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Expanding the capabilities of MUGENT for large-scale genetic
engineering of the fastest-replicating species, Vibrio natriegens
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ABSTRACT The fastest replicating bacterium Vibrio natriegens is a rising workhorse
for molecular and biotechnological research with established tools for efficient genetic
manipulation. Here, we expand on the capabilities of multiplex genome editing by
natural transformation (MuGENT) by identifying a neutral insertion site and showing
how two selectable markers can be swapped at this site for sequential rounds of natural
transformation. Second, we demonstrated that MUGENT can be used for complementa-
tion by gene insertion at an ectopic chromosomal locus. Additionally, we developed a
robust method to cure the competence plasmid required to induce natural transforma-
tion. Finally, we demonstrated the ability of MUGENT to create massive deletions; the
280 kb deletion created in this study is one of the largest artificial deletions constructed
in a single round of targeted mutagenesis of a bacterium. These methods each advance
the genetic potential of V. natriegens and collectively expand upon its utility as an
emerging model organism for synthetic biology.

IMPORTANCE Vibrio natriegens is an emerging model organism for molecular and
biotechnological applications. Its fast growth, metabolic versatility, and ease of genetic
manipulation provide an ideal platform for synthetic biology. Here, we develop and
apply novel methods that expand the genetic capabilities of the V. natriegens model
system. Prior studies developed a method to manipulate multiple regions of the
chromosome in a single step. Here, we provide new resources that diversify the utility
of this method. We also provide a technique to remove the required genetic tools from
the cell once the manipulation is performed, thus establishing “clean” derivative cells.
Finally, we show the full extent of this technique’s capability by generating one of the
largest chromosomal deletions reported in the literature. Collectively, these new tools
will be beneficial broadly to the Vibrio community and specifically to the advancement of
V. natriegens as a model system.
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ibrio natriegens was first isolated and described in the late 1950s and early 1960s
when it was found to have an astonishing doubling time of <10 minutes (1-3). V.
natriegens is Gram-negative, halophilic, and non-pathogenic and offers a broad range
of metabolic capabilities (4, 5). However, it was not until roughly the past decade that
it gained attention as a promising model organism for industrial applications such as
heterologous protein synthesis and small molecule production (6-9). Traditional genetic
methods for V. natriegens, though labor intensive (4, 5, 9, 10), have been utilized in
initial efforts to create strains of V. natriegens with more efficient substrate production
and higher biomass yield by eliminating non-essential, potentially destabilizing, and/or
resource costly regions of the genome (5, 11).
The development of multiplex genome editing by natural transformation (MuGENT)
offers an advancement in these applications as a fast and efficient technique for
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genetic manipulation (6). Briefly, MUGENT exploits the natural transformation of linear
PCR products into V. natriegens to make genome edits at multiple loci in a single
round of transformation. Development and optimization of MuGENT in other Vibrio
species, Vibrio cholerae and Vibrio parahaemolyticus, have included the ability to cure the
inducer plasmid (6, 12-14), an important step currently lacking in V. natriegens. With the
development of MUGENT, the potential to rapidly reduce the genome of V.natriegens in
search of creating a more efficient chassis for heterologous expression is more feasible
than ever, and importantly with the availability of comparative genomics data (10),
identification of potentially dispensable genes is also easily achievable.

MUGENT requires the inclusion of a selectable marker to identify successful trans-
formants. Traditionally during MuGENT, non-selectable products designed to make the
desired genome edit(s) are cotransformed with a selectable product that replaces the
endonuclease gene, dns, with an antibiotic-resistance marker (6). This mutation does
not impact growth in rich media; however, mutations that eliminate functional genes
may not be neutral in all environments. Another approach is to directly replace a gene
of interest with the selectable marker itself, rather than cotransforming two separate
products. While this may work if only a single deletion is needed, it limits the user’s
ability to create successive genome edits. Therefore, we sought to identify an alternative
fitness-neutral insertion site in V. natriegens’ genome that avoids replacing a coding
sequence to preserve cells as close to wild type as possible.

Induction of natural transformation in V. natriegens is achieved by ectopic expression
of the competence regulator gene, tfoX, cloned on the plasmid pMMBtfoX (6). Plasmid
curing after genome editing is important for subsequent physiological studies of the
transformants but has proven challenging for this system. One efficient way to cure
cells is to counterselect against a plasmid-encoding gene, such as sacB from Bacillus
subtilis. sacB encodes levansucrase, and when expressed in Gram-negative bacteria, it
causes lethality in the presence of sucrose (12). Strains cured of the plasmid are enriched
among the colonies growing on sucrose plates and can subsequently be verified by PCR
screening for the plasmid. Notably, sacB has been shown to function in V. natriegens
as a counter-selection marker for allelic exchange on the V. natriegens chromosome
(9). Here, we demonstrate that a sacB-containing derivative of pMMBtfoX (pMMBsacBt-
foX) developed for V. parahaemolyticus (12) can also be used for plasmid curing in V.
natriegens.

