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SUMMARY

Site-specific recombination systems (SRSs) are widely used in studies on synthetic
biology and related disciplines. Nondirectional SRSs can randomly trigger exci-
sion, integration, reversal, and translocation, which are effective tools to achieve
large-scale genome recombination. In this study, we designed 6 new nondirec-
tional SRSs named Vika/voxsym1-4 and Dre/roxsym1-2. All 6 artificial nondirec-
tional SRSs were able to generate random deletion and inversion in Saccharo-
myces cerevisiae. Moreover, all six SRSs were orthogonal to Cre/loxPsym. The
pairwise orthogonal nondirected SRSs can simultaneously initiate large-scale
and independent gene recombination in two different regions of the genome,
which could not be accomplished using previous orthogonal systems. These
SRSs were found to be robust while working in the cells at different growth
stages, as well as in the different spatial structure of the chromosome. These arti-
ficial pairwise orthogonal nondirected SRSs offer newfound potential for site-
specific recombination in synthetic biology.

INTRODUCTION

Site-specific recombination systems (SRSs) have become important tools in genome engineering. SRS is

one of the main approaches in precise genome editing in vivo, whereas restriction enzymes and DNA li-

gases play a major role in manipulating DNA in vitro. In addition, many SRSs can function in heterologous

organisms where they can be used to manipulate or engineer the genome of heterologous hosts. Site-spe-

cific recombinases (SSRs) are mainly divided into tyrosine recombinase and serine recombinase (Brown

et al., 2011; Meinke et al., 2016). The lambda integrase (Int), Cre recombinase, and FIP recombinase are

common types of tyrosine recombinases, whereas resolvase/invertases such as 4C31, gd, and Tn3 are

members of the serine recombinase family (Andrews et al., 1985; Austin et al., 1981; Ausubel, 1974;

Nash, 1974; Nash and Robertson, 1981; Volkert and Broach, 1986). The two recombination sites of serine

recombinase are different, whereas the two recombination sites of tyrosine are identical. This indicates

that recombination based on tyrosine may be reversible in principle, whereas recombination based on

serine is unidirectional.

New tyrosine recombinases have been discovered in recent years, such as Dre, VCre, SCre, and Vika, etc.

Among them, Dre was the first to be discovered and was closely related to the P1 Cre recombinase, but it

had a distinct DNA specificity for a 32 bp DNA site (rox) (Sauer and McDermott, 2004). Next to be discov-

ered were VCre and SCre, which share a lower protein similarity with Cre. VCre originated from plasmid of

Vibrio sp, whereas SCre was produced from the plasmid of Shewanella sp. (Suzuki and Nakayama, 2011).

Vika was the latest tyrosine recombinase to be discovered from a degenerate bacteriophage of Vibrio cor-

alliilyticus, with a low sequence similarity to other tyrosine recombinases but performs similar functions

(Karimova et al., 2013). These recombinases have been demonstrated to be highly specific to their own

recombination sites without recombining target sites from other SSRs. The discovery of these new recom-

binases and recognition sites of various mutations have enhanced the tyrosine recombination system, al-

lowing researchers to accurately modify the genome and develop more complex systems.

The Cre/loxP remains the most widely used system on animals, plants, and microorganisms (Gilbertson,

2003; Luo et al., 2020; Song and Palmiter, 2018). Various reactions can be generated depending on the rela-

tive orientation of spacers, including recombinase-mediated excision, integration, inversion, and even re-

combinase-mediated cassette exchange. Furthermore, the recombination site loxPsym of the complete
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palindrome can randomly delete or invert the DNA sequence between the sites under the Cre recombinase

(Hoess et al., 1986). This system has been used in the international Synthetic Yeast Genome Project, Sc2.0

(Annaluru et al., 2014; Dymond et al., 2011; Mitchell et al., 2017; Richardson et al., 2017; Shen et al., 2017;

van der Sloot and Tyers, 2017; Wu et al., 2017; Xie et al., 2017; Zhang et al., 2017) for synthetic chromosome

recombinations, offering a system that rearranges the order of genetic information on chromosomes. The

LoxPsym-mediated Evolution (SCRaMbLE) system enables quick large-scale genome recombination (Shen

et al., 2016), and is able to carry out directed evolution of the genome under selective conditions. Through

an in-depth study of the SCRaMbLE system, a more precise control of the system can be realized while

related application tools have been developed (Jia et al., 2018; Liu et al., 2018; Shen et al., 2018; Wu

et al., 2018). The system has become an effective means to optimize the host, increase product yield,

and enhance strain tolerance (Jia et al., 2018; Ma et al., 2019; Wang et al., 2018). Moreover, the SCRaMbLE

system has also been used to study synthetic lethal interactions (Wang et al., 2020). With the aforemen-

tioned advantages, SCRaMbLE is a useful tool in synthetic biology. More nondirected SRSs would further

enable us to investigate key genome issues based on genome synthesis.

