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Abstract

Background

With the development of several new technologies using synthetmglpj it is possible t
engineer genetically intractable organisms includiygoplasma mycoides subspeciesapri
(Mmc), by cloning the intact bacterial genome in yeast, using theykast’s genetic tools
modify the cloned genome, and subsequently transplanting the modified geémomes

recipient cell to obtain mutant cells encoded by the modified genbngerecently described

tandem repeat coupled with endonuclease cleavage (TREC) method hasubeessfully

used to generate seamless deletions and point mutations in the ray@pgkEnome using the

yeast DNA repair machinery. But, attempts to knock-in genes in scases hav

O

10]

e

encountered a high background of transformation due to maintenance of unwanted

circularization of the transforming DNA, which contains possible autonshy replicating

sequence (ARS) activity. To overcome this issue, we incorporaplit anarker system into

the TREC method, enabling seamless gene knock-in with high effycidine modified
method is called TREC-assisted gene knock-in (TREC-IN). Sirgene to be knocked-in
delivered by a truncated non-functional marker, the background céysad incomplets
integration is essentially eliminated.

Results

In this paper, we demonstrate applications of the TREC-IN methgdrne complementatiq
and genome minimization studies Mmc. In the first example, th&Imc dnaA gene was
seamlessly replaced by an orthologous gene, which shares a brgle dé¢ identity at th
nucleotide level with the origin&dfimc gene, with high efficiency and low background. In
minimization example, we replaced an essential gene backhmigenome that was pres

in the middle of a cluster of non-essential genes, while deleting the non-glsgené cluster

again with low backgrounds of transformation and high efficiency.

Conclusion

Although we have demonstrated the feasibility of TREC-IN in gemeptamentation and

genome minimization studies Mmc, the applicability of TREC-IN ranges widely. Tt
method proves to be a valuable genetic tool that can be extendeddonigengineering i
other genetically intractable organisms, where it may be impitsden elucidating specif
metabolic pathways and in rationale vaccine design.
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Background

Mycoplasmas are the simplest and smallest living prokarygigs um), and although
phylogenetically related to Gram-positive bacteria, laclkelawall [1]. They also have the
smallest recorded genomes (0.58 Megabases (Mb) — 1.38 Mb) foriddaspercies that can



replicate autonomously, and have colonized a wide range of hosts mgglimimans and
animals [2]. However, efforts to manipulate mycoplasma genomesfraught with
difficulties owing to the lack of genetic tools available for thesganisms [3]. This has made
understanding the biology and elucidating the host-pathogen mechanismy fpotntial
therapeutics, including vaccine development, challenging.

One of the early genetic tools that were developed for undersgandinoplasma biology
was the generation @riC plasmids that could replicate in mycoplasma cells [4-6]. Although
heterologous gene expression and targeted gene disruption ley@ioggover recombination
were demonstrated iMycoplasma mycoides subspeciesapri (Mmc) and M. capricolum
subspeciegapricolum (Mcc), no recombination events were observed in the closely related
M. mycoides subspeciesycoides (Mmm) [7,8]. In addition, maintaining stable mutants using
OriC plasmids turned out to be difficult and laborious [4,7,8]. Thus, altesti@tgies were
designed, including a transposon-based method to generate mutantsowitbagsage
numbers that were free of antibiotic-resistance genes [9isposon-based mutagenesis has
been prevalently used as a genetic tool in mycoplasmas to generate mutaetestfastwell

as to define essential genes required for survival [10-12]. Furtherrmaadouble-crossover
homologous recombination method using a suicide plasmid has been desoribdd f
genitalium, albeit at a very low frequency [13-15], but this method did not asldemsmless
deletion and removal of markers [16]. Therefore, to overcome stadmidymarker recycling
issues, we turned to yeast genetics and synthetic biology todettie genetic toolbox of
mycoplasmas. With recent advancements in synthetic genomicsing;lwdoning of the
Mmc genome in yeast, manipulation of the mycoplasma genome usingggeesic tools,
transplantation of the engineered mycoplasma genome from gemabitterial recipient cell,
and creation of the synthetic cell, expression of the engingerszme became possible [17-
22]. Mycoplasma genomes includiiy genitalium (0.6 Mb), M. pneumoniae (0.8 Mb), and
Mmc (1.1 Mb) were first cloned into yeast with the idea of implenmgnyieast genetics tools
to engineer genetically intractable organisms [17-22].

