWJR001 by homologous recombi-
nation (Fig. 5(b)). As shown in Fig. 4(b), the selective

marker HIS3 with homologous arms on the flank of
YER151C was constructed by overlap-extension PCR, and
three pathway genes were prepared with a HIS3 marker
and homologous arms on each side. After transformation
into the host, the transformants were spread on SC-His
agar medium plates to screen for the correct one, followed
by PCR verification. The PDV production was compared
with that of yWJRO001. The data showed a 1.21-fold
improvement in PDV yield in the gene deletion strain
yWJV003 and a 1.57-fold improvement in the pathway
duplicated strain yWIV009 (Fig. 5(c)). YERISIC is a
ubiquitin-specific protease that is implicated in the
regulation of a variety of cellular functions and plays a
major role in stress response in eukaryotic cells by
targeting misfolded and damaged proteins for degradation
[22,23]. The previous literature also indicated that the
deletion of genes related to autophagy can potentially
modify global transcription in yeast [20], increasing the
PDV production by improving the compatibility between
the host cells and heterologous pathways. PDV pathway
duplication can increase the expression of heterogeneous
vioA, vioB and vioE, which improved the rate of
conversion from L-Trp to PDV. These results were also
consistent with those of previous works [15,17].

From each round of SCRaMbLE, we selected the top
five strains with high production of prodeoxyviolacein for
the next cycle of SCRaMbLE. However, some groups
tended to generate strains with fitness-defective variations
and few improvements. To increase the PDV production
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iteratively, we selected the highest-performance groups for
further cycles of SCRaMbLE. The strain yWJR111 was
proved to have the best yield in our study. To prove the
concept of our MuSIC strategy, five strains from the
yWIRI11 group were used for deep sequencing. Strains
yWJR006 and yWJR026 both showed improved PDV
production in the first SCRaMbLE cycle. Our results
proved that YERI5SIC deletion and PDV pathway
duplication are responsible for the improvements in
yWIJR006 and yWIJRO026, respectively. Diversity in the
genome structure variety was demonstrated to lead to
changes in PDV production. With increasing PDV
production, the strain color became darker throughout
the 5 cycles.

Despite the duplication of genes in synthetic chromo-
some V, the wild-type chromosomes can also be duplicated
to two copies, an unexpected case of genome rearrange-
ment (Figs. S2-S6). This result demonstrated that
SCRaMbLE can generate diploid yeasts from haploid
strains. Moreover, SCRaMbLE in diploid yeasts can
increase the diversity of genome structure variation,
including the deletion of essential genes from one of the

synthetic chromosomes. Our results indicated that different
types of genome structure variations can improve PDV
production. Further cycles of SCRaMbLE are predicted to
continuously evolve the genome and improve the PDV
production. In this work, PDV production was used for a
proof-of-concept study. Combined with metabolic engi-
neering methods, our MuSIC strategy may also be used to
improve the production of other high-value chemicals,
such as resveratrol [24] and astaxanthin [25].

Above all, the SCRaMbLE system contributes posi-
tively to the rapidly growing field of synthetic biology
[26], and this work innovatively investigates a new
strategy for the rapid evolution of the genome and the
improvement of biochemical production.

4 Conclusions

In this study, we illustrate that SCRaMbLE can be used to
generate genomic diversification and improve PDV
production. SCRaMbLEing haploid yeast with a synthetic
chromosome raised the lethality of the synthetic yeast by



Juan Wang et al. Improving prodeoxyviolacein production

the deletion of essential genes. A single SCRaMbLE can
generate duplications and deletions, increasing PDV
production. Multiple cycles of SCRaMbLE cannot only
inherit genome structure variations but also continuously
improve PDV production in yeast. Meanwhile, whole-
genome sequencing (WGS) showed that the entire yeast
genome can be duplicated during the MuSIC process.
Verification of genome rearrangement events could be used
to map the target genes and extend the limits of our
biological knowledge. This parallelized design-SCRaM-
bLE-WGS-learn cycle could provide a standard operation
program for optimizing heterogeneous pathways and
improving the production of fuels, chemicals, pharmaceu-
ticals, and other products.
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