This study has created six new artificial nondirected SRSs that can cause random inversion and deletion of

the DNA fragment in S. cerevisiae. The deletion and inversion efficiency of these SRSs were accurately

quantified, and the robustness levels of these SRSs were evaluated. Furthermore, we demonstrated the

orthogonality among the six nondirected SRSs and Cre/loxpsym system, which will be applied to synthetic

genomes with completed gene clustering.

RESULTS

Development of six new non-directional SRSs

Previous studies have shown that naturally occurring loxP sites are asymmetric and can only generate de-

letions or inversions, whereas the sequence can be deleted and inversed randomly via Cre-mediated

recombination among symmetrical synthetic loxPsym sites. The recombination efficiency is comparable

to the efficiency among wild-type loxP sites (Hoess et al., 1986). We reasoned that completely symmetrical

sites can result in an uncertain recombination direction, and it can be deleted or inverted under the action

of corresponding recombinase. Four mutant vox sites and two mutant rox sites have been designed, which

are all perfect palindromic sequences (Figures 1A and 1B). To verify whether the six nondirectional SRSs can

achieve the desired outcome, we inserted the designed recombination sites outside the Ura expression

box. Before recombination, primers JYW109 and JYW110 can amplify a 535 bp fragment, but primers

JYW109 and JYW111 cannot amplify fragments (primers for characterization of recombination events in

this study are listed in Table S1). If the recombination sites are inverted, primers JYW109 and JYW111

can amplify 471 bp fragments, but primers JYW109 and JYW110 cannot amplify fragments. If the recombi-

nation sites are deleted, the fragment amplified by primers JYW112 and JYW113 would change from

1,996 bp to 783 bp. The results have shown that the six nondirectional SRSs we developed can be deleted

and inverted randomly under the recombinase (Figure 1C). All strains were sequenced to confirm the occur-

rence of deletion and inversion.

Efficiency of the designed nondirectional SRSs

After verifying that the system we designed can cause random deletion and inversion on the sequence of

recombination sites, we quantified the efficiency of these SRSs. The efficiency characterization element

consists of an Ura expression cassette with recombinase recognition sites on both sides. Here, the deletion

and inversion efficiency of the SRSs were calculated by the colony phenotype and two consecutive PCRs

(Figure 2A). Different recombinase-mediated recombination reactions, including the same recombinase

with different target sites, have different inversion and deletion ratios. With the exception of Dre/roxsym1,

the deletion efficiency of all SRSs is far greater than the efficiency of inversion. The deletion efficiency fluc-

tuates between 40% and 65%, whereas the inversion efficiency is less than 10%, which is consistent with pre-

vious findings (Hoess et al., 1986). Cre/loxPsym has the lowest inversion efficiency of 2.08%, whereas Dre/

roxsym2 has the highest inversion efficiency of 12.93%, which is about six times more than Cre/loxPsym

(plasmid). In addition, the general trend of the efficiency of inversion and deletion measured on the chro-

mosome was consistent with the measurement on the plasmid. Most of these SSRs also exhibited less ef-

ficiency on chromosomes compared to plasmids, supporting the findings of previous studies (Hochrein

et al., 2018) (Figure 2B and Table S2). However, we also found that the total efficiency of deletion and inver-

sion of the Dre/roxsym1 system on the chromosome is a little higher than that on plasmid. However, the

specific reason for such performance is still not clear.
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A genetic AND gate was constructed to enable precise control of the Cre recombinase. The expression of

Cre requires the simultaneous addition of galactose and estradiol for full activity (Jia et al., 2018). This strat-

egy allows double regulation on both transcriptional and cellular localization level, which is a good

approach for decreasing the leakiness of SSRs. Therefore, all recombinases used in this study were induced

and controlled by galactose and estradiol. During the recombination experiments, the strains were

cultured on a medium without galactose and estradiol for 8 h as a control group. The same method was

used to measure the inversion and deletion efficiency of the control group. Although the expression of

the recombinases was already designed as an AND gate, a leakage of recombinase was still observed in

Vika/voxsym1-4 recombination systems, but no such leakage was reported in the Cre/loxPsym and Dre/

roxsym1-2 recombination systems (Figure S1 and Table S3).

A rapid quantitative efficiency method based on auxotrophic markers and resistance gene

Using phenotypic screening and PCR analysis, we have accurately quantified the efficiency of each SRS. To

speed up the quantification of efficiency, we developed a method for rapid quantification of the SRSs

based on two auxotrophic markers and one resistance gene. The open reading frame of Ura and Leu

Figure 1. Establishment of non-directional SRSs

(A) Sequence alignment of the directional sites and symmetrical sites. Nucleotides that have changed compared to the

directional recombination site are colored in red. Nucleotides in vox that break the perfect palindrome with 13 bp

sequences on both sides are colored in blue. Recombination sites with perfect palindrome structure are indicated by

arrows.

(B) Schematic diagram on the principles of directional recombination system and nondirectional recombination system.

(C) The nondirectional recombination system can both reverse and delete the sequence among recombination sites.