Once cloned in yeast, bacterial genomes can be theoreticatiiyputated by yeast genetic
tools. The URA3 marker/ 5-FOA counter-selection is a common techmigwdich the
marker can be recycled to create seamless gene deletiomseraphts, or gene knock-ins.
However, we have previously shown that this conventional two-step methedvery
inefficient in engineering a mycoplasma genome cloned in yhastto instability of the
genome where high background of 5-FOA resistant colonies resulted nfborspecific
removal of the URA3 marker [22]. Development of the tandem repeat cowplh
endonuclease cleavage (TREC) method has greatly improved theneffiof seamless gene
deletions [21,22]. TREC can be also applied in gene knock-in via a siagleansformation
where the knock-in sequence is placed outside the cassette andiateiyenext to the
repeated sequence (Figure 1). The removal of the cassetts thaknock-in sequence in the
target site seamlessly. Although TREC method is currently tsietbel that can seamlessly
engineer a genome cloned in yeast [21,22], the process is somt@fiiesent with a high
background of transformation, arising possibly due to illegitimatembination (Figure 1).
To overcome this limitation of TREC-mediated gene insertionsdeweloped a modified
method, called TREC assisted gene knock-in (TREC-IN) thatfsignily improves the
efficiency of gene knock-in and vastly reduces screeningteffbis method relies on the
split marker system whereby the gene is delivered by a notidoattruncated antibiotic
resistant gene moduleenMX, and a site-specific gene insertion is selected by functional
restoration of the full lengtkanMX gene. Here, we demonstrate the feasibility of TREC-IN



in the Mmc genome using two examples a) replacement of an endogenous gerenwit
orthologous one, and b) essential gene complementation in a genome reduction study.

Figure 1 Brief outline of TREC and background formation. The gene to be inserted (your
favorite gene, YFG), indicated by a purple arrow can be seslylieserted into a target site
(orange arrow) via TREC. The knock-in sequence (purple arrow)ased immediately
downstream of the repeat sequence (RS) (dark blue box containingkaablaw) in the
CORE cassette (gray boxes). After integration, induction of dottaledsbreak can promote
homologous recombination between the two repeat sequences, leademawalr of the
CORE cassette, as shown on the left. However, a fraction offdramisg DNA may
circularize itself through illegitimate recombination or non-homolmsyend joining, where
broken DNA ends join. The resulting DNA may be maintained as a negrated plasmid if
the knock-in sequence contains ARS activity, as shown on the right. UHR, indicateampstr
homology region, and DHR, downstream homology region.

Results

Design of the TREC-IN

The design of TREC-IN is based on the previous TREC straadyincorporates a split
marker approach with an additional step for a gene knock-in thag¢dsated by a functional
restoration of the kanamycin resistance gene mo#ai®IX. The procedure involves three
steps: first, insertion of a COREG6 cassette to the target;l@seeend, site-specific gene
integration; and third, seamless cassette recycling (FR)yeln the first step, the COREG6
cassette, which consists of thel8 bp I-Scel restriction sité;3bel endonuclease encoding
gene under the control of the ye&AL1 promoter, theKlURA3 gene and a’Sruncated
kanMX gene component, is introduced to the target site. Similar td RiC method, two
sequences of about 50 bp that are homologous to the target sitidadei@o the COREG
cassette by PCR on &nd 3 ends of the cassette so that they flank the COREG6 cassette
(Figure 2B). Transformation of the CORE6 cassette into yeast Bomologous
recombination at the target site results in the replacemeiedfarget site by the CORE6
cassette. Transformed yeast colonies are selected for pr@tcitrophs, and further analyzed
by PCR screening to confirm that the homologous recombination baseat at the correct
target site (Figure 2A). The second step of TREC-IN involves kargin and
transformation of the knock-in module containing’ &r@ncateckanMX gene component and
the knock-in sequence. The kanamycin resistance gene and the knajuenee are
separated by a repeat sequence of about 50 bp in length, which isaldentigostream
sequences of the target site in the COREG6 cassette (Figyreli2€ knock-in module is
flanked at the 5end by a region of the kanamycin resistance gene to allow foolbgaus
recombination at the'3®nd of the COREG6 cassette. On itsBd, the knock-in module is
flanked by the same homologous region that is also present ori &mel ®f the COREG6
cassette to allow for recombination at the target site (&ig@d). Upon transformation, the
knock-in module will integrate into the target site, resultin@rmninsertion containing two
repeat sequences encompassing three genes (the KB4#eRA3, and the full lengtkkanMX
module) and the knock-in sequence. Transformed yeast colonies aredsé&beatesistance
against the antibiotic geneticin, and then analyzed by PCR sagetminonfirm correct
insertion. In the third step of TREC-IN, the whole cassette flarikedhe two repeat
sequences is removed via homologous recombination between the twosezpesatces. The
efficiency of the recombination is enhanced by the double straa#t (SB) generated by



the cleavage of the endonuclease I-Scel at the 18-bp recognigoim shie cassette after
galactose induction. The removal of tKBURA3, I-Scel and thekanMX module counter-
selected by 5-FOA would leave no scar. Only the knock-in sequenwene at the target
site. Yeast cells that are resistant to 5-FOA are setkby PCR for the precise insertion of
the replacement sequence (Figure 2).