Complementation is the gold standard method to confirm a mutation is responsible
for a specific phenotype. While plasmid-based complementation is commonplace in
genetic studies, we wanted to test the ability to complement directly on the chromo-
some. Phenotypic rescue from a single copy located elsewhere on the chromosome
may be preferable to rescue from copies on a multicopy plasmid if gene dosage is an
important consideration. Complementation from the chromosome offers the additional
advantage of a stably integrated gene that does not require selective pressure for the
maintenance of the carrier plasmid (e.g., antibiotic resistance). We show that deletion of
oxyR, a regulator of antioxidant genes (15), creates sensitivity to hydrogen peroxide. We
complement this phenotype by inserting oxyR at a distant location on the chromosome.

Prior use of MUGENT has targeted the creation of only small deletions, 50-500 bp (6,
14), and the possibility of creating large, multi-gene deletions was unexplored. Therefore,
we wanted to apply MUuGENT to test the capability of generating large-scale genome
deletions. As a proof of concept for the methods we developed, we generated a 280 kb
deletion of Chromosome 2, the largest known deletion created using MUGENT and one
of the largest created for any bacterium. Subsequently, sucrose counterselection allowed
us to cure the deletion mutant of the pMMBsacBtfoX plasmid required for transforma-
tion. Importantly, and in distinction from V. parahaemolyticus, we find that curing of
pMMBsacBtfoX was dependent on drastic reduction, but not elimination, of salt in the
sucrose selection medium. We show that despite the removal of 239 genes, the A280 kb
strain is viable in complex medium and suffers only a small growth rate defect compared
to wildtype (WT) growth. The methods reported here provide valuable genetic tools
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for V. natriegens and demonstrate the potential for quick and efficient engineering of V.
natriegens genome.

MATERIALS AND METHODS
Bacterial strains and culturing conditions

V. natriegens ATCC 14048 and V. natriegens ATCC 14048 harboring competence plasmid
pMMBtfox, generously provided by Dr. Ankur Dalia, were used as the parent strains in
this study. All strains and plasmids used in this study are listed in Table S1. V. natriegens
was routinely grown in LB3 [LB with 3% (wt/vol) NaCl], and antibiotics were added at
100 pg/mL erythromycin (erm), 250 pg/mL spectinomycin (spec), 250 pg/mL kanamy-
cin (kan), and 150 pg/mL ampicillin (amp) when appropriate, unless otherwise stated.
All reagents were purchased from Thermo Fisher unless otherwise indicated. As an
extension of the initial development of the MUGENT system in V. natriegens, all cultures
in this study were likewise grown at 30°C (6). All liquid cultures were grown in an orbital
shaker unless otherwise noted.

Generation of selectable markers and mutant constructs

Selectable markers and deletion mutant constructs were created with three- or two-
piece SOE (splicing-by-overlap extension) PCR essentially as previously described (6, 16).
For selectable markers and oxyR complementation, 3 kb upstream and 3 kb downstream
regions flanking the location of insertion were amplified by F1/R1 and F2/R2 primers,
respectively (Table S2), and oxyR or antibiotic resistance markers (erm® or spec®) were
amplified from genomic or plasmid sources, respectively (Table S2). R1 and F2 primers
have 20-23 bp nucleotide sequences added to the 5’ ends that are homologous to
sequences added to the primers used to amplify the desired insert. This allows the
sequences to be “stitched” together in SOE PCR. For three-piece SOE PCR, purified PCR
products were added in a 50 ng : 50 ng : 50 ng ratio as the template DNA. PCR was run
for 10-15 cycles without primers, and then the F1/R2 primers were added, and PCR was
run for an additional 25-30 cycles. Thermocycler conditions were as follows: (i) 98°C -
30 seconds, (ii) 98°C - 10 seconds, (iii) 60°C - 10 seconds, (iv) 72°C - 30 seconds/kb, (v)
repeat steps 2-4 10-30x, (vi) 72°C - 5 minutes, and (vii) 4°C - hold. SOE PCR products
were gel purified with QIAquick Gel Extraction Kit (Qiagen) and used in transformations.
The AoxyR and A280 kb constructs were generated in a similar manner, amplifying the
3 kb upstream and downstream regions flanking the site of deletion. These two pieces
were purified using the QlAquick PCR Purification Kit (Qiagen) and added together in a
50 ng : 50 ng ratio as the template DNA for SOE PCR and run as described above. After
purification, this product was used in transformation. All primers are listed in Table S2.
All PCRs were performed using Phusion Plus Polymerase (Thermo Scientific) according
to the manufacturer’s protocols. Products were visualized on 1.5% agarose gels using
Midori Green (Bulldog Bio).

