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Abstract

Targeted modification of bacterial chromosomes is necessary to understand new drug targets,
investigate virulence factors, elucidate cell physiology, and validate results of —omics-based
approaches. For some bacteria, reverse genetics remains a major bottleneck to progress in
research. Here we describe a compound-centric strategy that combines new negative selection
markers with known positive selection markers to achieve simple, efficient one-step genome
engineering of bacterial chromosomes. The method was inspired by the observation that certain
non-essential metabolic pathways contain essential late steps, suggesting that antibiotics targeting
a late step can be used to select for the absence of genes that control flux into the pathway. Guided
by this hypothesis, we have identified antibiotic/counterselectable markers to accelerate reverse
engineering of two increasingly antibiotic-resistant pathogens, Staphylococcus aureus and
Acinetobacter baumannii. For S. aureus, we used wall teichoic acid biosynthesis inhibitors to
select for the absence of farOand for A. baumannii, we used colistin to select for the absence of
JpxC. We have obtained desired gene deletions, gene fusions, and promoter swaps in a single
plating step with perfect efficiency. Our method can also be adapted to generate markerless
deletions of genes using FLP recombinase. The tools described here will accelerate research on
two important pathogens, and the concept we outline can be readily adapted to any organism for
which a suitable target pathway can be identified.
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The ready availability of bacterial genomic information has accelerated identification of new
genes and enabled pathway-directed discovery of novel antibiotics. However, understanding
gene function and validating possible new targets remains a major bottleneck due to a lack
of suitable genome engineering tools for many bacterial organisms. For some organisms,
such as Escherichia coli, tools that allow rapid and precise manipulation of chromosomal
DNA are well established, 13 but for others, genome engineering remains a major challenge.
Staphylococcus aureus, an important human pathogen responsible for a substantial
proportion of fatal bloodstream infections, is notoriously difficult to genetically manipulate
and it can take several weeks or longer to knock out a gene if the mutant is substantially less
fit than the wildtype strain.# Understanding how different genes contribute to S. aureus
physiology and pathogenesis is a high priority, and the lack of efficient methods to
reengineer the chromosome greatly hampers progress.

Small molecules, including tool compounds identified in phenotypic or target-based screens,
are invaluable tools in all areas of biology. Indeed, small molecules are widely used to
discover or validate new drug targets, to probe biological pathways, to control gene
expression and, notably, to facilitate rapid genome reengineering. A common feature of all
reverse genetic tools is the use of genetic markers that, in combination with appropriate
small molecules, enable selection for a desired mutational change in the chromosome. In
bacterial genetics, antibiotic resistance genes are typically used to select for cells that have
incorporated a vector, either as a stable plasmid or as a chromosomal integrant, and many
different resistance gene-antibiotic combinations are available. For example, a common
method to delete chromosomal genes in S. aureus makes use of the pKFC vector,® which
carries an antibiotic resistance marker and also has a temperature-sensitive origin of
replication. At elevated temperatures, the vector cannot independently replicate and so the
marker can only confer resistance to antibiotic selection if the vector integrates into the
chromosome (Figure 1). Integration at the desired chromosomal locus is directed by
homology arms that flank the antibiotic resistance marker and enable homologous
recombination. Because transformation efficiencies are low in S. aureus, the temperature-
sensitive origin of replication is included as a means to enrich for this rare recombination
event by permitting first the uptake of plasmid and amplification of cells containing vector
prior to a temperature upshift.* ® An undesired consequence of the need for clonal
expansion of vector-containing cells is that single-step recombination resulting in the direct
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allelic exchange of the target chromosomal locus for the antibiotic resistance marker is not
possible.

The vast majority of cells in the clonal expansion undergo a single crossover upon
temperature upshift, resulting in incorporation of the entire plasmid at the desired locus, and
at this stage in the process both the mutant and the wildtype alleles are present (Figure 1). A
second crossover in which the plasmid is excised from the chromosome is required to
remove the wildtype allele, but deletion is disfavored if the mutant has a large fitness defect.
Often, one must screen a great many individual colonies to identify those having the desired
genotype, and in some cases colony screening can take weeks to months. The inclusion of a
counterselectable marker in the plasmid that encodes a conditionally lethal phenotype would
allow selection against cells that retain the integrated plasmid, enabling rapid identification
of colonies that have undergone this rare second crossover and successful allelic exchange.
Unfortunately, counterselectable marker-small molecule pairs are not as common as
selectable marker-compound pairs.

In S. aureus, three counterselectable systems that also rely on vectors containing
temperature-sensitive origins of replication have been reported. The pKOR1 method
involves inducible expression of an antisense RNA that blocks expression of an essential S.
aureus gene for counterselection,® while two others adapt counterselection methods
commonly used in other organisms. The first reported of these exploits the ura3/5-
fluoroorotic acid (5-FOA) marker-compound pair used for counterselection in yeast; the
non-toxic compound 5-FOA is converted to a toxic metabolite by the vra3 gene encoded
uniquely on the plasmid.” The second of these uses an rpsL-streptomycin counterselection
pair that exploits the fact that drug-sensitivity is dominant when both wildtype and mutant
alleles of rpsL are present.8 The pKOR1 method has been used extensively to make
unmarked deletions and a major advantage is that it can be utilized in any S. aureus
background.® A disadvantage is that extensive screening is required to identify the desired
mutant when there is a substantial fitness difference between mutant and wildtype. The other
counterselection methods are not widely used, although the rpsL method was only reported
recently. A possible limitation of using 7psL for counterselection is that mutations in genes
that compromise the membrane potential required for uptake of streptomycin would
contribute to false positive colonies.® 10 More recently, Chen et a/. reported a new strategy
for constructing chromosomal mutations in S. aureus that does not make use of a
counterselectable marker.1! Instead, the method adapts CRISPR/Cas9 technology to
introduce mutations at targeted sites of double-strand DNA break. This system will likely be
advantageous for making single base substitutions. At present, however, application of
CRISPR/Cas9 technology to S. aureusis limited by the low efficiency of homology-directed
repair (HDR).12 Although the more efficient strategy of non-homologous end joining
(NHEJ) is commonly used to repair DNA breaks in eukaryotes, established bacterial
CRISPR/Cas9 systems predominately use HDR because NHEJ is not well described. While
HDR is sufficient to make markerless mutations, it can be difficult to insert large segments
of exogenous DNA (e.g., antibiotic resistance cassettes) to enable rapid transfer of modified
loci to multiple strain backgrounds.12 13
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We sought a reliable one-step method that would permit the rapid construction of mutants
containing gene deletions, fusions, or conditional promoters, and where the limitations of the
method are predictable. Because many null mutations are temperature-sensitive and
passaging at elevated temperatures may lead to acquisition of secondary mutations, it was
important that the method not include a temperature upshift.14 15 Here, we report a strategy
to make marked S. aureus mutants in a single step. The strategy addresses major bottlenecks
in S. aureus reverse genetics because efficiencies of transformation and homologous
recombination are greatly improved, and direct plating on small molecules to achieve
simultaneous selection and counterselection is enabled. We also demonstrate that the
counterselection approach we used for S. aureus, which exploits a pathway that is non-
essential but contains an essential late step for which lethal inhibitors are available, can be
adapted to Acinetobacter baumannii, which possesses a known pathway having similar
properties. In principle, our negative selection approach is compatible with any organism
possessing a metabolic pathway having non-essential early steps and essential late steps.