Figure 2 (A) General outline of the TREC-IN method depicting targé sequence
replacement. The target region (gene(s) or a tract of nucleotide sequemte) teplaced is
represented as an orange arrow, while the knock-in replacentem@nse (denoted as your
favorite gene/ sequence (YFG/S)) is indicated by a purple atrowtep 1, the COREG6
cassette containing a 50 bp homology region to the target she &tdnd (denoted as the
upstream homology region (UHR) or the repeat sequence (RS), amateaddny a dark-blue
box containing a black arrow), and a 50 bp homology region to the tamgett $hie 3end
(denoted as downstream homology region (DHR), and indicated by elightbox) was
amplified by PCR and transformed into yeast harboring the genome&md#st. The COREG6
cassette includes the reconstituted 18 bp I-Scel restrictienlddack bar), and the I-Scel
restriction enzyme under the control of the Gall promoter, followeal Uyacil marker, and
5" kanMX gene component, as described in the Additional file 1. The yeastieslare
selected for uracil prototrophy. In step 2, the knock-in module (comgathe replacement
gene and the’3egion of thekanMX split marker component, interspersed by the 50 bp repeat
sequence, and flanked by 50 bp homology region to ttkanB1X gene component in the
CORE cassette and 50 bp homology to then8 of the target site) is transformed into yeast
harboring the genome of interest with the COREG6 cassette tdrtiet region. Appropriate
homologous recombination results in full complementation ofkémd1X gene component
and the yeast colonies are selected for geneticin resistargtep 3, resistant yeast colonies
are then patched in presence of galactose. Galactose ind@oed é&xpression, which
produces double-strand break (DSB) at the I-Scel site nearrtjet $ite, and thus enhances
intra-molecular homologous recombination (dashed double-headed blue artoeribéhe
two repeat sequences, resulting in excision of the CORE6 @asseitknock-in module.
Colonies were patched on 5-FOA for Uracil counter selectiorgridstic primers to confirm
correct insertion of cassettes by homologous recombination are dhowashed arrows,
while primers for synthesis of CORE6 and knock-in modules are shgvkinked arrows.
(B) Construction of CORE6 cassette. The COREG6 cassette was iathpldm pCOREG
plasmid (described in Additional file 1) to include the four additionatleotide sequences
(tagg) in order to fully reconstitute the 18 bp I-Scel restricsive (black bar), instead of the
14 bp partial recognition site present on the pCOREG6 plasmid (ldrife50 bp UHR and 50
bp DHR that are specific to the target site were also indludethe construction(C)
Construction of the knock-in module. The replacement knock-in module is coedtusihg
a 2-step method. In the first step, thkaBMX gene component carrying thé rggion of
kanamycin gene (including the terminator, TEF) (gray stripped boxgawith the repeat
sequence (dark-blue box containing a black arrow), and an upstream homegmyyto the
5’ region of the kanamycin gene in CORE®6 (gray box) is amplifiedgushimeric primers
(kinked dashed arrows). A second PCR fragment containing the replaicgene (purple
box, designated YFG/S) is generated along with the repeat segidak-blue box
containing a black arrow) and a downstream homology region to targétigt-blue box)
using chimeric primers. In the second step, the two PCR producssembled into a linear
knock-in module by a PCR-based fusion method.




Replacement of theMcc orthologousdnaA gene in theMmc genome

To demonstrate precise replacement of an orthologous gene fimibh@enome, TREC-IN
was applied to replace tidmc dnaA gene, which is essential for chromosomal replication
and viability [5,19], with the orthologoudnaA gene fromMcc. The Mmc (accession no.
AY277700) andMcc dnaA genes (accession no. D90426) share 95% sequence identity at
both the nucleotide and protein levels (analyzed using BLAST). Asildedan Methods, the
first step of TREC-IN resulted in the precise replacemenh®fendogenoudnaA gene by
the COREG6 cassette (Figure 3A, step 1). The promoter ‘aredidn of theMmc dnaA gene
were left unaltered. In the second step of TREC-IN, the ortholomgsdnaA gene was
integrated downstream of the COREG6 cassette under geneticitiose(€tgure 3A, step 2).

In the third step, DSB at the I-Scel site promoted homologous feoation between the
two repeat sequences, followed by precise and seamlessoms#rthe Mcc dnaA gene in
the Mmc genome (Figure 3A, step 3). Each step of the deletion and replaceroeatiure
was evaluated by PCR screening to confirm the correct insertions and juifetgure 3B).

Figure 3 Replacement ofMcc dnaA gene in the mycoplasma genome. (A$chematic
representation of replacement of thikenc dnaA gene with an orthologous gene fravicc.
Here, thednaA gene in theMimc genome (indicated by an orange arrow) was replaced by the
Mcc orthologue (purple arrow) using TREC-IN. Diagnostic primerscoofirm correct
insertion of the cassettes and seamless replacement of theeeodednaA gene are
indicated by dashed arrows (see Additional file 1: Figure S3rioner information).(B)
PCR screening to confirm replacement of Mac dnaA gene with an orthologous gene from
Mcc. (a) DNA from yeast colonies after selection on SD-His-Wexe amplified using
primers DG1F/ DG1R (left junction; expected size, 222bp) and DB&2R (right junction;
expected size, 438bp). (b) DNA from yeast colonies after seleciomeneticin were
amplified using primers DG2F/ DG4R (left junction; expected,st85bp), DG6F/ DG5R
(middle junction; expected size, 615bp) and DG3F/ DG2R (right junctigmected size,
446bp). (c) DNA from yeast colonies after selection on 5-FOA aeelified using primers
DG1F/ DG5R (left junction; expected size, 388bp) and DG3F/ D@2t junction;
expected size, 446bp). A representative of 5 colonies is shown fortraasformation and
for each junction.