Agarose gel electrophoresis diagram of colony PCR before and after recombination. M, marker; Trans2K Plus II DNA

Marker, TransGen Biotech, C, Control: before recombination, L, loxPsym, V1, voxsym1, V2, voxsym2, V3, voxsym3, V4,

voxsym4, R1, roxsym1, R2, roxsym2.
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Figure 2. Efficiency of the designed nondirectional SRSs

(A) Experimental flow chart of the efficiency determination of the recombination systems. The efficiency characterization

cassettes (symmetrical recombination site-Pura-Ura-Tura- symmetrical recombination site) were both integrated into the

HO locus of S. cerevisiae BY4742 and pRS415 plasmid. The SSR expression plasmid, fused with the EBD binding domain

induced by the Gal1 promoter, was transferred to this strain (His was used to screen the SSR expression plasmid). The

strain was then induced by galactose and b-estradiol to start the recombination. After 8 h, the genome recombination was

completed and the deletion efficiency was first quantified by phenotype. PCR was performed on the colonies without a

deletion event. To accurately quantify the inversion efficiency, the strains showing the Ura cassette inversion in the first

PCR result were streaked and purified. Four single colonies were randomly selected from each purified strain, and PCR

was performed again to calculate the final inversion efficiency.

(B) The deletion and inversion efficiency of the recombination systems, error bars indicate SD (n = 3). A total of 96 colonies

were screened after each group of recombination experiments.

(C) Schematic overview of rapid quantitative method of recombination system efficiency. The ‘‘Ura-Tura-Tleu-Leu’’ module

was randomly deleted or inverted under the action of SSR. Without deletion and inversion, Ura gene was expressed,

kanMX gene was expressed when deletion occurs, and Leu gene was expressed when inversion takes place.

(D) A rapid quantitative efficiency method using dilution coating and colony counting. yJYW0052 (Cre, loxPsym, and

plasmid) was subjected to recombination experiments under the induction of galactose and b-estradiol. Two OD yeast

cells were collected, resuspended in 1 mL water and serially diluted. Finally, an appropriate amount of yeast cells was

taken and coated on solid media SC, SC-URA, SC-LEU, and SC+G418 (before the formal verification of efficiency, gradient

dilution was used to determine the optimum volume of yeast solution for coating on each plate). The total number of cells

spread on each solid plate is marked above each picture. The total number of cells spread on each solid plate and the
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with their terminators were positioned adjacent to each other and in a convergent direction to make the

‘‘Ura-Tura-Tleu-Leu’’ module. The module was flanked by two identical symmetrical sites, with the Ura pro-

moter inserted upstream and open reading frame of kanMX, TEF terminator placed downstream. Before

the recombinant was turned on, the plasmid expressed the Ura gene. If the sequence between the recom-

bination sites is deleted, the kanMX gene would express, and the Leu gene would express if the sequence

between the recombination sites is inverted (Figure 2C). Therefore, only the phenotype of the strains can

be used to determine whether recombination occurred and the type of recombination.

We used yJYW0052 (Cre, loxPsym, and plasmid) as an illustrative example to quantify the efficiency of the

recombination system. After the recombination experiments, 1 mL of the culture was taken to measure the

OD600 with a spectrophotometer, two OD of yeast cells were then collected and washed three times with

water and resuspended into 1 mL water. We diluted the yeast solution into different concentrations to

make the number of colonies growing on different agar plates appropriate for our counting (before the

formal verification of efficiency, gradient dilution was used to ascertain the optimum volume of yeast solu-

tion for coating on each plate). Later, we quantified the inversion and deletion efficiency of the SRSs by

counting the number of colonies on different media based on their dilution multiples. There were 347 col-

onies on SC-LEU agar plate, 329 colonies on SC-URA agar plate, 367 colonies on SC+G418 agar plate, and

346 colonies on SC agar plate. The number of cells spread on SC-LEU, SC-URA, SC+G418, and SC plates

are 2 3 10�3OD, 10�4OD, 6 3 10�5OD, and 1.67 3 10�5OD, respectively. The efficiency of deletion and

inversion events was calculated based on the total number of coated cells and the colony count on various

plates. The deletion efficiency of Cre/loxPsym (chromosome) was 63.85% and an inversion efficiency of

1.81% (Figure 2D and Table S4). The same method was used to determine the recombination efficiency

of Cre/loxPsym and Dre/roxsym1 (plasmid and chromosome). Results indicated that the recombination

efficiency quantified by this method is identical with the recombination efficiency quantified by colony

phenotyping and PCR (Figure 2E).

However, not all the efficiency of SRSs can be quantified using this method. After the plasmid pJYW015

(voxsym2), pJYW016 (voxsym4), pJYW18 (roxsym2), pJYW33 (voxsym1), or pJYW34 (voxsym3) were trans-

formed into BY4742, the colonies could not grow on SC-URA agar plate (Figure S2). We reasoned that

the insertion of some recombination sites (voxsym1-4, roxsym2) would result in the downstream open

reading frame unable to express. To verify this hypothesis, we inserted these recombination sites between

the promoter and start codon of the GFP gene, and checked whether the GFP gene was expressed through

a fluorescence microscope. The results showed that the insertion of voxsym1-4 and roxsym2 sites affected

the expression of subsequent genes (Figure S3).

