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Abstract

Background: The underlying mechanisms by which probiotic lactic acid bacteria (LAB) enhance the health of the
consumer have not been fully elucidated. Verification of probiotic modes of action can be achieved by using single-
or multiple-gene knockout analyses of bacterial mutants in in vitro or in vivo models. We developed a novel system
based on an inducible toxin counter-selection system, allowing for rapid and efficient isolation of LAB integration
or deletion mutants. The Lactococcus lactis nisin A inducible promoter was used for expression of the Escherichia coli
mazF toxin gene as counter-selectable marker.

Results: The flippase (FLP)/flippase recognition target (FRT) recombination system and an antisense RNA transcript
were used to create markerless chromosomal gene integrations/deletions in LAB. Expression of NisR and NisK signal-
ling proteins generated stable DNA integrations and deletions. Large sequences could be inserted or deleted in a
series of steps, as demonstrated by insertion of the firefly bioluminescence gene and erythromycin resistance marker

recycling

into the bacteriocin operons or adhesion genes of Lactobacillus plantarum 423 and Enterococcus mundtii STASA.

Conclusions: The system was useful in the construction of L. plantarum 423 and E. mundtii STASA bacteriocin and
adhesion gene mutants. This provides the unique opportunity to study the role of specific probiotic LAB genes in
complex environments using reverse genetics analysis. Although this work focuses on two probiotic LAB strains, L.
plantarum 423 and E. mundtii STASA, the system developed could be adapted to most, if not all, LAB species.
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Background

In recent years a profitable probiotic market has
emerged, with an increasing number of probiotic-con-
taining supplements conferring specific health benefits
to the consumer [1]. Strains of lactic acid bacteria (LAB)
and bifidobacteria are the most frequently used as probi-
otics, and form part of many functional food and dietary
supplements [2—4]. Probiotic LAB have a long history of
safe use in food and therapeutic products and there is an
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increased recognition of their beneficial effects on human
health [5]. However, the underlying mechanisms respon-
sible for these effects on the health of the consumer have
yet to be fully elucidated and are likely to be multifacto-
rial. If the growing consumer interest in probiotics is to
continue, it is crucial to identify the precise mechanisms
of action by which probiotics influence human health.
One way to provide verification of probiotic modes of
action is the use of single or multiple gene knockout anal-
yses of bacterial strains in in vitro or in vivo models [6].
The functional analysis of proteins expressed by genes
that confer specific phenotypic properties has under-
pinned biotechnology for decades. The potential scope of
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such an approach has grown exponentially with the avail-
ability of whole-genome sequencing, commercial de novo
DNA synthesis and synthetic biology [7]. While many
species of LAB are now transformable by electroporation
and have thus become amenable to genetic manipulation
using plasmid vectors, methods for the isolation of stable
and irreversible genetic mutants are still underdeveloped
[8—11]. The construction of tailor-made LAB strains for
functional genetic analyses is dependent on efficient
genetic methods and is often reliant on chromosomal
integrations or deletions of specific target genes. This
calls for the development of techniques that will allow
for the easy and efficient selection of chromosomally- or
plasmid-located gene excisions/integrations.

For many years, researchers have used replicative plas-
mids to express foreign DNA in microorganisms, but
these are inherently unstable when expressed in vitro or
in vivo where antibiotic selection is not possible, thus
limiting their applied utility [12]. To circumvent antibi-
otic selection-related issues, exogenous DNA must be
irreversibly incorporated into a DNA molecule inside
the cell. In this way, integration of recombinant DNA is
achieved by positioning a selectable marker gene along-
side a DNA sequence that is homologous to the target
gene of interest within an allele exchange cassette. This
has been achieved successfully in yeast and naturally
competent Bacillus subtilis that are easily transformable
with linear DNA [13]. However, for most bacteria, includ-
ing LAB, genetic engineering using linear DNA is a chal-
lenging task [14, 15]. Previous studies have demonstrated
that genetic recombination in some LAB species using
single stranded linear DNA (ssDNA) is possible and that
high recombineering efficiencies can be achieved when
combined with clustered, regularly interspaced, palindro-
mic repeats (CRISPRs) and a CRISPR-associated (Cas)
nuclease [14—16]. However, establishing ssDNA recombi-
nation in new species is not trivial and requires extensive
optimization procedures to eliminate low recombination
frequencies [14]. Consequently, integration plasmids
bearing DNA homologous to sites of chromosomal inte-
gration may be used to generate desired gene deletions or
insertions in the absence of antibiotic marker selection.
Desired recombinant cells are specifically selected and
isolated using the selectable marker, typically an antibi-
otic resistance gene. Several sequences can be inserted
at multiple loci by simply alternating between selectable
markers, usually antibiotic resistance genes, as described
in the ‘domino’ method of Itaya et al. [17]. This method
can be effective, but is not without limitations. A major
drawback is the availability of suitable antibiotic resist-
ance markers for use as selection/counter-selection
markers in the strain of interest. According to this strat-
egy, different antibiotic resistance genes have to be used
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to introduce multiple chromosomal modifications. More-
over, multi-antibiotic selection pressure could potentially
modify the physiology of the recombinant strain or anti-
biotic genes could potentially be passed to other bacteria.