pMMBsacBtfoX conjugation

To incorporate the pMMBsacBtfoX plasmid into our WT strain of V. natriegens, the plasmid
was first introduced into a diaminopimelic acid (DAP) auxotroph strain of Escherichia
coli WM3064 (Table S1) (17) via heat shock transformation. Overnight E. coli WM3064
cells were diluted 1:1,000 and grown for 3 hours at 37°C to mid-log. Cells were pelleted
and resuspended in 100 pL of 0.1 M CaCl,. Three microliters of plasmid was added to
the cells, and the mixture was placed on ice for 5 minutes. Then, the mixture was heat
shocked at 42°C for 1 minute. Cells were placed back on ice while 0.4 mL of lysogeny
broth (LB) was added. Then, the cells were grown out for 30 minutes at 37°C in a roller
drum. Cells were plated onto LB + 50 pug/mL kanamycin + 500 uM DAP. To conjugate
the plasmid into V. natriegens, overnights of each strain were grown: E. coli WM3064-
pMMBsacBtfoX was grown in LB supplemented with kanamycin and DAP at 37°C, and V.
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natriegens was grown in LB3 at 30°C. Cells were pelleted and resuspended three times in
fresh LB. Cells were mixed together in various ratios of the donor to recipient 1:9, 9:1, 1:4,
4:1,1:1,0:1, and 1:0 in total volumes of 100 uL. The mixtures were spotted onto LB plates
and incubated for 3-5 hours at 30°C. The cells were then resuspended from the plates
with 1 mL of LB and plated onto LB3 + kanamycin plates lacking DAP (to eliminate the
E. coli donor strain) and incubated at 30°C overnight. Colonies formed on plates for the
1:9, 9:1, and 1:1 dilutions, but not for the 1:4, 4:1, or the donor alone or recipient alone
controls (1:0; 0:1).

Natural transformation/MuGENT

Natural transformation was performed as previously described (6). Briefly, cells contain-
ing the competence plasmid pMMBtfox or pMMBsacBtfoX were grown overnight at 30°C,
shaking (250 rpm) in LB3 supplemented with 100 uM isopropyl 3-D-1-thiogalactopyrano-
side (IPTG) and appropriate antibiotic. Cells were then diluted 1:1,000 into 350 pL of
Instant Ocean (28 g/L; Spectrum Brands) with 100 uM IPTG. For the natural transforma-
tion of selectable markers, 50 ng of PCR construct was added. For MuGENT, 50 ng of
selectable marker and 250 ng of the non-selectable PCR construct were added. Cells
were incubated statically with the transforming DNA (tDNA) for 5 hours at 30°C then
grown out in 1 mL LB3 for 2 hours, serially diluted, and plated onto antibiotic plates.
Transformations were additionally plated onto non-selective medium when calculating
transformation efficiency.

To verify transformation products were incorporated into the genome, DNA was
extracted from transformants, and additional rounds of PCR were performed. For
selectable markers, PCR primers matching the homologous sequences facilitating SOE
PCR were used to confirm the insertion of the antibiotic gene (Table S2). For the oxyR and
280 kb deletions, a process similar to multiplex allele-specific colony PCR was performed,
as previously described (6). “Scar” primers were designed to amplify a ~600 bp or ~2 kb
product if a deletion was successful and a ~1.6 kb or ~282 kb region if not, respectively.
For oxyR complementation, primers amplified a ~1.8 kb product if the insertion was
successful and a ~1.5 kb product if the insertion was unsuccessful (Table S2). Transform-
ants were cryopreserved in a 96-well microtiter plate at —80°C in LB + 10% glycerol
and thawed for subsequent screening. To rapidly screen isolates for incorporation of
tDNA, PCR was first performed on pools of nine colonies. Colonies were added to 100
pL of sterile water and incubated at 90°C for 10 minutes. Cell debris was pelleted by
centrifugation, and the supernatant was used as the DNA template in PCR. Individual
colony PCR was performed subsequently to identify specific isolates that incorporated
the tDNA. Colony PCR reactions were performed using Gotaq polymerase (Promega)
according to the manufacturer’s protocols using thermocycler conditions as follows: (i)
95°C - 2 minutes, (ii) 95°C — 1 minute, (iii) 55°C — 1 minute, and (iv) 72°C — 1T minute/kb,
repeat steps 2-4 25-30%, 72°C - 10 minutes, 4°C - hold. Products were visualized by
Midori Green (Bulldog Bio) stain after gel electrophoresis (1.5% agarose). To confirm the
deletion via Sanger sequencing, DNA was extracted using the DNeasy Blood and Tissue
Kit (Qiagen) according to the manufacturer’s protocol for Gram-negative bacteria. PCR
of the deletion scar was performed using Phusion Plus Polymerase according to the
manufacturer’s protocol. Thermocycler conditions were as follows: (i) 98°C — 30 seconds,
(i) 98°C - 10 seconds, (iii) 60°C - 10 seconds, and (iv) 72°C — 30 seconds/kb, repeat
steps 2-4 25-30%, 72°C - 5 minutes, 4°C — hold. The PCR reaction was purified with
QIAquick PCR Purification Kit (Qiagen), and Sanger sequencing was performed by the UT
Genomics Core or Eurofins Genomics.