Orthogonality among the designed nondirectional SRSs, Cre/loxPsym, and the genomic

background

Cre, Vika, and Dre recognize their targets in a highly specific manner and do not cross-react with non-native

sites (Karimova et al., 2013; Sauer and McDermott, 2004). However, we still have to verify whether these

SRSs remain orthogonal after the recombination sites mutate. We used two auxotrophic markers, Ura

and Leu, to quickly verify the orthogonality of these SSR systems through colony phenotyping and PCR.

The Leu cassette flanked by two loxPsym sites and the Ura cassette flanked by two voxsym1-4/roxsym1-2

sites were inserted into the plasmid containing the kanMX resistance gene or the HO locus of

S. cerevisiae BY4742. Next, the corresponding SSR expression plasmids were transferred into these strains.

The Leu expression cassette can only be inversed or deleted under the induction of Cre, and the Ura

expression cassette can only be inversed or deleted under the induction of Vika or Dre, which proved

that the Cre/loxpsym recombination system is orthogonal to the Vika/voxsym and Dre/roxsym recombina-

tion systems (Figure 3A).

Figure 2. Continued

count of single colonies on each plate (blue numbers) are marked on the top of each picture. The deletion and

inversion efficiency and non-recombination of the Cre/loxPsym recombination system were calculated (numbers in

the upper left corner).

(E) The deletion and inversion efficiency of the Cre/loxPsym and Dre/roxsym1 systems on chromosome and

plasmid,error bars indicate SD (n = 3). The total number of yeast cells collected in each group of parallel experiments is

2OD.
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We demonstrated the orthogonality of Cre/loxPsym and Dre/roxsym2 recombination system in the recom-

bination experiment of strains yJYW0038 (Cre, loxpsym, roxsym2, and plasmid) and yJYW0034 (Dre, lox-

psym, roxsym2, and plasmid) as one such example. After the recombination experiment of strain

yJYW0038, 96 colonies were randomly selected and spread on SC-URA+G418 and SC-LEU+G418 plates.

Figure 3. Orthogonality of the designed non-directional SRSs

(A) Schematic overview on the development of orthogonal non-directional SRSs. The LEU expression cassette flanked by

loxPsym sites can only be deleted or inverted under the action of Cre. The URA expression cassette flanked by voxsym1-4

sites can only be deleted or inverted under the action of Vika, while the URA expression cassette flanked by roxsym1/2

sites can only be deleted or inverted under the action of Dre.

(B) The orthogonality of Cre/loxPsym and Dre/roxsym2 recombination systems. After the recombination experiment of

strain yJYW0038 (Cre, loxpsym, roxsym2) and yJYW0034 (Dre, loxpsym, roxsym2), 96 colonies were randomly selected and

spread on SC-URA+G418 and SC-LEU+G418 plates to determine whether the URA and LEU genes were deleted. Two

pairs of primers (JYW115, JYW117, and JYW118, JYW119) were then used for colony PCR to determine whether URA and

LEU genes were inverted. Galactose and estrogen induction were absent in the control group. A clearer gel

electrophoresis image is shown in Figure S4. Primers for characterization of the recombination events in this study are

listed in Table S1.

(C) A heatmap was used to represent the orthogonality of Cre/loxPsym and the six non-directional SRSs developed in this

study.
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We observed that some single colonies were not able to grow on SC-LEU+G418 agar plate but all colonies

grew on the SC-URA+G418 agar plate. However, some single colonies did not grow on SC-URA+G418 agar

plates after the recombination experiment of strain yJYW0034, but all colonies were able to grow on SC-

LEU+G418 agar plates. An analysis was conducted on whether theUra expression cassette and Leu expres-

sion cassette were inversed by PCR. After the recombination experiment of strain yJYW0038, only primer

JYW115 and primer JYW117 were able to amplify the band of the correct size. Conversely, only primer

JYW118 and primer JYW119 amplified the band of the correct size after the recombination experiment

of strain yJYW0034. The results showed that 60 of 96 single colonies were not able to grow on the SC-

LEU+G418 plate, and the Leu gene was inverted in 4 single colonies under the Cre enzyme activity. The

deletion efficiency of the Cre/loxPsym was 62.5%, with a 4.2% inversion efficiency. Similarly, the deletion

and inversion efficiency of Dre/roxsym2 stood at 40.6% and 28.1%, respectively (Figure 3B). The deletion

efficiency of Cre/loxPsym measured in the first part of this paper was 65.6%, whereas inversion efficiency

only 2.1%. The deletion and inversion efficiency of Dre/roxsym2 were 40.7% and 12.9%, respectively. The

two methods revealed the similar preference of the recombination. The experiments further showed

that under the induction of Cre, only the Leu expression cassette was inverted or deleted, and only the

Ura expression cassette was inverted or deleted under the induction of Dre and Vika. We tested the orthog-

onality among the nondirectional recombination systems developed in this study (Vika/voxsym1-4, Dre/

roxsym1-2) and the Cre/loxPsym recombination system. All SRSs in this study were orthogonal to Cre/lox-

Psym. To provide a more intuitive explanation of their orthogonality, we used a heatmap to demonstrate

the inversion and deletion efficiency of them (Figure 3C and Table S5).