RESULTS AND DISCUSSION

Design of a counterselection strategy using pathway inhibitors

Our goal was to identify a reliable counterselection approach that would allow us to select
against integrated plasmid and retention of the wildtype allele. In the course of screening for
antibiotics that kill S. aureus, we identified two structurally unrelated compounds, targocil
and targocil-I1, which target a late step in wall teichoic acid (WTA) biosynthesis (Figures 2a
and 2b).16: 17 |dentification of these compounds was accomplished by comparing the
differential growth of a wildtype strain and a mutant strain lacking WTAs (Figure 2c¢). Wall
teichoic acids are highly abundant peptidoglycan-linked glycopolymers that are synthesized
inside the cell and exported to the outside via the ABC transporter TarGH.18 1 Targocil and
targocil-11 inhibit TarGH, preventing export (Figure 2a).17 The lethality of a block in the
WTA pathway is due to depletion of peptidoglycan precursors, which occurs because
cellular pools of undecaprenyl phosphate carrier lipid are sequestered in wall teichoic acid
intermediates. 20 21 However, because the wall teichoic acid pathway is non-essential in
vitro, targocil/targocil-11 lethality can be suppressed by preventing expression of the gene
encoding the first step in the pathway, arO, and thus blocking flux into the pathway.22: 23
Conversely, compound lethality is fully restored by complementation with an exogenous
copy of tarO present on a plasmid or elsewhere on the chromosome (Figure 2c and Figure
S1).

We realized that farO-targocil (or tarC-targocil 11) might make an ideal counterselectable
marker-compound pair because lethality due to a WTA pathway block can be prevented by
turning off a single, non-essential gene that controls flux into this non-essential pathway
(Figure 2). Having a single gene that induces lethality and is also dispensable is central for
stringent counterselection. We therefore proceeded to explore whether we could select for
double-crossover mutants in a single step by transforming cells with a non-replicating
plasmid containing both a selectable antibiotic resistance marker and a counterselectable
tarO marker and directly plating on the appropriate antibiotic and the WTA pathway
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inhibitor targocil. Initial validation was performed with targocil and subsequent studies
confirmed that targocil-11 can also be used.

Increased transformation efficiency of tarO null strains is crucial for one-step gene
modification

To achieve double-crossover mutants in a single step without plasmid replication using farO-
targocil, we first needed to assess transformation efficiency because double-crossover events
are rare and DNA uptake must be sufficient for recombination using a non-replicating
plasmid vector. Since our approach relies on ZarO as a marker for counterselection, we
initially performed these experiments in a AzarO strain. We compared the transformation
efficiency of wildtype S. aureus RN4220 and an isogenic AfarO strain using as proxy an
empty pKFC plasmid.> We chose to work in the restriction-defective RN4220 background
due to its inherently higher transformation efficiency and because its genome is fully
sequenced.?4 Using 100 ng of DNA for transformation, we obtained ~200 colonies for the
wildtype strain and 15,000 colonies for the AfarO strain, showing that removing negatively
charged wall teichoic acids, which account for as much as 50% of the cell wall by mass,
results in an almost two log improvement in transformation efficiency, which is consistent
with a previous observation.2> Although the transformation efficiency of the S. aureus AtarO
strain is still relatively low, we thought it might be sufficient to enable use of a non-
replicating plasmid that recombines directly into the chromosome.

We next attempted to implement our strategy by separately deleting two genes, rod/Al® and
ezrA,%8. 27 which we had previously found very difficult to remove using the pKFC method.>
Both these genes contribute substantially to S. aureus fitness, and the fitness defects are
more severe at the elevated temperatures needed for pKFC plasmid integration.15 27 We
prepared a non-replicating plasmid vector, pTarKO, having the kanamycin resistance
cassette for positive selection flanked by approximately 1-kb homology arms to direct
recombination to the desired region of the chromosome, and we included a constitutively
expressed copy of farO in the vector to enable negative selection on targocil after
transformation into the AfarO strain (Figure S2). No colonies were obtained after plating the
transformation reactions directly on plates containing both kanamycin and targocil. In
retrospect, this was not surprising given that chromosomal integration via single crossover
using replicating plasmid vectors is typically performed only after expansion to ~108 vector-
containing cells. As we obtained only ~10* plasmid-containing cells from direct
transformation into the AfarO strain (see above), and two crossover events were required in
order to accomplish a one-step selection, we clearly needed to increase the efficiency of
recombination for a double-crossover approach to succeed.

tarO counterselection enables one-step chromosomal gene deletions

One way to increase recombination efficiency is to damage plasmid DNA using, e.g., UV
irradiation, because nicks or other damage stimulate recombinases and other DNA repair
machinery.28 In mycobacterial genetics, plasmids are routinely irradiated before
transformation in order to stimulate recombination,® but to our knowledge irradiation has
not been applied to other bacteria. We briefly irradiated the rodA deletion vector prior to
transformation into the AfarO strain and plating on kanamycin and targocil (Figure 3a and
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Figure S3). Under these conditions, we obtained 49 colonies from a single transformation of
~1 ug of DNA by the next day. All colonies contained the desired genotype resulting from a
double crossover, with rodA replaced by the kar® cassette (Figure 3b and Figure S9a).
Irradiating the ezrA deletion vector resulted in a similar number of colonies, and all had the
desired genotype, although two days were required for the growth-defective ezrA null
colonies?’ to grow to a reasonable size. Importantly, our counterselection approach, which
does not require a temperature upshift, enables deletion of genes that are essential for growth
at elevated temperatures. These temperature-sensitive mutations include deletions of rodA
and ezrA (Figure S4).1° We applied the same strategy to make several other knockouts, and
in each case, the desired mutants were obtained in a day (Figure 3b and Figure S9a). No
false positive mutants due to spontaneous suppressor mutations that bypass the stringency of
targocil counterselection were identified, and sequencing confirmed that UV irradiation did
not introduce additional mutations to the regions of homology flanking the insertion. We
repeated these experiments with the same success using a S. aureus strain containing a
chromosomal copy of zarO under the control of an anhydrotetracycline-inducible promoter,
30 with the inducer withheld during transformation and selection to produce essentially a
tarO null phenotype (/.e., tarOq) (Figure S3). We also found that targocil-11 was similarly
effective as a small molecule for counterselection. We conclude that farO-targocil and tarO-
targocil Il are useful counterselectable marker-compound pairs for accomplishing single-step
inactivation of chromosomal genes in S. aureus. Notably, targocil-11 and close analogs that
inhibit the same target are commercially available.1”