pMMBsacBtfoX plasmid curing

To cure V. natriegens A280 (EZ284) of pMMBsacBtfoX, cells were grown overnight in
LB3, serially diluted, and plated onto LB0.1 (LB with 0.1% NaCl) supplemented with
15% sucrose. Plates were incubated at 30°C. Single colonies from sucrose-containing
plates were transferred with sterile toothpicks to non-selective plates and kanamycin
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plates to confirm the loss of the plasmid via kanamycin sensitivity. Colonies that were
both able to grow on sucrose and sensitive to kanamycin were considered putatively
cured of the plasmid. PCR targeting the plasmid origin of replication was subsequently
performed to confirm the loss of the entire plasmid rather than just the loss of the sacB
and kan® genes. DNA was extracted using the DNeasy Blood and Tissue Kit (Qiagen)
following instructions for Gram-negative bacteria, and PCR was performed using Phusion
Plus Polymerase according to the manufacturer’s protocols, using primers internal to
the plasmid origin (Table S2). Thermocycler conditions were as follows: (i) 98°C - 30
seconds, (ii) 98°C - 10 seconds, (iii) 60°C — 10 seconds, (iv) 72°C — 30 seconds/kb, repeat
steps 2-4 25-30x%, 72°C - 5 minutes, 4°C - hold. The same process was used to create a
plasmid-cured strain of V. natriegens ATCC 14048 harboring the spec® marker (EZ278).

Fitness assays

V. natriegens ATCC 14048 pMMBtfoX was used as the WT strain in fitness assays compared
to strains marked with erm® (EZ262) or spec® (EZ263). Strains were grown overnight in
3 mL of LB3 at 30°C, shaking (250 rpm). Overnight cultures were diluted 1:1,000 into 3 mL
of fresh LB3 medium. Growth curves of monocultures were obtained by viable count
assay on a non-selective LB3 medium. Cocultures of WT and antibiotic-resistant (Ab®)
strains were established by inoculating 3 pL of each overnight culture together into 3 mL
LB3 and were titered onto both non-selective and antibiotic selection plates. CFU/mL of
Ab® cells was calculated from growth on relevant antibiotic plates. CFU/mL of WT cells
was calculated by subtracting the CFU/mL of Ab® cells from the total CFU/mL calculated
on non-selective plates.

Complementation of AoxyR was assessed by comparing the survival of WT (EZ262),
AoxyR (EZ274), and the AoxyR complement strain (EZ292) after exposure to 1.5 uM
hydrogen peroxide in marine heterotroph minimal media [MHM; AMP-A with 10x trace
metals (18-20)]. Strains were grown overnight in MHM + 1% acetate at 30°C, shaking
(250 rpm), diluted 1:1,000, and grown overnight again. Cells were pelleted and washed
three times in MHM and diluted 1:1,000 into 5 mL of fresh MHM. Cultures were incubated
at 30°C, shaking (250 rpm) for 24 hours, then exposed to 1.5 uM hydrogen peroxide. Cell
abundances were measured by viable count assay.

Plasmid-cured strains of WT V. natriegens ATCC 14048 marked with spec® (EZ278)
and the A280 kb mutant marked with erm® (EZ289) were assayed for relative growth.
Overnight cultures were diluted 1:1,000 in 10 mL LB3 and grown to an optical density
(ODggg) of ~0.2. Each culture was then diluted back to an ODggg of 0.1 and inoculated
1:100 in triplicate into test tubes with 3 mL LB3. Cultures were titered onto LB3 plates
to calculate CFU/mL. Growth rates were calculated as the growth constant from the
regression of cell number over time of four consecutive time points during exponential
growth.

RESULTS

A prophage region can serve as a neutral site for antibiotic-resistance gene
insertion

In the study that adapted MuGENT from V. cholerae to V. natriegens, the dns locus was
chosen as the site for insertion of the kanamycin- or spectinomycin-resistance marker
because loss of dns did not impact growth or viability in rich medium (6). Notably, loss
of dns, which encodes an extracellular/periplasmic endonuclease, did not affect MUGENT
transformation efficiency in V. cholerae (14, 21). While the Adns:kan® and Adns:spec”
mutations showed no obvious fitness defect in rich medium in the V. natriegens study,
we sought to identify a new location for selectable marker insertion with minimal impact
on gene expression and physiology and may prove selectively neutral under most or
all experimental conditions. Iterative mutagenesis with MuGENT requires two different
drug-resistance markers (see below), which would normally be satisfied with the kan®
and spec® markers used previously. However, because the sacB curable derivative of the
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transformation plasmid (see below) confers kanamycin resistance, we substituted this
marker with a new one for MuGENT: erythromycin resistance (erm®).