Moreover, we assessed whether these SSRs generated ectopic recombination between cryptic recombi-

nase recognition site sequences in the yeast genome. We harvested cells at exponential phase and

whole-genome sequencing was performed at BGI (the Beijing Genomics Institute) using the DNBSEQ plat-

form (Wang et al., 2020). Each sample produced an average of 12 Gb of data. The mixed strains after the

recombination experiment were selected as test samples, and the strains pJYW016, pJYW019, and

pJYW020 without corresponding recombinase were selected as control samples. Compared with the refer-

ence genome (S. cerevisiae S288C), we got all the single nucleotide polymorphisms (SNPs), insertions, de-

letions, and structural variations (SVs) of each sample. After ignoring the same insertions, deletions and SVs

of all test samples and control samples, only one sample has a suspected SV. Finally, Sanger sequencing

was used to further confirm that there was no structural variation at this position. In summary, no off-target

or ectopic recombination were found.

Robustness of the designed nondirectional SRSs

To test the robustness of the SRSs, we measured the recombination efficiency of yeast at different growth

stages as well as the recombination efficiency of different sites in the S. cerevisiae genome. Here, we adop-

ted the method of characterizing efficiency mentioned in the text (colony phenotype and two consecutive

PCRs) to quantify the deletion and inversion efficiency. First, we measured the growth curves of strains

Yjyw0026 (Cre, loxpsym-chromosome) and Yjyw0024 (Dre, roxsym2-chromosome) on SC-URA-His liquid

medium. We selected four representative growth periods: the early stage of the exponential phase (10

h), the middle period of the exponential phase (14 h), the early stage of the plateau phase (20 h), and

the middle part of the plateau phase (30 h) to determine the inversion and deletion efficiency of the

SRSs. The results showed that the deletion efficiency of Cre/loxPsym fluctuated around 65%, whereas

the inversion efficiency fluctuated around 0.5%. The deletion efficiency of Dre/Roxsym2 fluctuated around

65%, and the inversion efficiency fluctuated around 6% (Figure 4A and Table S6). In short, the recombina-

tion efficiencies of yeast strains were identical at different growth stages.

Apart from the possibility that the strain activity may have an impact on the efficiency of the SRSs, we speculate

that the spatial structure of the chromosome at the recombination site may have a certain impact on the recom-

bination efficiency. Compared with episomal plasmids, these SRSs are more likely to be used in the large-scale

recombinationof thegenome in the future. Therefore,we selected theDre/roxsym2systemas theobject tomea-

sure the recombination efficiency at different sites in the genome because it has a higher inversion and deletion

efficiency among the SRSs. Researchers have developed a method to globally capture intrachromosomal and

interchromosomal interactions, and applied it to generate a three-dimensional model of the haploid genome

of S. cerevisiae. They established yeast genome architecture features using interactions from theHindIII libraries,

and verified themwith interactions from theEcoRI libraries (Duanet al., 2010).Wecalculated the sumof intrachro-

mosomal and interchromosomal interactions at all points in theHindIII libraries, and2 siteswith strong interaction
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were selected based on the results, alongwith 2 sites ofmoderate interaction and 2 sites withweak interaction in

the genome to quantify the efficiency of the SRSs (Table S7). The deletion efficiency of the Dre/roxsym2 recom-

binationsystemonthegenomefluctuatedat60%,whereas the inversionefficiencyfluctuatedat6%.However, the

efficiency of the SRSs decreases when the tightness of the chromosomal structures increases at the site of action

(Figure 4B and Table S6).

DISCUSSION

We designed six new artificial nondirected SRSs that can cause random inversion and deletion of the DNA

fragments. Furthermore, we developed two different methods to accurately quantify the deletion and

inversion efficiency of these SRSs. The quantification of the efficiency serves as a reference for the selection

of nondirected SRSs in future research.

Most of the previous studies characterized the efficiency of the recombination system by quantifying the

deletion efficiency of fragments between two recombination sites in the same direction. They used anti-

biotic resistance genes, blue-white class screening, auxotrophic markers or fluorescent proteins to quantify

the deletion efficiency of SRSs in mammalian, human, and mouse cells (Buchholz et al., 1998; Hoess et al.,

1986; Karimova et al., 2013; Lin et al., 2015; Zhang et al., 2019). In this study, we quantified not only the dele-

tion efficiency of the SRSs but also their inversion efficiency. Shen et al. conducted deep sequencing of 64

synIXR SCRaMbLE strains and revealed 156 deletions, 89 inversions, 94 duplications, and 55 additional

complex recombinations (Shen et al., 2016), which were somewhat different from the efficiency we quanti-

fied. The deep sequencing method of SCRaMbLE strains ignored the death of the strains because of the

Figure 4. Robustness of the designed non-directional SRSs

(A) The effect of the growth stages on the efficiency of the designed non-directional SRSs. We quantified the

recombination efficiency of strains at different stages under the Cre/loxPsym and Dre/roxsym2 systems. As the inversion

efficiency of the Cre/loxPsym system is too low, we used a dual axis to express the system’s deletion (left axis) and

inversion efficiency (right axis).Error bars indicate SD (n = 3).