Upon transformation, seven colonies were screened by PCR and adldhess were found
to be positive for CORESG6 replacement [Figure 3B (a)]. In ticerss step, we PCR-screened
36 geneticin-resistant colonies for multiple junctions and found th&633/91%) of the
colonies were positive for the precise insertion of the cassietie targeted locus [Figure 3B
(b)]. In the third step, I-Scel-mediated DSB resulted in 27/36 (75%)eo€olonies showing
precise removal of the cassette, resulting in a cleanimsgRigure 3B (c)]. Of note, PCR-
screening [Figure 3B (b) and 3B (c)] indicated that while nigjaf the colonies obtained
resulted in seamless replacement of the knock-in gene, thennegn@% and 25% colonies
respectively, were positive for only one or two of the junctiontetiessuggesting non-
specific recombination. Thus, TREC-IN proves to be a valuable getosti to overcome
background issues and facilitate gene knock-in experiments with incréasied ey .

Both, thednaA gene-deleted andhaA gene-complementddmc genomes were transplanted

to generate the mutatMimc strains, as described previously [21]. As expected, genome
transplantation of thednaA gene-deleted genome resulted in non-viability. However,
replacement of the orthologowdcc dnaA gene resulted in a viable cell. The resulting
colonies were of similar size to those of the control wild-tylpac colonies (data not shown).



Genomic DNA from thednaA-replacedMmc cells was isolated and analyzed by sequencing
to confirm the precise and scar-less insertion oMbednaA gene.

Application of TREC-in for genome reduction in theMmc genome

Global transposon random mutagenesis has been widely used to identdgsential genes
in minimal genome studies in prokaryotes [10-12]. Therefore, usingsposons, we
generated a high-resolution map of non-essential gene candidates on acdymtbhejenome
(unpublished data). To carry out a top-down genome reduction strategy, ciweseout-
essential genes were grouped into multigene deletion tamgt&ere labeled non-essential
gene clusters (NEGC). In some cases, several NEGCs mierspersed by single or a few
Tn5-defined essential genes. To achieve genome reduction more #fficiee TREC-IN
approach was tested to remove multiple NEGCs simultaneously,hendatdd back the
essential genes to the genome that were interspersed betvesenTio demonstrate this
application, we chose a 16 kb region of the syntidtrc genome imc Syn1) covering two
NEGCs consisting of 10 genes, separated by a Tn5-denfined esserdi@sg®nfor deletion
(Figure 4A and Additional file 1: Figure S2). In the first stdpf REC-IN, the integration of
the CORES6 cassette at the target site resulted in theodetdétthe two NEGCsMmc Synl
0152-0157 andMmc Synl 0159-0162) along with the intervening essential gere(Mmc
Synl 0158) from thdMmc Synl genome. In the second step of TREC-IN, transformation of
the knock-in module resulted in the precise insertion ofMh& ssrA gene back into the
syntheticMmc genome. The precise cluster deletion followed by insertion ofstiAegene
was verified by PCR screening (Figure 4B). The phenotypes ofchaiter-deleted anskrA
gene-complementedmc strains were determined by genome transplantation. We found that
the whole 16 kb deletion comprising 11 genes resulted in a non-functienaime as
observed by the lack of viable cells. However, cis-complementatitressrA gene rescued
the lethal phenotype. Transplantation colonies fromsth& complemented synthetidmc
genome were viable, and showed similar colony size to those cbiitel synthetidMmc
cells (data not shown). Genomic DNA from tsseA complementedimc cells was isolated
and analyzed. Sequencing of the complemesde&iregion in the isolated modified synthetic
Mmc genome confirmed the precise and seamless insertion of theiadglenc ssrA gene
and deletion of the two NEGCs.



Figure 4 Cluster deletion and replacement of an essential gene ugimREC-IN. (A)
Schematic representation of replacement of the intervesidg(Mmc Synl_0158) essential
gene upon deletion of a cluster in thlenc synthetic genomeMmc Synl). The two non-
essential gene clusters (NEGCs) along with the essentiakgénare represented as orange
arrows, while the knock-in replacemesstA gene (0158) is indicated by a purple arrow. In
the step 1, the CORES6 cassette containing a 50 bp homology redgimnttoget site at the 5
end (denoted as the upstream homology region (UHR) or the repeahced&®S), and
indicated by a dark-blue box containing a black arrow), and a 50 bp honrelgign to the
target site at the’®nd (indicated by a light-blue box) is amplified by PCR anastaamed

into yeast harboring thImc synthetic genome. The yeast colonies were selected for uracil
autotrophy. In step 2, two fragments of amplified DNA were co-toamed into yeast
harboring the genome of interest with the COREG6 cassette aNH@&Cs. One of the
fragments contained thesrA replacement gene, the 50 bp repeat sequence, and a 50 bp
homology to the 3end of the target region. The other DNA fragment included ‘thegin

of theKanMX split marker gene component, interspersed by the 50 bp repeat sequehae