Two genomic locations on Chromosome 1 were tested as potential targets. Neutrality
was defined as the absence of growth defects in the Ab® marked strains compared to WT.
The first insertion site was an intergenic region between two genes (HD-GYP domain-
containing protein CDS; locus tag PN96_RS00670, and methyl-accepting chemotaxis
protein CDS; locus tag PN96_RS00745), transcribed in opposing directions (Fig. STA),
reasoning that insertion into this location would avoid disruption of any intergenic gene
regulation elements. However, unexpectedly, the insertion of an erm® gene into this
site resulted in a growth defect (Fig. S1B). This result highlights the unknown aspects
of V. natriegens genome and gene regulation. The second insertion site was located
within a prophage region between two genes (tyrosine-type recombinase/integrase
CDS; locus tag PN96_RS07070 and hypothetical protein CDS; locus tag PN96_RS07075;
Fig. 1), reasoning that this location would not disrupt fitness impacting processes of
the cell. Insertion into the prophage region yielded no fitness defects from erm® or
spec® gene insertions when the strains were grown in monoculture or cocultured with
wild-type cells in a rich medium (Fig. 2A and B, respectively).

Iterative MUGENT mutagenesis via marker swapping

Multiple rounds of engineering via MUGENT are possible so long as each selection event
utilizes a different resistance marker than that of the prior selection. One means to
facilitate endless iterations of MUGENT transformation is to simply alternate back and
forth between two marker genes that replace each other via homologous recombination
of flanking DNA at the same neutral site. To test this approach at the neutral site
described above, transformation efficiencies were first calculated when either erm® or
spec® markers were introduced into WT. Subsequently, transformation efficiencies were
determined for replacing one marker for the other.

Rates of marker replacement were sufficiently high suggesting that this approach can
facilitate multiple rounds of mutation via MuGENT (Fig. 3). Notably, however, the
transformation efficiency of insertion of the erm® marker into WT was significantly higher
than all others. Interestingly, the first round of transformation with either selectable
marker required extended incubation, 24-36 hours, to form full-sized colonies. Whereas,
subsequent swapping of the markers required <16-18 hours for colonies to fully form. All
strains grew normally after initial isolation (Fig. 2A and B).

Chromosomal complementation of oxyR

Complementation of deletion mutations in V. natriegens has been achieved by plasmid-
based expression systems and reversion mutations (14, 22, 23). However, to our knowl-
edge, the complementation of a deleted gene by insertion of that gene at an ectopic
chromosomal locus has not yet been developed. To assess this, we created a knockout
mutant of oxyR, AoxyR (EZ274), which resulted in cells with an increased sensitivity to
hydrogen peroxide compared to WT (EZ262; Fig. 4B), consistent with studies in other
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FIG 2 Antibiotic resistance gene insertion into a prophage region results in no growth defects. Growth of WT and antibiotic-resistant marked strains of V.
natriegens in monocultures (A and C) and cocultures (B and D) in LB3 at 30°C (n = 3; £SD of the geometric mean).

bacteria (24-26). We then complemented AoxyR by replacing the dns open-reading
frame and promoter region (—138 to —1 bp) with those of oxyR (promoter region = —124
to —1 bp), creating AoxyR Adns::oxyR (EZ292). This construct includes 50 bp of the 3’ UTR
of oxyR placed upstream of the 3’ UTR of dns. We reasoned that this site has previously
been used for selectable marker insertion (see above) and could be used to validate the
concept of chromosomal complementation. In the absence of hydrogen peroxide, cell
viability of AoxyR and AoxyR Adns:oxyR did not differ from WT (Fig. 4A). Whereas, AoxyR
abundance declined rapidly and fell below the limit of detection (100 cells/mL) within 72
hours of hydrogen peroxide exposure, while AoxyR Adns:oxyR retained cell counts
similar to WT (Fig. 4B). Notably, a small but not statistically significant decrease in AoxyR
Adns::oxyR counts relative to WT was observed by 72 hours after hydrogen peroxide
exposure.

Natural transformation can be used to create deletions up to 280 kb in the
genome of V. natriegens in a single round of mutagenesis

MuGENT has been shown to be an incredibly efficient method for creating markerless
point mutations, small indels, and single gene deletions (6, 12, 14, 27), but the maximum
size of deletions has not been constrained. Chromosome 2 contains only six genes
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FIG 3 Antibiotic marker swapping efficiency. Efficiencies were calculated as CFU/mL on antibiotic-con-
taining plates/CFU/mL on non-selective plates. P-values were calculated from three biological replicates
using a one-way ANOVA multiple comparisons test with Tukey’s correction. The dashed line indicates the
limit of detection calculated as the ratio of CFU/mL of negative control transformations (no tDNA added)
on antibiotic-containing plates vs negative control transformations on non-selective plates. There were
no colonies obtained from negative control transformations plated on 100 pg/mL erythromycin plates;
however, it was found that there is a low rate (4.5-9.7 x 107 of spontaneous spectinomycin resistance
that arises when the negative control mock transformations are plated on media containing 250 pg/mL
spectinomycin.