(B) The effect of chromosome spatial structure on the efficiency of the recombination system. We selected 6 sites on the

genome with different interaction strengths to quantify the recombination efficiency of the Dre/roxsym2

system.Error bars indicate SD (n = 3).
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deletion of essential genes, resulting in the quantified deletion efficiency being lower than the actual sit-

uation. To accurately quantify the efficiency of the SRSs, we used the auxotrophic markers to quantify

the deletion efficiency of the recombination system through the phenotype of the strain. Colony PCR

was then used to identify whether the fragments between recombination sites were inverted. Through

this method, we accurately quantified the efficiency of Cre/loxPsym and the six nondirected SRSs devel-

oped in this study on the genome and episomal plasmid. The method, based on cell phenotype and colony

PCR, is universal and applicable to all nondirected SRSs in quantifying their deletion and inversion

efficiency.

We developed a method to speed up the quantifying of the SRSs’ efficiency based on two auxotrophic

markers and a resistance gene. Fluorescent proteins are often used to characterize the inversion of the frag-

ments between two recombination sites (Yang et al., 2014; Zhao et al., 2019). Furthermore, a reporter of

SCRaMbLEd cells was constructed based on a loxP-mediated switch of two auxotrophic markers (Luo

et al., 2018). The method of quantifying efficiency proposed in this study added a resistance gene to char-

acterize the deletion of the DNA fragments. To reduce the influence of recombinase recognition sites on

gene expression, the resistance gene was inserted at the front of the initiation codon. Three different phe-

notypes of cells were used to characterize the DNA fragments among recombination sites that were not

recombined, or were deleted and inverted, whichmade it very fast and convenient to quantify the efficiency

of the recombination system. Using this method, we completed the quantification of the efficiency of the

Cre/loxPsym and Dre/roxsym1 recombination systems. A comparison of the quantified efficiency using the

two different measurement methods can further prove the accuracy of our quantified efficiency.

Although the recombination sites have been inserted at the front of the initiation codon, the subsequent

gene expression was still affected. We reasoned that the inserted site is a complete palindromic sequence,

which forms a perfect hairpin and affects the subsequent gene expression. Previous studies have shown

that the stability of the hairpin structure is related to the enthalpy of the DNA sequence. The higher the

enthalpy, the more stable the hairpin structure (Senior et al., 1988). The difference in enthalpy between

the recognition sites may result in a different degree of influence on subsequent gene expression. We

used Vector NTI (Li and Moriyama, 2004) to analyze the enthalpy of loxPsym, voxsym1-4, roxsym1, and rox-

sym2. The enthalpy values of loxPsym and roxsym1 were found to be lower than those of voxsym1-4 and

roxsym2, which are consistent with our hypothesis (Table S8).

The orthogonality of different SRSs is a key parameter for the complex design of the artificial genome. We

explored the orthogonality among the six new nondirectional SRSs and Cre/loxPsym. Both the Dre/rox and

Vika/vox recombination systems were found to have good orthogonality with the Cre/loxP system (Kari-

mova et al., 2013; Sauer and McDermott, 2004). In addition the Vika/vox and Cre/loxPsym systems have

also been proved to be pairwise orthogonal in S. cerevisiae (Lin et al., 2015). These orthogonal directed

SRSs are often combined with various Boolean logic operations to accurately achieve the activation and

inactivation of gene expression, or to precisely define the roles of specific cell types (Fenno et al., 2014).

Because of the orthogonality of Vika/vox and Cre/loxPsym, Vika/vox can be used for the deletion of genes

in synthetic yeast (Lin et al., 2015; Wang et al., 2020). However, the pairwise orthogonal nondirected SRSs

constructed in this study can simultaneously initiate large-scale and independent gene recombination in

two different regions of the genome, which cannot be accomplished by the previous orthogonal systems.

With the continuous development of synthetic biology, the clustering and recombination of synthetic gene

modules are gradually being tried (Hutchison et al., 2016; Wang et al., 2020). Among these modules, our

pairwise orthogonal non-directed SRSs can be applied.

Robustness is a major feature of biological systems that ensures the system’s functions are maintained despite

external and internal perturbations. Previous studies have shown that the recombination efficiency of the tyrosine

recombination system in Escherichia coli, S. cerevisiae and some mammals maintain at a relatively high level,

which suggests that tyrosine SRSs are a robust genomic modification tool (Anastassiadis et al., 2009; Karimova

et al., 2013; Meinke et al., 2016; Sauer and McDermott, 2004). However, studies were not done on the impact

of the growth period and chromosome structure of the strain on the recombination efficiency used in the exper-

iment. Our experimental results further prove the robustness of the tyrosine recombination system: the efficiency

of the system was not affected by the growth period of the strain. When the system acts on different sites in the

genome, it will be slightly affected by the 3D structure of the chromosome. The areas where the chromosome

structure is tight, the steric hindrance is greater, result in lower efficiency of recombinase compared to areas
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with loosechromosomes.However, the tyrosineSSRssuchasCre,Dre,andVikadonot requireaccessoryproteins

to initiate the recombination reaction. Once the synaptic tetramer structure of the SSR/DNA complex is formed,

no large protein�protein or protein�DNA arrangements are required to trigger recombination (Meinke et al.,

2016). Therefore, the3Dstructureof thechromosomeonlyhas a slighteffect on theefficiencyof theseSRSs.Over-

all, the efficiency of the SRSs is still very robust.