50 bp homology region to the’ KanMX gene component in the COREG6 cassette.
Appropriate homologous recombination resulted in full complementation éfatidX gene
component and the yeast colonies were selected for geneticiamesisin step 3, the yeast
colonies were then patched in presence of galactose. Galactosesim@asd expression,
which facilitates double-strand break (DSB) at the I|-Scel séar the target site, and
enhances intra-molecular homologous recombination (dashed double-headedrdi)e ar
between the two repeat sequences, resulting in excision of REE cassette. Colonies
were patched on 5-FOA for uracil counter selection. Diagnosticepsito confirm correct
insertion of cassettes by homologous recombination is shown by dasleds ggee
Additional file 1: Figures S2 and S3 for more informatiqi) PCR screening to confirm
cluster deletion and replacement of t6A essential gene by TREC-IN. (a) DNA from yeast
colonies after selection on 5-FOA were amplified using prid&%52/162-DGF and 0158-
DGR (left junction; expected size, 239bp), and D0152/162-DGF and D0152/162-DGR
(expected size afsrA replacement, 1.0kb).

Discussion

Mycoplasmas infect a wide range of hosts, including humans and anamdlsn some cases,
even contribute towards economic havoc [1,2]. Therefore, developing detietic tools to
study and contain these pathogens has become a pridritg, with its relatively small
genome, and ease of manipulation [20,21] is not only being probed as & tomatedy
pathogenesis, but also as a model organism to test the concept oinalngell, where
essential genes and functions are being determined. Additioiialiy is also being modeled
as a platform to develop tools towards vaccine development that cappbed to other
mycoplasma species. However, the existing genetic tool box nitattéfscult to study this
bacterial species.

With recent advancements in synthetic genomics, it is now pogsil@agineer theMimc
genome using yeast genetic tools, including TREC [17-22]. Developmd@RBEC is based
on a modified yeast system where generation of seamles®dslftP] and point mutations
(unpublished data) in the mycoplasma genome is now made possible bthesyegst DNA
repair machinery. In principle, the TREC method can be employedeéotigenes of interest
into the Mmc genome. However, several attempts to knock-irMam gene into thevimc
genome were inefficient with a high background of transforma8orce yeast ARSs are A-



T rich, and the mycoplasma genome is relatively A-T rich, reasonable to speculate that
gene knock-ins containing A-T rich sequences of mycoplasma gendmlgsciontain ARS
activity [17]. Akada and colleagues reported that a gene contaamn@RS performs
inefficient chromosomal integration [23]. Thus, a portion of the tramsfay DNA can
circularize through illegitimate recombination or NHEJ [24], andri@entained as a non-
integrated free plasmid in the yeast cell (unpublished rednlty, To circumvent this
problem, we developed TREC-IN, which can efficiently produce demek-ins without
leaving any scars. Since the TREC-IN method encompasses «eohehe TREC method
and a split marker system for seamless replacement of ridelessquences at any given
location on the genome, background issues arising from unwanted ARE actd A-T rich
content are greatly reduced. In the examplenaiA gene replacement (Figure 2) TREC-IN
was employed to replace the A-T rithmc gene with an orthologous gene fradvicc.
However in this case, direct comparison with TREC was not possibbause the
orthologous genes share a high degree of homology (95%) and the TREC wiaegid not
be able to resolve partial recombination occurring between the twa,gaseexpected.
Therefore by using TREC-IN, efficiency of replacement idlyamproved with frequencies
of obtaining a positive clone nearing 75% (see Results), thus ciratimy¢he cumbersome
screening process of TREC which would be labor and time inter@ivaote, comparing
efficiencies between TREC and TREC-IN proves to be compticaseit varies on a case-
case basis where A-T content and secondary structure has to be taken intoatmrsider

Furthermore, TREC-IN can also been extended to delete gemlespwssible ARS-like
activity from theMmc genome, which are very difficult to achieve by the TREC method. F
example, we made several attempts to delete the glyceibtatar (QlpF) gene from the
Mmc genome using TREC (unpublished results). We found transformatiodedieicreased
levels of background colonies growing on selective media, without thectoeplacement.
Yet, when the TREC-IN strategy was applied to deleteMinge glpF gene, all colonies
obtained contained the precise and seamless deletion aflgRegene (manuscript in
preparation, SC, LM, CL, JJ, RC, SV). In contrast to the TREGadetno background
colonies were observed. While TREC-IN depends upon integration &@RE cassette to
the target site, there is some flexibility in choosing thegration sites. Depending on the
case, the design can be modified to target sequences tharesidg in upstream or
downstream adjacent genes if the original target sites probe wifficult. The adjacent
genes can then be restored by including the deleted sequencekimotken fragment. The
glpF deletion described above provides such an example. In this case, itire fdeshe
downstream homologous region (Figure 1) was modified to include péne afeighboring
glpK gene, in order to bypass a specificity issue at tlem@ of theglpF gene. The missing
Mmc glpK region was complemented in the second step of the TREC-IN method.