essential for growth in rich medium, and they are separated by large regions of non-
essential genes (10), making the chromosome an ideal target for deletion analysis. For
the initial attempt, we targeted a 280,441 bp region lacking essential genes (Fig. 5A).
Natural transformation was used to co-transform the erm® marker and A280-creating
construct into V. natriegens pMMBsacBtfoX. Colonies were isolated on an erythromycin-
containing medium following transformation and cryopreserved in a 96-well plate. To
rapidly screen colonies for the deletion, PCR was first performed on pools of nine
colonies using the deletion scar primers, 840291F and 1122735R (Table S2). This screen
indicated two pools contained putative deletions of 280 kb (Fig. 5B). Colony PCR was
performed for every isolate to verify the pooled colony result and to identify those
individual isolates with the deletion (Fig. 5C). Individual screening results were consistent
with the pooled screening result and identified that 3/30 of the colonies screened
obtained the 280 kb deletion. Sanger sequencing confirmed the loss of the 280 kb and
the presence of the scar (Fig. 5D). The deletion of 280 kb removed 239 genes including
ones involved in transcriptional regulation, catabolism, iron transport, chemotaxis,
oxidative stress, and osmotic stress (File S2).

To determine whether the size of the targeted deletion impacts mutation efficiency,
we compared deletion rates for the 280 kb region (~10%, Fig. 5C) vs a single gene
(2172 bp) that constituted one end of the 280 kb deletion region. The gene target was
one of three copies of katG (locus tag BA890_RS19750). The natural transformation was
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FIG4 Chromosomal complementation of AoxyR rescues cells exposed to hydrogen peroxide. Cell viability of WT, AoxyR, and AoxyR Adns::oxyR in MHM without
hydrogen peroxide (HOOH) (A), and with exposure to HOOH (B). Red dashed line indicates the addition of 1.5 uM HOOH. Red star indicates cell densities below
the limit of detection (<100 CFU/mL). P-values were calculated from three biological replicates using a one-way ANOVA multiple comparisons test with Dunnett’s

correction, *P < 0.05 and **P < 0.01.

performed exactly the same as with the 280 kb deletion, and 30 colonies (transformants
that acquired at minimum the antibiotic resistance gene) were screened for katG
deletion using flanking primers (Table S2). Of the 30 colonies screened, nine showed the
deletion (Fig. S2). Therefore, co-transformation to create a 280 kb deletion was roughly
three times less efficient than a 2 kb deletion sharing one deletion end, though the lower
rate was still well within the scope of feasibility by the MUGENT technique.

sacB counter-selection permits curing of competence plasmid pMMBsacBtfoX
from V. natriegens

Natural transformation in V. natriegens is dependent on plasmid-borne expression of a
competence regulator gene, tfoX. Being able to cure the plasmid is beneficial for
downstream analysis when it is no longer needed, as maintaining a multi-copy plasmid
may lower fitness. However, V. natriegens is quite recalcitrant to losing the plasmid, and a
robust curing technique has not yet been developed for this organism. One report
indicated successful curing by strongly inducing tfox expression to increase metabolic
burden and promote plasmid loss; however, screening efficiency for this method was not
reported (28). It has recently been shown that the addition of a sacB gene onto
pMMBtfox could be used to cure the plasmid from V. parahaemolyticus via sucrose
counterselection (12). We tested whether this sacB harboring plasmid, pMMBsacBtfoX,
can also be lost from V. natriegens by sucrose counterselection.

After the pMMBsacBtfoX plasmid was used to create the A280 kb mutant, we
implemented counter-selection on sucrose for plasmid curing. Successful curing was
achieved by plating on a medium containing 15% sucrose and low salt, 0.1% NaCl
(LBO.1 + 15% sucrose). The addition of 0.1% NaCl, while low, was found to be necessary
for the growth of V. natriegens on these plates. Plating cultures on LB0.1 + 15% sucrose
resulted in a 1,000-fold reduction in the number of colonies compared to growth on non-
selective medium (Fig. 6A). Single colonies on LB0.1 + 15% sucrose were transferred to
LB3 (no sucrose) plates containing kanamycin to confirm loss of the kan®-conferring
plasmid. Some colonies showed the desired kan® phenotype; however, some colonies
retained kanamycin resistance (Fig. 6B). This indicated that the sucrose selection allows
for some false positives to arise. For the putative cured sucrosef-kanamycin® colonies,
DNA extraction and PCR amplification of the plasmid ori further confirmed loss of the
plasmid (Fig. 6C). It should be emphasized that the reduced salt content of the medium
was essential for sucrose counterselection: in full strength (3%) salt media no reduction
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FIG5 Homologous recombination achieves deletions up to 280 kb. (A) Schematic depicts the location at
which a 280,441 bp deletion was created. Orange circles represent the 3 kb amplicons that were adjoined
through PCR to create the construct used in natural transformation. The blue dashed line represents the
removal of the segment of DNA between the two deletion endpoints. In the resulting deletion strain, the
two 3 kb amplicons are linked together by a 20-23 bp scar. (B) Grouped colony PCR identifies subsets
of colonies containing the deletion. Number ranges indicate the isolate #'s groups together in the PCR.
(Q) Individual colony PCR confirms individual colonies containing the deletion. Numbers indicate the
isolate # ran in each column. The Thermofisher Gene Ruler Express Ladder is used in all gels pictured.
(D) Sanger sequencing of PCR product aligned to V.natriegens genome. Red boxes highlight that the
sequence is mapped to the endpoints, indicating the two distal segments are now connected, and
everything in between has been deleted. The zoomed-in image shows the presence of the 23 bp scar
sequence (red box). Green arrows represent open reading frames, and right- and left-pointing arrows are
encoded on the top and bottom stand, respectively.
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in colony formation was seen, even in the presence of 15% sucrose, and no kanamycin®
colonies were found.