In conclusion, we developed six newnon-directed SRSs: Vika/voxsym1-4, Dre/roxsym1, and Dre/roxsym2,

all of which were proven to be orthogonal to the Cre/loxPsym system. The combination of these systems

with the Cre/loxPsym will serve as powerful orthogonal tools for large-scale genome recombination, espe-

cially for modularized synthetic genomes. In this paper, we have also performed a comprehensive charac-

terization of the efficiency, orthogonality, and robustness of these SRSs, providing a better understanding

of the tyrosine recombination system and further promoting its application in synthetic biology.

Limitations of the study

Themethod proposed in this study to quantify the efficiency of SRSs based on two auxotrophicmarkers and

a resistance gene is a quick and convenient method. However, inhibition of the inserted recombination

sites on the expression of its downstream gene should be further investigated. In the future, these recom-

bination sites can be moved to the suitable loci upstream of the start codon to reduce hindrance to down-

stream gene expression. At present, only the pairwise orthogonal nondirectional recombination system

was constructed. In the future, a nondirected recombination system containing three or more orthogonal

recombinases can be constructed, which is suitable for multi-module synthetic genomes.
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Materials availability
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Data and code availability
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This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All S. cerevisiae strains used in this study were derived from the BY4742 background strain (MATa his3D1

leu2D0 lys2D0 ura3D0). E. coli strain DH5a grown in Luria Broth (LB) media was used for cloning purposes.

S. cerevisiae BY4742 was used as the initial host for DNA assembly and transformation in this study. All yeast

strains are described in Table S9. Yeast strains were cultured in yeast peptone dextrose (YPD) medium or

synthetic complete (SC) dropout medium supplemented with amino acids and/or drugs.

METHOD DETAILS

Construction of plasmids

Recombination efficiency characterization plasmids were based on the pRS415 vector and developed by

inserting efficiency characterization cassettes using SalI and BamHI restriction enzymes (NEB). The effi-

ciency characterization cassettes were generated using overhang primers to add a symmetric recombina-

tion site (loxPsym, roxsym1-2, voxsym1-4) to both sides of the Ura cassette. Symmetric recombination sites

were developed from mutations in vox and rox using chemically synthesized oligonucleotides.

The SSRs expression plasmids (GAL1p-Vika/Dre-EBD-CYC1t) were assembled into pRS413 linearized by

BamHI and NotI (NEB) through overlap-based DNA assembly methods. Dre was identified from phage

D6 and the coding sequence was obtained from the GenBank database: AY753669 (Sauer and McDermott,

2004), purchased as gBlock from TSINGKE Biological Technology.

The plasmids for rapid characterization of recombination efficiency and construction of one linearization

vector involved the Ura promoter and three PCR-amplified DNA fragments: Ura and its terminator with a

symmetric recombination site on the left, the inverted Leu and its terminator with a symmetric recombina-

tion site on the right and KanMX with TEF terminator. All three PCR products were inserted via Gibson as-

sembly into the linearized vector (Gibson, 2011).

To construct orthogonal verification plasmids, the linearization vector-containing the Ura cassette flanked

by two identical symmetric recombination sites (voxsym2/voxsym4/roxsym1/roxsym2)-was PCR amplified

from recombination efficiency characterization plasmids. The Leu cassette was flanked by two loxPsym sites

and the KanMX cassette was also obtained through PCR. The two PCR products were inserted via Gibson

assembly into the linearized vector. All the plasmids and primers for plasmids or strains construction used

in this study are described in Table S10 and Data S1.

Yeast transformation and assembly

S. cerevisiae transformations were carried out using standard lithium acetate procedures in this study: The

yeast colonies were incubated in 5 mL of YPD overnight at 30�Cwith shaking at 220 rpm. Later, 200 mL of the

culture was transferred to 5 mL of YPD (30�C, 220 rpm). When the OD600 reached 0.4 G 0.6, 1 mL of cells

was collected and washed with sterile H2O. The cells were then resuspended in 1 mL of 0.1 M LiOAc solu-

tion and placed on ice for 5 min. Moreover, 620 mL of polyethylene glycol (PEG) 3350, 150 mL sterile H2O,

40 mL of salmon DNA and 90 mL of 1 M LiOAc were mixed together, which served as transformation buffer.

The salmon DNA was preheated at 100�C for 10 min and then cooled on ice. Pretreated cells (100 mL) were

added andmixed in the transformation buffer, after which they were cultured at 30�C for 30min. The culture

was then combined with dimethyl sulfoxide (DMSO) and heat-shocked at 42�C for 20 min. The solution was

centrifuged at 4,000 g for 5 min, and the supernatant was discarded. The cells were recovered and resus-

pended in 500 mL 5mMCaCl2 for 5min, and plated onto the corresponding selectivemedia (Xu et al., 2020).
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The overlap extension PCR was used to build the DNA cassette flanked by 500 bp genomic homology re-

gion. The PCR products were then transformed into BY4742 to complete the integration. After the appro-

priate selective media was chosen, PCR and sequencing were used to confirm the integrants.