TREC has been employed to delete target sites of greatei7th&h seamlessly iMimc
(unpublished results), and since TREC-IN utilizes elements GfRE&C, it can be speculated
that TREC-IN can also be used to seamlessly delete dynikmge nucleotide tracts.
Although, analysis of knock-in sequences larger than 3 kb has not beied cat, it is
theoretically possible that TREC-IN would be able to handle ldrggments, albeit possibly
with lower efficiency in trying to complete homologous recomboratin summary, TREC-
IN proved to be useful in modifying regions of the genome that tenuk tdifficult to
engineer either due to high A-T content or ARS activity, wiidR&C or other conventional
yeast genetic tools maybe limiting.



Conclusion

The TREC-IN method proves to be a powerful genetic tool for manipglatycoplasma
genome. In addition to finding applications in our top-down genome minimizafiMmc
(Figure 4), this method can be employed to explore homologous conmpétimie studies in
other related organisms, includimg. leachii, and M. putrefaciens efficiently without the
cumbersome screening process that would be required by TREC Byonsing TREC-IN to
manipulate metabolic pathways, pathogenic and virulence factoys beastudied with
relative ease; thereby facilitating better vaccine desgainat some of the economically
devastating livestock diseases such as contagious bovine pleuropneumased by
mycoplasmas [25]. In our studies of mycoplasma biology, TREC and TIRECamatically
increased our ability to manipulate the genomes of geneticatigctable bacteria. As
synthetic genomics techniques are extended to other bacterarehditficult to manipulate
genetically, TREC and TREC-IN will become even more valuabléoals for engineering
bacterial genomes cloned as yeast centromeric plasmids.

Methods

Yeast strain and media

The yeastSaccharomyces cerevisiae, strain VL6-48 (MATahis3-4200 trpl-41 KIURA3-41
lys2 ade2-101 metl4) containing either the 1.08 Mb genome Miycoplasma mycoides
subspeciesapri (Mmc) with a yeast centromeric plasmid (YCP) [21], or the synthdtinc
genome Mmc Synl) [19] were employed. Yeast cells were grown and maictameither
the synthetic minimal medium containing dextrose (SD) [21], orsthedard rich medium
containing glucose (YPD) or galactose (YPG) [22]. SD medium suaplemented with 5-
fluoroorotic acid (5-FOA), for KIURA3 counter-selection [21,26].

Preparation of mutagenesis cassettes

A. Construction of pCOREG6 plasmid

The pCORESG6 plasmid was constructed by cloning thredion of the kanamycin resistance
gene along with its promoter’(&anMX, 1-859 bp) into the previously constructed pCORE3
plasmid (unpublished) at the EcoR | site (Additional file 1: Figotd. More precisely, 'S5
kanMX was amplified from the previously described pFA6a-KanMX plasmid using
primers, RCO0858 (CAGGAATTCGACATGGAGGCCCAGAATAC) and RCO859
(ATCGAATTCGGCCAGCCATTACGCTCGT), containing the EcoR | radion site
(GAATTC) at each extremity. The pCORE3 plasmid, which includ&d &ap incomplete I-
Scel restriction enzyme site (white box), a Gall promoter;&gel restriction enzyme gene,
and yeasKIURA3 prototrophic gene (gray boxes), was linearized with EcoR |. Thssnidh
also contains &1S3 gene and can be selected for histidine autotrophy (Additional file 1:
Figure S1).

The pCORES3 plasmid and thé kanMX amplified product were then ligated to form
pCORESG6 (Additional file 1: Figures S1 and S4). In these constructioag;Scel restriction
site is maintained in a truncated forATAACAGGGTAAT ) (white bar) because leaky
expression of the I-Scel restriction enzyme (if the plasmpdapagated ifEscherichia coli),
would result in cleavage of the pCORE3 and pCORES6 plasmids at tteg $if. Therefore,



four additional nucleotide sequences (tagg) must be added to restaatpiete 18 bp I-
Scel site during amplification of the COREG6 knock-out casgbtéek bar) (Figure 2A, B)
(see below).