tarO counterselection can be used to modify genes that are synthetically sick with WTA

inhibition

All counterselectable marker strategies have limitations, and in the case of farO-targocil, a
predictable limitation is that one cannot delete genes that are dispensable in a wildtype
background but essential in a strain lacking wall teichoic acids.3! From a genome-wide
synthetic lethal transposon screen and other sources, we have identified 14 genes that
become important or essential for survival in the absence of wall teichoic acids (Table $3).30
These include genes in the lipoteichoic acid (LTA) biosynthetic pathway, which makes an
extracellular, membrane-anchored, polyanionic polymer similar to wall teichoic acid
(Figures 3c and 3d).32 33 We have found that blocking wall teichoic acid expression is
completely lethal when ugtP (SAOUHSC 00953), involved in lipoteichoic acid membrane
anchor biosynthesis, is deleted, and consistent with this finding, we could not knock out
ugtP using our counterselection method (Figure S5). We were, however, able to delete /faA
(SAOUHSC _00952), which exports the lipoteichoic acid membrane anchor to the cell
surface (Figure 3c). Mutants lacking /faA are very sick when wall teichoic acid expression is
blocked, but we found that by using a two-step selection procedure, we could delete this
gene (Figures S6 and S9a). In this two-step process, we first selected colonies containing the
pTarKO plasmid stably integrated into the chromosome on kanamycin and then grew them
to high density before plating on targocil to select for a second crossover event leading to
plasmid loss (Figure S6). Because only a small number of otherwise nonessential genes are
strictly required for viability when the wall teichoic acid pathway is off, our method has
broad scope for making gene deletions in S. aureus, particularly as the background due to
spontaneous suppressors is negligible. In these few cases where tfarC-targocil would fail due
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to synthetic lethality between a desired gene deletion and the absence of WTAS in the farOys
background, other allelic replacement methods can be used.

Gene fusions and promoter swaps can also be obtained easily using tarO counterselection

Genetic changes other than gene deletions are also useful for probing biological function of
genes and proteins in cells. For example, the ability to install fluorescent and affinity tags in
a protein allows studies of protein localization, protein quantitation, and identification of
protein-protein interaction partners. Similarly, the ability to swap native promoters for
inducible promoters allows conditional gene expression. Although we were unable to delete
UgtP using our counterselection method, we easily made a C-terminal GFP fusion protein by
fusing gfoto the 3" end of the gene (Figure 3e and Figure S9b). Viability of the mutant in
the farOqs background showed that the GFP-tagged UgtP protein was functional, and after
the fusion construct was transduced to a clean wildtype background to assess protein
localization, we observed strong fluorescence. The ability to quickly generate fusions to
genes at their native loci circumvents problems with gene dosage. When fusion proteins are
instead expressed from replicative plasmids or plasmids integrated at ectopic chromosomal
loci, their levels may be significantly different from native levels, and this difference can
lead to misinterpretation of protein localization and function. We also swapped the native
promoter of a gene of unknown function that is important for cell envelope integrity,
SAOUHSC 01050, 3* for an anhydrotetracycline (aTc)-inducible promoter, and then
transduced this modified locus into a wildtype RN4220 strain (Figure 3f and Figure S9b).
We had previously found that SAOUHSC 01050 becomes essential in the presence of a
small molecule, amsacrine (AMSA), that inhibits S. aureus DItB, a polytopic membrane
protein required for introducing positively charged D-alanyl esters into lipo- and wall
teichoic acids.30 Consistent with this finding, cells containing the conditional

SAOUHSC 01050allele were unable to grow on amsacrine unless the inducer aTc was also
present (Figure 3f). The ability to construct conditional alleles rapidly will make it possible
to speedily validate functionally important genetic interactions, accelerating global analysis
of gene networks.

Modified loci can be transduced into other S. aureus strains, including MRSA strains

Because S. aureusis a pathogen and strains can show phenotypic differences upon gene
deletion, it is common to assess gene function in more than one strain background. This is
most easily achieved by transducing marked genetic changes from one strain to another
using staphylococcal phages. Transduction requires wall teichoic acids because these serve
as phage receptors.3® The genetic modifications we have described so far were made in
RN4220 strains that lack wall teichoic acids (either a farOy¢ or AfarO background) as a
prerequisite for targocil/targocil-11 counterselection. In the conditional farOys strain, the
chromosomal copy of zarQis tightly controlled, permitting efficient counterselection, but it
can be expressed by adding the inducer aTc. By inducing wall teichoic acid expression with
aTc, we found that we could transduce every modified chromosomal locus constructed in the
conditional farOys strain into a tarO wildtype background, including RN4220, HG003,
Newman, and the methicillin-resistant strains MW2 and USA300 (Figure S7 and Table S1).
To exclude potential co-tranduction of known background mutations from the RN4220
donor strain, targeted sequencing of nearby loci can be performed. If desired, positive
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selection markers can be removed after transduction using FLP recombinase-mediated
excision of the markers, provided they are flanked by FRT (FLP recognition target) sites,1°
as we have demonstrated for the spa gene deletion; this will enable construction of multiple
deletions in a single strain (Figure S8).