Recombination experiments

Single colonies were chosen and inoculated in 3 mL liquid SC-URA-HIS-Leu (SC-URA-HIS) media and

cultured overnight at 30�C on a rotary shaker (220 rpm). Cultures were washed twice with ddH2O and re-

inoculated to obtain an OD600 of 1.0 in 2% galactose SGal-His-Leu (SGal-His) medium containing 1 mM

b-estradiol (Control group: Cultures were washed twice with ddH2O and re-inoculated to obtain an

OD600 of 1.0 in 2% glucose SC-HIS-LEU (SC-His) medium without b-estradiol). The cultures were incubated

at 30�C with shaking at 220 rpm for 8 h to turn on SSRs activity in the cells and begin the recombination

progress. Cultures were spun down at 4,000 3 g for 5 min and washed three times with water to wash

out galactose and b-estradiol while cells underwent serial dilution and were plated on solid SC-LEU (SC)

medium for 2 days at 30�C.

Verification of orthogonality

Following the recombination experiment, 96 colonies were randomly selected and spread on both SC-URA

(SC-URA+G418) and SC-LEU (SC-LEU+G418) plates overnight. The deletion efficiency of Ura/Leu cassette

was quantified by counting the number of colonies which could not grow on SC-URA (SC-URA+G418)/SC-

LEU (SC-LEU+G418) plate. PCR analysis was carried out to quantify the inversion efficiency of Ura/Leu

cassette.

Growth curve assay

The single colony was cultured to saturation in 5 mL liquid medium SC-URA-HIS at 30�C on a rotary shaker

(220 rpm). Cultures were inoculated from 24-h precultures, at an initial OD600 of 0.1 in 50 mL liquid medium

SC-URA-His and cultivated at 220 rpm, 30�C for 72 h. Spectrophotometry was used to measure the OD600

value at appropriate intervals.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of recombination efficiency

Following the recombination experiment, 96 colonies were randomly selected and spread on an SC-Leu-

Ura (SC-URA) plate overnight. The deletion of efficiency characterization cassettes was quantified by count-

ing the number of colonies which could not grow on SC-LEU-URA (SC-URA) plate (ND). In addition, PCR and

sequencing were used to verify the inversion of efficiency characterization cassettes. Colonies that could

grow on the SC-LEU-URA (SC-URA) plate were resuspended in 50 mL of 20 mMNaOH. The cells were heat-

ed for 3 cycles of 95�C/5 min and 4�C/1 min prior to adding the PCR mix, and the PCR program was per-

formed using primer JYW109 and primer JYW111. The following PCR program was used: 95�C/3 min; 35

cycles of 95�C/15 s, 55�C/15 s, and 72�C/15 s; a final extension of 72�C/5 min. PCR reaction was generated

using 23 Rapid Taq Master Mix (Vazyme Biotech Co., Ltd). Agarose gel electrophoresis was used to

perform the inversion event. A PCR product (471 bp) was generated only when the efficiency characteriza-

tion cassettes were inverted. To quantify the efficiency of the inversion event more accurately, colonies that

can generate PCR product (471 bp) were picked up to a new SC-LEU-URA (SC-URA) plate to produce single

colonies for 2–3 days at 30�C. Four single colonies were randomly picked from each colony to perform the

PCR program using primer JYW109 and primer JYW111. Primer JYW109 and primer JYW110 were also used

to verify whether the efficiency characterization cassettes were inverted. Primers JYW109 and JYW111 were

able to amplify the PCR product (471 bp), while primer JYW109 and JYW110 failed to amplify the PCR prod-

uct, which was counted as one inversion event. The inversion of efficiency characterization cassettes was

quantified by counting the number of inversion events (NI). Mean values were calculated from three sepa-

rate experiments to quantify the efficiency of recombination event. Deletion efficiency (ED) and inversion

efficiency (EI) were calculated as:

ED = ND=96 EI = NI=ð4 � 96Þ (Equation 1)

Rapid quantification of recombination efficiency

Following the recombination experiment, the cells were washed three times with water before they were

serially diluted and spread on the solid medium SC, SC-URA, SC-LEU and SC+G418 with the appropriate

bacteria amount. Recombination efficiency was quantified by counting the number of colonies on each
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plate (NUra, NLeu, NG418, NSC). Colonies with deletion events can grow on SC+G418, while colonies with

inversion events can grow on SC-LEU. In addition, colonies without recombination events can grow on

SC-URA, and all colonies can grow on SC. Mean values were calculated from three separate experiments

to quantify the efficiency of recombination event. Deletion efficiency (ED) and inversion efficiency (EI) were

calculated as:

ED = NG418=ðNUra + NLeu + NG418Þ EI = NLeu=ðNUra + NLeu + NG418Þ (Equation 2)
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