B. Preparation of mutagenesis cassette for the replacement of Mcc dnaA gene by
Mcc dnaA genein Mmc genome

A modified version of the CORE cassette described previously [28] awastructed as
follows. Briefly, the COREG6 cassette includes an 18 bp I-Scéiiatesn site (black bar),
followed by aGAL1 promoter, I-Scel endonuclease gene, EHdRA3 gene (gray boxes).
The COREG6 contains an additional sequence, which includes tbgidn of the kanamycin
resistance gene component KBnNMX) [Promoter for the Translation Elongation Factor
(PTEF) followed by the "kanamycin resistance gene sequence (1 to 859 bp)], which forms
part of the split marker system (Figures 2, Additional fil€igures S1 and S4). The COREG6
cassette was amplified by polymerase chain reaction (P@iR) the plasmid pCOREG6
(Figure 2B) using the chimeric primers, CORE6-F (GTT TTECCATT TTT AAC
AAGTGT TTA ACT ATA ATATTT TTG GAG ACA AAT taggGATAA CAG GGT
AAT ACG GAT TA) and CORE6-R-modWT_(GTT AAT TTGTGG ATA ACT QTAAT
AAG TTA GGTTTA AAT AGCTAT TTT TAG GCC AGC CAT TAC &T CGT) (Figure
3A, step 1). The chimeric primers contained about 51 bp homology (underlipestileam
(CORE®6-F) or downstream (CORE6-R-modWT) to the target siteherMimc genome
(Additional file 1: Figure S3).

In addition, a second cassette called the knock-in module carryin§' tkesnMX gene
component (3 kanamycin resistance gene sequence (610 to 1357 bp) along with the
terminator TEF), a repeat sequence (51 bp homology to the upstaeget site of the
modified CORE6 knock-out cassette), and the replacement ortholdpmudnaA gene was
constructed in a two-step process (Figure 3A, step 2). Twoapygeng PCR amplicons were
produced in the first step and assembled in a second step as delseldve (Figures 2C and
3A). In the first step, the@gion of thekanMX gene component containing a 250 bp
overlapping region corresponding to the sequence okanMX gene component in the
CORES®G cassette was generated by PCR using the plasmid pBABB< AJ002680 [27] as
the DNA template along with chimeric primersK&noverlap + %Kan-infusion-F1 (CTG
ATG ATG CAT GGT TAC TCA CC) and'Ban-repeat-infusion-R1 (ttc A{TTT GTC TCC

AAA AAT ATT ATA GTT AAA CAC TTG TTA AAA ATG TGG AAA ACC AGT ATA
GCG ACC AGC ATT C). The chimeric primer;Kan-repeat-infusion-R1 included a 51 bp
repeat sequence (underlined), which is complementary to the upsesp@nce from the
target site orMmc (GTT TTC CAC ATT TTT AAC AAG TGT TTA ACT ATA ATATTT

TTG GAG ACA AAT). Similarly, another PCR fragment containing the orthologdas
dnaA gene was generated using chimeric primers, repeat-MccdangianiF2 (CTA TAC
TGGTTTTCCACATTT TTAACAAGT GTT TAACTATAATAT TTT TGG AGA CAA

Ata tga acc taa acg ata ttt taa aag) and Mcc-R1-mod ANTTTTGTGG ATA ACT GTT

AAT AAg tTA GGTTTA AAT AGCTAT TTT TAT TAT TTT GTT AAA ATT
TTATTCTTT AAA ATATCA ACA GTC), and theMcc genomic DNA as template (Figures
2C and 3A). The chimeric primer, repeat-MccdnaA-infusion-F2 included b&ies
complementary to the primerkKan-repeat-infusion-R1 to create the overlap between the two
amplicons. The chimeric primer Mcc-R1-mod included a 50 bp homology to thestteam
target site on thémc genome. In the second step, the linear knock-in module was finally
assembled by a PCR-based fusion technique [28] of the two individiyeailtiiesized PCR
products, the ‘3kanamycin amplicon including the 51 bp repeat, and the replacévizent




dnaA amplicon also carrying the 51 bp repeat sequence (Figures 2C andlBArimers
were synthesized by Integrated DNA Technologies (Coralville, 1A, USA)

C. Preparation of mutagenesis cassette for cluster deletion and complementation
in the synthetic Mmc genome

The CORES6 cassette was PCR-amplified using the plasmid pC@&E8nplate, and with
chimeric primers D0152/162-F (AAA ATA AAA ATT CTC TAT AAA AA TAT TTT
GTA AAC TAG AAA GGA AAA GA T AGG GAT AAC AGG GTA ATA CGG ATT AG)
and D0152/162-R_(TTT TTA TTA AAA TAT TTT AAT TAA ATT CAT TATATT AAA
AGG ATA AAT AA G GCC AGC CAT TAC GCT CG) (Figure 4Astep 1). In order
introduce the 50 bp repeat sequence (underlined) (AAA ATA AAA ATIICOAT AAA
ATA TAT TTT GTA AAC TAG AAA GGA AAA GA) to the knock-in modu, the 3
'’kanMX gene component was amplified by two rounds of PCR. In the first ro@il,was
performed for 18 cycles using the plasmid pFA6a-kanMX_AJ002680 [27] @iy step
2) as the DNA template along with primer&a&n-F (CTG ATG ATG CAT GGT TAC TC)
and 3Kan-0158-R1 (TCT AGT TTA CAA AAT ATATTT TAT AGAGAATTT TTATTT
TCA GTA TAG CGA CCA GCA TT) to generate a 788 bp amplicon. $aeond round of
PCR was conducted for 22 cycles using the 788 bp PCR product as fheeDplate along
with primers, Kan-F and 3Kan-0158-R2 (TTA TTA ATT AAT AAG GAG TAA ATC
TTT TCC TTT CTA GTT TAC AAA ATA TAT TTT ATA GA) to generate a 820 bp PCR
product where the 50 bp homology (underlined) to the upstream targetsitecerporated
right after the 3kanMX gene component. The knock-in gaviexc ssrA gene (679 bp) was
amplified by PCR using the syntheltimc genome Mmc Synl) [19] as DNA template along
with primers, 0158-F ( TAT ATT TTG TAA ACT AGA AAG GAA AAGATT TAC TCC
TTA TTA ATT AAT AAT AAC AA) and 0158-R (TTT TTA TTA AAA TAT TTT AAT
TAA ATT CAT TAT ATT AAA AGG ATA AAT AAA CTA ATC AAT CCT AAT AAA
TAC TTA G). A final knock-in module (1,527 bp) consisting of thekdhMX gene
component, the 50 bp repeat sequence, andsdt®e gene was assembled by Gibson
Assembly method [29]. All primers were synthesized by IntegrdDNA Technologies
(Coralville, IA, USA).