IpxC/colistin enables counterselection in Acinetobacter baumannii

Having shown that several types of genetic modifications can be rapidly constructed in S.
aureus using an appropriate counterselectable marker-compound pair, we wondered whether
the strategy could be extended to other bacteria. We have posited that the ideal gene-
compound pair for counterselection exploits an unusual feature of certain pathways: namely,
that a late block in the pathway prevents growth even though the pathway itself is non-
essential in vitro. Therefore, we sought other examples in which the bioactivity of a lethal
compound known to act at a late step in a biosynthetic pathway is suppressed by deleting a
non-essential early gene in the same pathway. We found such an example for the Gram-
negative organism A. baumannii, an important human pathogen that is challenging to reverse
engineer.3% Like other Gram-negative organisms, A. baumanniihas an outer membrane that
contains lipopolysaccharide (LPS), a glycan polymer of variable length that is anchored to
the membrane through the highly conserved Lipid A component.3” Lipid A also serves as an
initial binding site for the structurally related antibiotics colistin and polymyxin to gain entry
to the periplasm.38 In A. baumannii, LPS is not essential in vitro,3% and so the bioactivity of
these antibiotics can be completely suppressed by preventing the expression of LPS; this can
be accomplished by deleting e.g., JoxC, 40-42 which acts at an early step of biosynthesis
(Figures 4a and 4b). Therefore, JoxC-colistin seemed like an appropriate gene marker-
compound pair for counterselection in A. baumannii. Because deletion of JoxC causes a
growth defect on solid agar medium,*3 we have isolated a AjpxC mutant that shows growth
comparable to that of wildtype. Genome-sequencing identified only three background
mutations (Table S1). As proof of concept, we chose to replace the genes encoding an efflux
pump, adeFGH (5.8 kb), with an antibiotic marker in this AJoxC strain. As with pTarKO, we
designed and constructed a non-replicating plasmid containing a constitutively expressed
copy of JoxC for negative selection (pColKO) (Figure 4c), with an apramycin resistance
gene flanked by homology arms to direct recombination at the ade~GH locus and positively
select for recombinants. Here, we also took advantage of a high-efficiency electroporation
method to enable direct transformation of pColKO into A. baumannii, thereby
circumventing plasmid delivery by conjugation through Escherichia coli** We UV-
irradiated the pColKO plasmid (~1 pg), electroporated it into the A. baumannii AjpxC strain,
and selected on a colistin-apramycin plate. We obtained ~21 colonies by the next day and all
contained the desired replacement of adeFGH with the apramycin marker (Figure 4c and
Figure S10).

Modified loci in the A. baumannii recombineering strain can be horizontally transferred to
wildtype A. baumannii

In order to make the counterselection method for A. baumannii practically useful, we needed
a good strategy to transfer modified loci from the A/jpxC construction strain into a wildtype
JpxC background. Unlike with S. aureus, the use of phage transduction to move marked loci
from one A. baumannii strain to another has not been described. We thought it might be
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possible, however, to use a mating-out approach in which genes are horizontally transferred
between two strains (Figure 4d).*> The A/oxC strain is 1200-fold more sensitive to the
antibiotic rifampicin than the wildtype strain (minimal inhibitory concentration of
rifampicin: A/jpxC donor, 0.00025 pg/mL; wildtype recipient, 0.3 ug/mL), and this window
can be exploited to select against survival of the AJoxC strain after mating.*® We incubated
wildtype A. baumannii with the AJpxC mutant strain containing the marked deletion
(AadeFGH::apramycinR) for several hours and selected colonies on apramycin and
rifampicin. To verify that the marked adeFGH deletion was transferred to wildtype from the
AlpxC strain, we performed whole genome sequencing of the donor, recipient, and the
resultant mating-out strains. Based on single-nucleotide polymorphism analysis, we
concluded that the AadeFGH::apramycin® marker had moved into the wildtype strain,
confirming unidirectional transfer. Coupled with this simple mating-out approach to move
marked loci out of the AlpxC strain, the colistin-/oxC counterselection method may serve as
a general tool to genetically manipulate A. baumannii. As with tarO-targocil
counterselection in S. aureus, the use of JoxC here precludes deletion of genes that are
synthetically lethal with lack of LPS, but these synthetic lethal interactions are not presently
known. Moreover, it is possible that certain gene deletions will result in rifampicin
hypersensitivity, which could affect mating-out. Nevertheless, the method worked as
expected for our test case, providing proof-of-concept for the generality of a pathway-
specific counterselection approach, and we are currently assessing practical limitations for
its application to A. baumannir.

CONCLUSIONS

In this work, we have demonstrated the utility of a new one-step selection-counterselection
approach for rapid reverse engineering of bacterial genomes. We focused on S. aureus due to
the still extant need for methods to construct mutants rapidly in this organism, but we have
shown that the approach can be extended to A. baumannii, and we expect it is general. In
these organisms, arrayed transposon libraries are available for quick validation of mutant
phenotypes, and the antibiotic resistance marker allows phage transduction of the insertion
into other S. aureus strains. However, not all non-essential genes are represented in these
libraries. For example, the S. aureus library lacks transposon insertions in ~500 non-
essential genes. Furthermore, some transposon insertions do not result in full loss of protein
function because one or more domains of a protein may still be preserved. Rapid methods to
obtain clean marked deletions of genes or groups of genes arranged in an operon therefore
remain useful. For S. aureus, we fully vetted the counterselection approach by showing that
we can delete genes even for mutants that are sick or have a temperature-sensitive growth
defect (Figure S4).1° We also demonstrated rapid genome engineering to make fluorescent
fusions and swap promoters for conditional gene expression. In most cases, we obtained the
desired mutants in a single day after simultaneous selection-counterselection following
transformation. Doing so required increasing recombination efficiency, which was
accomplished by UV irradiation of the vector DNA prior to transformation. We suggest that
UV irradiation of vectors will improve the efficiency of all bacterial genome-engineering
methods that require chromosomal integration, although sequencing of flanking homology
arms should be performed after phage transduction into a different background. The
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RN4220 tarO,zstrain can be easily transduced to other strain backgrounds after induction of
tarO. While this requires additional time (a few days), multiple strains can be transduced in
parallel. Targeted sequencing of nearby genes can be performed following phage
transduction to confirm that known mutations found in the RN4220 donor strain are not also
transferred to the recipients; this is important when using mutant strains in virulence studies.
Although markerless deletions cannot be generated in a single step with our system, the
ability to identify rare double crossover mutants containing the desired marked deletion
rapidly means that the method remains advantageous when there is a fitness cost associated
with the mutation. For instance, with current recombineering strategies that rely on plasmid
integration into the chromosome, the integrant is likely to resolve in favor of the wildtype
allele, thereby requiring extensive screening for the unmarked mutant allele. Here, we used
FLP recombinase to remove the positive selection marker, but other recombination systems
such as the Cre-/ox system could also be utilized.#” Moreover, we demonstrated that we
could readily construct deletions of two genes, ezrA and rodA, that are temperature-sensitive
because our method does not require a temperature upshift.