Deletion of 280 kb impacts cell growth in rich media

To assess possible growth defects of the A280 kb deletion, we compared monoculture
growth curves for plasmid-cured strains of A280 kb (EZ289) marked with erm® and WT V.
natriegens marked with spec® (EZ278). In LB3 medium, A280 (EZ289) achieved a lower
maximum growth rate than WT but both strains reached similar final abundances (Fig. 7B
and A, respectively). Thus, despite the removal of 239 genes, the deletion mutant
remained viable and had the same growth yield as WT with only a small defect in growth
rate.

DISCUSSION

This work expands the genetic toolset for V. natriegens and advances the genomic
engineering capabilities of this emerging model organism. We identified a neutral site for
selectable marker insertion within a prophage region of Chromosome 1, providing an
alternative target that does not require disruption of the dns gene. Additionally, we
demonstrated the ability to select for transformants in iterative rounds of MuGENT with
high efficiency via marker swapping at each round. Here, we implemented selectable
markers establishing erythromycin or spectinomycin resistance, but a number of
antibiotics have been used for the selection of V. natriegens after transformation (29) and
should be feasible to use. We further applied this to create a knockout mutant of oxyR,
and subsequent insertion of oxyR at a different locus, and we showed that chromosomal
complementation permits phenotypic rescue of oxyR mutants. To demonstrate the
ability of MuGENT to make massive edits to the genomic chassis in single transforma-
tions, we created a 280 kb markerless deletion, removing 239 genes from the genome
with some loss of maximum growth rate but no apparent decrease in cell yield. Finally, as
a useful cleanup step after mutagenesis, we established a protocol for curing the
transformants of the plasmid necessary for MUGENT using the sacB counterselection
method.

The new marker insertion site is found within a prophage region on Chromosome 1. It
should be noted that a previous study has characterized this prophage region, finding
that excision can be induced by DNA damaging agent, mitomycin C, and it can undergo
spontaneous induction, but at a low rate of <1% in exponentially growing cells and
0.001% in stationary phase cells (11). Prophage induction could theoretically lead to
marker loss from the chromosome, but induction should culminate in cell lysis and
mortality, and in either case, loss of drug resistance can be screened readily.

Notably, our transformation efficiencies were two- to threefold lower than previously
reported (6), and the initial insertion of either marker at the prophage locus resulted in a
longer incubation time (24-36 hours) for colonies to fully form. The cause of this delay is
unknown, but perhaps the insertion of the selectable marker triggers an elevated rate of
spontaneous induction that slows colony enlargement through the release and lytic
infection by the phage within the growing population. Alternatively, there could be a lag
in the expression of the selectable marker, which would result in some initial cell death
and thus slower colony formation. However, and importantly, subsequent culturing of
the strains harboring selectable markers showed no difference in fitness compared to
wild-type cells and in iterative rounds of transformation that replace one marker with
another, colonies form normally (16-18 hours). Finally, the initial insertion of the
erythromycin marker into WT had a significantly higher transformation efficiency than all
other marker insertions. It is notable that the erythromycin marker used here has also
been described as a superior marker for use in Vibrio fischeri because it resulted in higher
recovery of transconjugants and lower rates of spontaneous resistance (30). While several
antibiotics have been shown to work as selective markers in V. natriegens, future studies
could benefit from a comprehensive understanding of marker efficiencies to optimize
mutagenesis protocols in V. natriegens and other Vibrio species.
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FIG 6 Plasmid curing accomplished with sacB-mediated selection. (A) CFU/mL calculation of A280-pMMBsacBtfox bacterial culture plated on non-selective
and sucrose-containing media. (B) Growth of individual colonies from sucrose-containing plate on non-selective and kanamycin-containing plates. Red circles
highlight the colonies that were kanamycin sensitive. (C) DNA was extracted from both sucrose®™ kanamycin® strains. Thermofisher GeneRuler express ladder
(column 1), PCR amplification of the A280 scar (columns 2 and 3) and the plasmid ori (columns 4 and 5) were performed to confirm loss of the plasmid. Created

with Biorender.com.

Deletion of oxyR resulted in hypersensitivity to hydrogen peroxide, indicating a likely
familiar role in activation of antioxidant genes during oxidative stress (31). It should be
noted that this phenotype was observed after 24-hour acclimation in a minimal medium
and exposure to 1.5 pM hydrogen peroxide. These conditions were chosen to more
closely mimic environmental conditions than the rich medium typically used for
laboratory culturing and proved useful for exhibiting a detectable phenotype.