Transformation and PCR analysis

Transformation of the modified COREG6 cassette or the knock-in modsl@eviormed with
lithium acetate as described previously [30]. In all experimehtajtalug of DNA construct
and 2mg of salmon sperm carrier DNA (Sigma, Saint Louis, MO) wesed. Transformed
yeast were plated on appropriate selection media and incubated &a8@&hours. Based
on the markers present in the DNA cassette and the mycoplasim@a@etransformed yeast
cells were selected on SD medium minus His (Teknova, CA), Slumeminus His and
minus Ura, or YPD containing 0.2 mg/ml geneticin after a periceéadvery in YPD (Figure
2).

Yeast colonies growing on selective media were re-streaketbtddNA was isolated for
PCR screening [31]. The correct integration of each mutagenesistteawas verified by
PCR screening using diagnostic primers located upstream and dammstir¢he target sites
(Figures 3 and 4 and Additional file 1: Figure S3). All primers were syri&y Integrated
DNA Technologies (Coralville, 1A, USA).



Transplantation

Total DNA, including the intact donor genomic DNA from yeast colenvere isolated using

a CHEF Mammalian Genomic DNA Plug Kit as per the manufacsunestructions (Bio-
Rad, Hercules, CA). DNA isolated from yeast cells carryivgMmc modified genome was
transplanted intoMcc recipient cells with polyethylene glycol as described prewousl
[21,31]. The transplanted cells were selected for tetracycline resgtidetetM gene and the
B-galactosidase geneka¢Z) being present on thlmc chromosome)Mmc genomic DNA
containing theMcc dnaA gene was isolated from the transplants using the BioRobot M48
workstation (Qiagen, Valencia, CA) as per the manufacturermugigins. The isolateiimc
genomic DNA from the bacteria transplants was sequenced tomahf precise, seamless
insertion of theMcc dnaA gene (JCVI Sequencing Facility, MD).
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Additional file

Additional_file_1 as PDF

Additional file 1 Figure S1 Construction of pPCOREG6 plasmid. The pCORES6 plasmid was
constructed from the previously constructed pCORE3 plasmid (unpublished), and the 5
region of the kanamycin resistance gerd&KgnMX gene component) along with its
promoter, PTEF, which was amplified from the previously described pFA6a-KanMX
plasmid. The pCORES3 plasmid includes a 14 bp incomplete I-Scel restriction enigyme s
(white bar), a Gall promoter, an I-Scel restriction enzyme gene, astiKi&JRAS3
prototrophic gene (gray boxes). The plasmid can be selected for HIS3 autotrophy. The
pCORESG also contains a 14 bp incomplete I-Scel site instead of the 18 bp complete sequence
for stability reasons, and an additional 4 bp (TAGG) must be added on during PCR for
generation of the complete COREG6 knock-out casdétiare S2 Genes in the two non-
essential gene clusters (NEGCs) separated by the Tn5-defined ¢gsamajssrA in the

Mmc synthetic genomeMmc Syn1) Genes 0152 — 0157 belong to the first NEGC, while
genes 0159-0162 belong to the second NEGC. Gene 0158 is the esséngahe that is
present between the two NEGE&ure S3 Diagnostic primers to confirm the correct
insertion of the COREG6 knock-out cassette and knock-in cassette by TREC-INMimthe
genome. Diagnostic primers to assess for the correct junctions and preciseningehe
replacedVicc orthologousinaA gene, and the essentsatA gene in theMmc genome are
listed.Figure S4 pCORES6 sequence. The COREG6 knock-out cassette is color-coded as
follows: the 14 bp incomplete I-Scel restriction enzyme site (red), Gatigben (dark
green), I-Scel restriction enzyme (orange), KIURA3 gene along wigtatsoter and
terminator (blue), and the promoter for the translation elongation factor (Pyetiey)
followed by the 5region of the kanamycin resistance gene (purple).
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