Central to our one-step approach was the identification of a suitable counterselection
strategy. We achieved simple and efficient counterselection by exploiting a metabolic
pathway that contains non-essential early steps and essential late steps. Using a small
molecule that inhibits a late step of the pathway in combination with a marker encoding an
early gene in the same pathway enabled selection against integrated plasmid and retention of
the wildtype allele. Notably, a pathway with these characteristics also lends itself readily to
screens to discover bioactive compounds that block a late step in the pathway, as one can
simply compare the differential growth of wildtype and a mutant lacking an early gene to
identify hits (Figure 5).17: 22:48 Applying targocil and targocil-11, the compounds we
previously discovered as inhibitors of TarG, the transmembrane component of the ABC
transporter that exports wall teichoic acids to the cell surface of S. aureus,1” we
demonstrated stringent counterselection and direct allelic exchange. We have also shown
that the counterselection concept we exploited for S. aureus can be readily extended to the
Gram-negative pathogen A. baumarnnii despite the need for a different counterselectable
marker-small molecule pair. In this organism, the lethality of the pathway-specific antibiotic
colistin can be suppressed by deleting an early gene in the non-essential lipopolysaccharide
biosynthesis pathway,*2 allowing the use of JoxC-colistin as a counterselectable marker-
compound pair. Although we tested JoxC-colistin counterselection with only a single set of
genes, this second example of the approach should instill confidence that the approach will
work in a diverse set of bacterial organisms, justifying screening campaigns to find the
necessary small molecule inhibitors if they do not already exist. We note in closing that there
are pathways in other organisms for which late genes are essential and early genes are not,
and it should be possible to identify small molecules that inhibit such pathways with the
same screening approach used to discover targocil and targocil-Il. For example, the
pathways for O-antigen biosynthesis in Pseudomonas aeruginosa and Salmonella enterica,
and for capsular polysaccharide biosynthesis in Streptococcus pneumoniae contain non-
essential early genes and essential late genes and may provide suitable screening targets.
22,49-51 Hence, this counterselection approach can be adapted for other organisms that are
challenging to genetically manipulate.
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MATERIALS AND METHODS

Reagents and General Methods

Antibiotics were obtained from Sigma. Targocil and targocil-11 were synthesized as
previously described8: 17, Targocil-11 can also be purchased from Aurora Fine Chemicals
LLC. Restriction enzymes were obtained from New England Biolabs. DNA concentrations
were measured using a NanoDrop One Spectrophotometer (Thermo Scientific). Plasmid
DNA was irradiated using a UV-Crosslinker (CX-2000, UVP). Restriction enzymes and T4
DNA ligase were purchased from New England Biolabs, and PCR was performed with KOD
Hotstart DNA polymerase (Novagen) on genomic DNA isolated from wildtype RN4220 S.
aureus. PCR products and plasmids were purified using Qiagen kits. Primers were designed
using DNASTAR-Lasergene, obtained from Integrated DNA Technologies (IDT), and are
listed in Table S2. DNA sequencing was completed through Eton Bioscience and the Dana-
Farber/Harvard Cancer Center DNA Sequencing Facility. For colony PCR, a colony was
resuspended in 30 pL of buffer containing 40 mM NaOH and 0.2% SDS, and incubated at
98°C for 5 min followed by cooling on ice for 5 min. After dilution with 200 pL H,0, 4 uL
of this cell lysate was used for a 25 UL PCR reaction.

Bacterial Strains, Plasmids, and Growth Conditions

All bacterial strains and plasmids used in this study are listed in Table S1. S. gureus strains
were maintained in trypticase soy broth (TSB) at 30°C, and Escherichia coliand A.
baumannii strains were maintained in Luria-Bertani (LB) broth at 37°C. Antibiotics were
added as indicated at the final concentrations: 50 pg/mL kanamycin, 50 pg/mL neomycin, 3
pg/mL tetracycline, 5 pg/mL chloramphenicol, and 10 ug/mL targocil (or targocil-11) for S.
aureus, 100 pug/mL carbenicillin for £. coli; 100 pg/mL apramycin and 10 pg/mL colistin for
A. baumannii.

Susceptibility tests of AtarO and AlpxC strains to targocil and colistin, respectively

To generate an inducible farOstrain, the farO gene and its native ribosomal binding site
(—10) were amplified by PCR using primers tarO-F/tarO-R and cloned into Kpnl and EcoRlI
restriction sites of the staphylococcal integration vector pTP63, which contains an
anhydrotetracycline (aTc) inducible tetR-promoter. pTP63-farO was electroporated into
RN4220 AtarOlpTP44,30 resulting in an inducible tarOstrain (£arOup/off). The strains were
tested for antibiotic susceptibility on TSB agar containing 5 pg/mL, 10 pg/mL, and 25
ug/mL of targocil, or 10 ug/mL targocil-11 in the presence of 0.4 uM aTc. Overnight cultures
of S. aureus strains were inoculated in TSB medium and incubated at 30°C until they
reached mid-log phase. The cultures were normalized to ODgp=0.5, five ten-fold dilutions
were prepared, and 5 pL of each dilution was spotted on TSB containing targocil and
incubated at 30°C.

As the AlpxC A. baumannii ATCC 19606 strain has a growth defect on solid agar medium,3
the strain was passaged multiple times to isolate less defective mutants. One of the AljpxC
derivatives from 6 passages (pass-A/oxC) was found to have a growth rate comparable to
wildtype and was used for these studies. Mutations present in the passaged strain are
described in Table S1. To generate a complemented strain, the JoxC gene and its native
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promoter were amplified using PCR and cloned into Sall and HindlI I restriction sites of
pWH1266, generating p/oxC. The p/pxC plasmid was transformed into the pass-A/jpxC
strain. To test susceptibility, the strains were assayed on a four-fold diluted LB medium
(dLB) containing 1.5% agar and 10 ug/mL colistin. Overnight cultures of A. baumannii
strains were inoculated in LB broth and incubated at 37°C until they reached mid-log phase.
The cultures were normalized to ODgp=0.5, five ten-fold dilutions were prepared, and 5 uL
of each dilution was spotted on dLB agar containing colistin and incubated at 37°C.

Construction of pTarKO and pColKO plasmids

To generate pTarKO and pColKO recombineering vectors, we removed the temperature-
sensitive replication origin from the S. aureus pKFC vector by digestion with Aatll.> A DNA
fragment containing both farOand its native promoter (or both JoxC and its native promoter)
were amplified by PCR and cloned between the EcoRI and Kasl restriction sites of the
pKFC vector. The constructed plasmids, pTarKO (for arO counterselection) and pColKO
(for JpxC counterselection), were confirmed by sequencing.

Electroporation of DNA

To prepare electrocompetent S. aureus cells, an overnight culture of an RN4220 strain was
inoculated into 100 mL of TSB and cultured at 30°C. When the cultures reached ODgpo~0.8,
the cells were harvested and washed with ice-cold dH,0O twice followed by washing with
ice-cold 10% glycerol twice, and finally resuspended in 1 mL of 10% glycerol. Prior to
electroporation, 0.5~1 ug of DNA was irradiated with UV-320 nm at 80,000 pJoul/cm? and
mixed with 50 pL of the electrocompetent cells in a 2-mm electroporation cuvette on ice.
The plasmid and cell mixture was pulsed at 29 kV/cm, 100 Q, and 25 pF followed by
immediate addition of 1 mL of TSB. The cells were recovered at 30°C with shaking at 100
rpm for 1.5 hours and plated on TSB agar containing 50 pg/mL kanamycin, 50 ug/mL
neomycin and 10 pug/mL targocil. Plates were incubated at 30°C for 1-2 days. In the case of
mreDC deletion, the cells were plated on TSB agar containing 3 ug/mL tetracycline and 10
ug/mL targocil.