Chromosomal complementation of AoxyR was successful in rescuing the deletion
phenotype, demonstrating the feasibility of single-copy, chromosomal complementa-
tion. We used the dns gene as the location for this ectopic expression, providing the
native promoter region of oxyR and leaving the 3" UTR of dns intact. This method
provides an alternative to plasmid-based complementation and can be useful when
plasmid maintenance and/or expression of genes on multicopy plasmids are undesired.

Higher growth rate (32), cell density (32, 33), recombinant protein production (32-35),
improved genetic stability (32, 36), and greater DNA uptake efficiency (36) have all been
observed in deletion constructs of bacteria with bioproduction potential [see also
reviews (37, 38)]. As such, much effort has been given to investigating the effects of
genome reduction, the minimal set of genes required for life, and to creating a reduced
chassis desirable for bioproduction applications, as recently reviewed (39, 40). One major
challenge in these areas is the labor-intensive process to create deletions. Our work
illustrates the ease of using V. natriegens and provides a framework to apply V. natriegens
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FIG 7 Fitness of A280 kb strain. (A) Monoculture growth curves and (B) growth rates (hour™) of WT and A280 kb strains of V.
natriegens in LB3 medium at 30°C (n = 3; +SD of the geometric mean). P-value was calculated using a two-tailed, unpaired t
test with Welch’s correction.

in the aforementioned areas of research. Here, we have demonstrated the ability to
delete 280 kb of DNA in a single round of targeted mutagenesis. To our knowledge, this
is the largest deletion made by MuGENT and one of the largest deletions made in a
single round of mutagenesis of a bacterial chromosome (41). The upper bound of
possible deletion size using this methodology is unknown but presumably set by the
maximum distance between essential genes. Chromosome 2 of V. natriegens contains
regions >500 kb lacking any predicted essential genes, so future studies may successfully
generate deletions larger than 280 kb. However, challenges facing the creation of larger
deletions using this method may include the physical distance between recombination
sites and the DNA topology of the chromosome that the tDNA must interact with for
recombination to occur. Additionally, the definition of “essentiality” should be consid-
ered. Caution should be taken as there are additional “growth supporting” genes
(required for rapid growth in rich medium) throughout the chromosome (10). The
deletion of growth-supporting genes in our 280 kb deletion (e.g., pyrC, a DEAD/DEAH
box helicase, a hypothetical protein, an Sco family protein, and an iron chelate uptake
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ABC transporter family permease subunit) likely contributed to the growth defect we
observed. Consideration should be given to growth conditions that may impact gene
essentiality and to the possibility of conditionally lethal genes, that may impede multi-
gene deletions (42). Furthermore, it has been shown that deletions of “dispensable”
genomic loci sometimes result in unexpected negative effects (35, 43, 44).

Our pooled colony screening technique proved useful to rapidly screen multiple
transformation isolates simultaneously, with 100% accuracy of identifying pools that
contained isolates with our targeted deletions. We also found that deletion of 280 kb
occurred in 10% of colonies screened, while deletion of a single gene (2 kb) occurred
in 30% of colonies screened. Both the size of PCR constructs to create these deletions
and the transformation protocols used were performed the same for both deletion
lengths. One simple interpretation of this difference is that the proximities of the two
deletion ends are different for the two construct sizes due to chromosomal packaging,
and this proximity contributes to overall recombination efficiency. Another non-mutually
exclusive explanation is that the gene function(s) lost in the large deletion contribute in
some way to (initial) colony formation, though subsequent rounds of growth show no
loss in plating efficiency for the deletion mutant.

Finally, we report the successful implementation of sacB-mediated plasmid curing in
V. natriegens. This cleanup step removes the plasmid from the host genome, decreasing
the metabolic burden on the host and removing the necessity of maintaining the culture
under antibiotic selection to ensure genetic homogeneity between treatment groups
in downstream analysis of the mutants (i.e,, all groups should have the plasmid, or not
have the plasmid, to prevent ambiguity that can occur if spontaneous curing happens
in absence of selection). Plasmid curing was only achievable when we reduced salt from
the selection media. We hypothesize that the reduction in salt concentration improved
sacB-mediated cell death by enriching the osmolyte pool with sucrose: addition by
subtraction. Similarly, reducing or removing salt entirely from the media has been shown
to increase sucrose sensitivity in sacB-harboring cells of E. coli K12 and Burkholderia
pseudomallei (45, 46), but to our knowledge, the mechanisms behind this have not been
experimentally determined. In B. subtilis, it has also been shown that NaCl influences
the expression of sacB; however, it was found that higher NaCl concentrations induced
higher expression of sacB (47), suggesting a different mechanism may be responsible for
the improved counter-selection phenotype seen here. Importantly, this method worked
only when salt was reduced but not eliminated. Elimination of salt prevented the growth
of V. natriegens in our media, which is consistent with prior reports that substrate uptake
and cell proliferation by this organism are dependent on the availability of salt ions (2, 48,
49).
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