As previously described,* 52 for A. baumannii, an overnight culture of the pass-A/pxC
strain was inoculated into 100 mL LB media and incubated at 37°C until the culture reached
ODgg~0.8. The cells were collected and washed with dH,0 once at room temperature
followed by washing with 10% glycerol twice at room temperature. The cells were then
resuspended with 1 mL of 10% glycerol. For electroporation, 50 uL of competent cells was
mixed with 0.5-1 pg of UV-irradiated DNA in a 2-mm electroporation cuvette and pulsed at
25 kV/cm, 100 Q, and 25 pF followed by the addition of 1 mL of LB media. The cells were
recovered at 37°C with shaking at 100 rpm for 1.5 hours and plated on LB agar containing
100 pg/mL apramycin and 10 pg/mL colistin. Plates were incubated at 37°C for 1-2 days.
Colonies that appeared following transformation were restreaked on plates containing the
appropriate (i.e., kanamycin or tetracycline) antibiotic to confirm their antibiotic resistance
phenotype, and the exchange of wildtype alleles for an antibiotic resistance cassette was
verified by PCR. No mutations in both upper and lower homology arms were identified by
sequencing.
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Construction of targeting plasmids for making marked deletion mutants in S. aureus

rodA, ezrA, gaps, mreDC, ltaA, and SAOUHSC 01649. To generate targeting plasmids,
approximately 0.8-1 kb regions upstream and downstream of a target gene were amplified
by PCR using wildtype S. aureus genomic DNA. A PCR-amplified antibiotic resistance
cassette encoding resistance to either kanamycin (4p0hA3) or tetracycline (fetM) was
incorporated in between these upstream and downstream homology arms by overlap PCR.
The adjoined DNA fragment was cloned between the BamHI and Sall restriction sites of the
pTarKO vector. Then, as described above, the targeting plasmid was irradiated with UV and
electroporated into the AtarO RN4220 strain.

Unmarked deletion of spain S. aureus

A markerless deletion of the spa gene encoding surface protein A was constructed by
flipping out the marker after allelic exchange and phage transduction. The ~1000 bp region
immediately upstream of the spa ORF (upper homology arm) was amplified from S. aureus
RN4220 genomic DNA using primers spaAA and spaAB. The ~1000 bp region directly
downstream of the spa ORF (lower homology arm) was amplified from S. aureus RN4220
genomic DNA using primers spaBA and spaBB. A kanamycin-resistance cassette (aphA3)
flanked by FRT (FLP recognition target) sites was amplified using primers Kan-FRT-F and
Kan-FRT-R from pTM204artL int1> The FRT-flanked Kar® marker was ligated in between
the upper and lower homology arms of spato generate a ~3.5-kb sequence for cloning into
pTarKO digested with BamHI and Sall restriction enzymes, resulting in pTarKO-spa. The
pTarKO-spa targeting plasmid was electroporated into RN4220 AtarO,#electrocompetent
cells carrying an anhydrotetracycline-inducible copy of farO, and transformants were
selected on TSB agar plates supplemented with 50 pg/mL kanamycin, 50 pg/mL neomycin,
and 10 pg/mL targocil. Colony PCR was performed to screen several colonies that appeared
on the transformation plate after overnight incubation to confirm replacement of the
wildtype spaallele with the Aspa::FRT-KarR-FRT marker, which was then transduced to a
clean wildtype HG003 background using the generalized transducing phage phi85. HG003
cells containing the FRT-flanked, KarR-marked spa deletion was transduced with pFLP1®
constitutively expressing FLP recombinase to flip out the kanamycin-resistance cassette by
recombination between the two FRT sites. After transformants were passaged on non-
selective TSB agar plates for two rounds to provide time for FLP-mediated recombination,
colony PCR was performed to confirm loss of the Kar® marker and resultant markerless
deletion of spa.

Construction of a promoter-swapped strain of S. aureus: SAOUHSC_01050

To exchange the native promoter of SAOUHSC 01050 with an inducible promoter, an upper
homology arm containing ~ 1 kb upstream of the start codon (ATG) and a lower homology
arm containing ~ 1 kb downstream of ATG were PCR-amplified from genomic DNA. An
aTc inducible promoter (815 bp) was amplified from pTP6330 and linked to a kanamycin
resistance cassette (aphA3) by PCR. The resultant PCR product was incorporated in between
the upper and lower homology arms of SAOUHSC_01050by PCR, generating a DNA
fragment having the aTc inducible promoter facing in the same direction as the

SAOUHSC 01050 ORF. The DNA fragment was digested with Hindlll and Sall restriction

ACS Infect Dis. Author manuscript; available in PMC 2019 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal. Page 14

enzymes and ligated into pTarKO. As described above, the targeting plasmid was irradiated
with UV and electroporated into the AfarO RN4220 strain. Allelic exchange of the native
promoter for the inducible promoter in these mutants was confirmed by PCR.

Construction of a GFP-labeled strain of S. aureus: ugtP (SAOUHSC_00953)

To label UgtP with a green fluorescence protein (GFP) at its C-terminus, an upper homology
arm containing ~ 1 kb upstream of the ug#P stop codon and a lower homology arm
containing ~ 1 kb downstream of the stop codon were PCR-amplified from genomic DNA.
A green fluorescence protein sequence for mNeonGreen®3 was codon optimized for S.
aureus and synthesized (711 bp) by IDT (gBlock) (mNeonGFP sequence in Supporting
Information). This DNA sequence, designated as mNeonGFP, was adjoined to a kanamycin-
resistance cassette and incorporated in between the upper and lower homology arms of ugtP
by PCR, thus generating a fragment containing vgtP linked to mNeonGFP. An 8 amino acid
spacer (Gly-Gly-Gly-Ser-Ala-Gly-Gly-Ala) between UgtP and mNeonGFP was used to
promote proper folding of these two proteins.>* The DNA fragment was digested with
Hindlll and BamHI restriction sites and ligated into pTarKO. As described above, the
targeting plasmid was irradiated with UV and electroporated into the AfarO RN4220 strain.
Allelic exchange of wildtype ugtP for ugtP C-terminally fused to mNeonGFP was confirmed
by PCR and sequencing.

Fluorescence microscopy of GFP-labeled UgtP in S. aureus

As previously described,®® a 1-mL culture of the GFP-labeled UgtP strain was grown to an
ODgqp of 0.5 and pelleted by centrifugation at 3500 xg for 2 min. The cells were
resuspended in 30 uL of pH 7.4 phosphate-buffered saline (PBS). 5 L of the cell suspension
was immobilized on a pad of 2% agarose in PBS spotted on a microscope slide. Phase-
contrast and fluorescence visualization of the live cells was performed using a Nikon
TE2000 inverted microscope equipped with a Nikon Plan Apo x100 oil objective lens (NA
1.4). For observing the GFP fluorophore, an Ex475/28 filter set was used. Image acquisition
was carried out using a CoolSnapHQ?2 CCD camera (Photometrics) attached to the
microscope and the Nikon NIS-Elements Software. Image analyses were performed using
ImageJ software.

Construction of ArodA RN4220 using pKFC

As previously described,> approximately 1-kb regions upstream and downstream of rodA
were amplified by PCR using wildtype S. aureus RN4220 genomic DNA. A PCR-amplified
kanamycin (aphA3) resistance cassette (kar’™) was incorporated in between these upstream
and downstream homology arms by overlap PCR. The DNA fragment was then cloned into
pTarKO between the BamHI and Sall sites, generating pKFC-rodA-kanR. The pKFC-rodA-
kanR plasmid was electroporated into wildtype RN4220 strain as described above. After
recovering for 1 hour at 30°C, the cells were plated on TSA agar containing 5 pg/mL
chloramphenicol (Cm), and incubated at 30°C for 1-2 days. Eight colonies were retested on
TSA agar containing 5 pg/mL Cm at 30°C, and a confirmed resistant colony was grown at
30°C in TSA containing 5 pg/mL Cm until ODggp=0.2. The culture was then shifted to a
43°C shaking incubator and further incubated at 43°C for 6 hours. 100 pL of different
dilutions (102 or 103-fold) of the culture was plated on TSA agar containing 5 pg/mL Cm
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and incubated at 43°C for overnight (12-16 hours). Approximately 8-16 colonies from the
plate at 43°C were re-tested on TSA agar containing 5 pg/mL Cm and chromosomal
integration of the pkFC-rodA-kanR plasmid via a single crossover event was confirmed by
PCR using these primers, rodA-CA/KFC-R and rodA-CB/KFC-F. To induce the second
crossover, 4-8 confirmed colonies containing the plasmid integrant were passaged multiple
times on TSA at 30°C, and 100-300 colonies from each passage were plated and screened
for the rodA deletion by colony PCR using primers rodA-CA/rodA-CB.

Phage transduction in S. aureus

As previously described, to prepare S. aureus phage lysates, deletion mutants constructed in
the AtarO,zstrain background were grown in 2 mL of TSB containing 0.4 pM aTc until
mid-log phase.30 500 uL of diluted cultures (ODggp=0.2) were mixed with 100 uL of
staphylococcal phage ¢11 FRT (10% PFU/mL) and 6 uL of 1 M CaCl,. After 30 min of
incubation at 30°C, 10 mL of pre-warmed (45°C) top agar containing 10 mM CaCl,, 0.4 uyM
aTc, and 0.65% agar in TSB was added to each tube, and the mixture was poured on a TSB
agar plate containing 0.4 uM aTc and 10 mM CaCl,. The plates were incubated at 30°C
overnight, and 10 mL of TSB was added to the plates the next day. After 4 hours of rocking
at room temperature, the media containing the phage lysate was collected and filtered
through a 0.4-um syringe filter. To transduce into wildtype RN4220, a 1-mL overnight
culture of wildtype was spun down and resuspended in 100 pL of TSB. 50 pL of the
resuspension was mixed with 100 pL of LB media containing 20 mM CaCl, and 50 pL of
the donor phage lysate. The mixture of cells and phage lysate was incubated at 30°C for 25
min followed by 15 min incubation at 30°C with shaking (100 rpm). The mixture was mixed
with 100 pL of ice-cold 20 mM citrate and incubated on ice for 5 min followed by
centrifugation at 9000 xg for 10 min. The pellet was resuspended in 300 L of 20 mM
citrate and incubated on ice for 2 hours. The cells were plated on TSB agar containing 10%
citrate and the appropriate antibiotic (7.¢e., kanamycin), and plates were incubated at 30°C for
1-2 days.

Construction of complementation strains for AltaA and AugtP mutations

For p/taA, the genomic locus encoding /faA (SAOUHSC _00952) and its 300-bp upstream
region was amplified by PCR using primers ItaA-F-Sall and ItaA-R-BamH]I. The PCR
product was cloned into pLOW %8 using Sall and BamH] sites. For pugtP, the genomic locus
containing /faA-ugtP (SAOUHSC 00952, SAOUSHC 00953) and its 300-bp upstream
region was amplified by PCR using primers ItaA-F-Sall and ugtP-R-BamHI, digested with
Sall and BamHlI, and cloned into pLOW. The plasmids were confirmed by sequencing. The
p/taA and pugtP plasmids were then electroporated into A/faA and AugtP RN4220,
respectively. After recovering at 30°C for 1 hour, cells were plated on TSB agar containing
10 ug/mL erythromycin followed by incubation at 30°C for 1-2 days to obtain
transformants.

Construction of an aprR-marked AadeFGH deletion strain of A. baumannii

To target the adeFGH locus in A. baumannii, DNA fragments (~1000 bp) both upstream and
downstream of the target locus were amplified and adjoined to an apramycin resistance gene
(apR) by PCR. The resultant PCR product was digested with HindlIl and Sall and cloned
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into pColKO. The pColKO-AadeFGH-apR targeting plasmid was UV-irradiated as
described above for S. aureus and electroporated into the pass-A/pxC strain. Obtained
colonies were confirmed by testing their resistance phenotype on selective agar plates
containing 100 pg/mL apramycin, and the deletion of the adeFGH gene locus was verified
by PCR. No mutations in both upper and lower homology arms were identified by
sequencing.

Mating-out assay for A. baumannii strains

To transfer the AadeFGH::aprR marked deletion into a wildtype A. baumannii background, a
mating-out assay was performed as previously described*® using AadeFGH, pass-AlpxC A.
baumannii as the donor strain and wildtype A. baumannii 19606 as the recipient strain. After
overnight growth in TSB medium, both cultures were diluted 10-fold in TSB medium. The
two cultures were then incubated for 1 hour at 37°C followed by mixing at a ratio of 1 to 4
(donor:recipient) in a total volume of 2 mL. Subsequently, this mixed culture was grown for
3 hours at 37°C, and 200 pL of the culture was plated on Mueller-Hinton 2 agar containing
both 100 pg/mL apramycin and 0.04 ug/mL rifampicin. Obtained colonies were confirmed
by testing their resistance phenotype on selective agar plates containing apramycin, and the
deletion of the adeFGH gene locus in the recipient strain was verified by PCR.

Determination of MICs of rifampicin for pass-AlpxC and wildtype A. baumannii

Overnight cultures grown at 37°C in LB media to stationary phase were normalized to
ODgpo=1.0, and then diluted further to ODgpp=0.0001. 100 pL of these diluted cultures were
dispensed using a multi-channel pipette into 96-well plates. Rifampicin was dispensed using
a D300e digital dispenser (Tecan) over a concentration range. Plates were incubated without
shaking at 37°C for 24 hours. Following incubation, MICs were determined as the lowest
concentrations at which the ODggq remained at baseline.

Whole genome sequencing of A. baumannii strains

To confirm directionality and exclude the exchange of possible background mutations during
the mating-out assay, we performed whole genome sequencing with genomic DNA from
wildtype, AlpxC, pass-AlpxC, pass-AlpxCAadeFGH, and AadeFGH strains, as previously
described.®® 1 pL of 0.5-1 ng of genomic DNA from each strain was used in a 2.5 pL
Tagmentation reaction to generate adapter-labeled DNA fragments of the appropriate size
range (lllumina). The 3.5 L reaction was incubated at 55°C for 10 minutes followed by
incubation at 4°C in a PCR machine. The tagmented DNA was amplified by PCR using 11.2
pL of KAPA Library Amplification Kit master mix (Kapa Biosystems) and 4.4 pL of each
indexing primer (5 pM) with the following PCR conditions: 72°C for 3 min/98°C for 5
min/13 cycles (98°C for 10s/62°C for 30s/72°C for 30s)/72°C for 5 min/4°C. To clean up the
library DNA and remove short library fragments, 15 pL of the PCR product was mixed with
12 pL of bead (Agencourt AMPure XP beads, Beckman Coulter) and 30 pL of buffer (10
mM pH 8.0 Tris-Cl, 1 mM EDTA, and 0.05% Tween-20). The DNA bound on the bead was
washed with 200 pL of 80% ethanol and eluted with 40 pL of H,O. The DNA concentration
was measured by Qubit (Thermo Fisher Scientific Inc.) and equal amounts of DNA from
each sample were pooled, analyzed on TapeStation (Biopolymers Facility Biopolymer,
Harvard Medical School), and sequenced using the MiSeq platform (Illumina). Sequencing
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reads were analyzed using Geneious version 11.03. Single nucleotide polymorphisms (SNP)
and deletions were identified by comparing the sequence of the mutants to the parental
strains.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
WTA wall teichoic acid
LTA lipoteichoic acid
GlcNac N-Acetylglucosamine
ManNac N-Acetylmannosamine
Und-PP undecapreny! pyrophosphate
AMSA amsacrine
aTc anhydrotetracycline
tuni tunicamycin
pass-AlpxC one of the A/pxC derivatives from 6 passages
kanR kanamycin resistance cassette
aprR apramycin resistance gene
LPS lipopolysaccharide
MIC minimal inhibitory concentration
FRT FLP recognition target
HDR homology-directed repair
NHEJ non-homologous end joining
SNP Single nucleotide polymorphisms
Cm chloramphenicol
TSB trypticase soy broth
LB luria-Bertani
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Figure 1. Recombineering strategy for allelic exchange using positive selection
After transformation of a vector containing flanking homology arms to direct recombination

to a particular chromosomal locus, a first crossover event leads to integration of the vector
into the chromosome. The vector recombines out through a second crossover event,
producing a mutant allele or regenerating the wildtype allele depending on whether the
upstream or downstream homology region is used for recombination. pKFC-mediated
deletion of chromosomal genes utilizes this recombineering strategy.
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Figure 2. Modulation of WTA pathway with AtarO and targocil/targocil-l1 provides selection
pressurein S. aureus

(a) Schematic of the pathway for WTA biosynthesis and target of targocil/targocil-I1 in the
WTA pathway. (b) Structures of two WTA inhibitors that target TarGH. (C) A AtarOstrain
is resistant to 10 pg/mL targocil, a dose that is lethal to wildtype. Complementation with
ptarO (pTP63-P,tc-tarO) restored the targocil-susceptible phenotype in the presence of the
inducer, 0.4 uM aTc.
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Figure 3. The pTarKO system enables various chromosomal modifications for reverse genetic
analysisin S. aureus

(a) Schematic of the method and targeting plasmid used for allelic exchange of a target locus
in S. aureus. (b) Table summarizing chromosomal madification of various targets in S.
aureus. Days required to obtain some mutants using the pKFC vector is shown for
comparison. (c) Schematic of the pathway for biosynthesis of lipoteichoic acid. (d) Genes
involved in the lipoteichoic acid pathway are synthetically sick or lethal with the WTA
pathway. A A/taA strain is partially viable in the presence of 1 ug/mL tunicamycin (tuni),
which inhibits TarO in the WTA pathway. (€) The C-terminus of UgtP was fused to GFP
protein in the chromosome. (f) The native promoter of SAOUHSC 01050 was swapped with
the inducible tetR promoter that is controlled with anhydrotetracycline. In the presence of 1
ug/mL amsacrine (AMSA), which inhibits D-alanylation, the mutant is only viable if gene
expression is induced.
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Figure 4. Counter selection with a pathway inhibitor is also applicableto A. baumannii
(a) Schematic of the pathway for LPS biogenesis and the target of colistin in the pathway.

(b) A AlpxC strain is resistant to 10 ug/mL colistin, which is lethal to wildtype.
Complementation with p/oxC (pPWH1266-Ppative- JoXC) restored the colistin-susceptible
phenotype. (¢) Schematic of the method and targeting plasmid used for allelic exchange of
the efflux pump adeFGH locus in A. baumannii. (d) Schematic of the method used for
mating-out for A. baumannii strains. The donor and recipient cultures were harvested at
early-log phase (ODgpp=0.2) and mixed at a volumetric ratio of 1:4.
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Figure5. A counterselection strategy utilizing mutations of early genesin a non-essential
pathway combined with late-stage inhibitor s of the same pathway is applicable asa tool for
bacterial genetics

Pathway inhibitors useful for counterselection can be identified in a high-throughput screen
by comparing differential growth of wildtype and pathway mutant strains. In the first
scenario, compounds that inhibit essential cellular processes will lead to death of both the
wildtype and mutant. In the second scenario, compounds that are synthetically lethal with
the mutant will only inhibit growth of the mutant. A pathway inhibitor will be lethal to
wildtype, but growth inhibition is alleviated when the pathway is turned off via deletion of a
non-essential, early gene and restored via ectopic expression of that gene. Differential
bacterial growth is colored as black (full growth) and yellow (no growth); identification of a
pathway inhibitor is denoted in orange.
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