One method commonly used for the construction of
stable integration mutants in LAB is the use of plasmid
vectors containing homologous sequences to the chromo-
somally located conjugative transposon Tn919, which is
utilized as the locus for insertion into the host genome [18,
19]. While this method has been successfully applied in
Enterococcus faecalis and Lactococcus lactis, it cannot be
used for specific targeted gene deletions. Another method
often employed for targeted gene inactivation and DNA
chromosomal integrations is based on the use of suicide
plasmids [18-25]. In most of these studies, the isolation
of successful integrations was straightforward, but strains
that have had the plasmid backbone removed may be dif-
ficult to isolate. Moreover, single homologous recombina-
tion events may be unstable and reversible, resulting in
single-crossover mutants with the potential to revert back
to the wild-type (WT). This can be overcome by the use
of a counter-selection marker located on the plasmid back-
bone, but the identification of a suitable counter-selection
marker under specific conditions to use as a genetic tool
can be a challenging task [26, 27]. The upp gene, which
codes for uracil phosphoribosyltransferase has been used
as a counter-selectable marker in Lc. lactis [28, 29]. The
upp gene is responsible for conferring toxicity to cells in
the presence of 5-fluorouracil (5-FU), whereas the loss
thereof leads to resistance to 5-FU. The main limitation of
using the upp gene as counter-selectable marker is that it
is present in the nucleotide metabolic pathway of almost
every organism [30]. Another disadvantage is that 5-FU
may be toxic, even in upp mutants, thus further hamper-
ing its use as a heterologous counter-selectable marker.
Nonetheless, counter-selectable markers have proven
invaluable in the construction of clean and unmarked
gene deletions or insertions in various unicellular micro-
organisms [26, 30—36]. For a review on the use of counter-
selectable markers as genetic tools, refer [26].

This study reports on the development of a strategy
generally applicable to all LAB species for the quick and
efficient isolation of double-crossover homologously
recombined mutants at any genomic loci. We describe
the use of a toxin gene as counter-selectable marker
placed under the control of the Lc. lactis nisin inducible
promoter (PnisA) that forms part of the well-charac-
terized nisin-controlled expression (NICE) system (for
a complete review on the NICE expression system, see
reference [37]). The PnisA promoter is auto-inducible by
nisin in Lc. lactis, but can be induced heterologously in
other LAB strains using sub-inhibitory concentrations of
nisin [38, 39]. For heterologous exploitation of the NICE
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system, the nisK and nisR nisin regulatory genes required
for signal transduction have to be expressed in conjunc-
tion with the use of the PnisA promoter [40]. The E. coli
mazF gene was chosen as a toxin gene for plasmid-borne
counter-selection. The mazF gene is an mRNA inter-
ferase (sequence-specific endoribonuclease) that forms
part of the MazE-MazF toxin-antitoxin (TA) system
of E. coli, encoded by the mazEF operon [41]. Ectopic
expression of the MazF toxin promotes cell death by spe-
cifically targeting mRNAs at ACA sequences [42]. In the
counter-selection system described here, the expression
of the MazF toxin under the control of PnisA is directly
coupled to the formation of desired double-crossover
mutants using an associated selectable phenotype. Using
this method, DNA fragments can be irreversibly inserted
or deleted at any genomic locus in L. plantarum 423 and
E. mundtii STASA in a step-by-step manner. The appli-
cation of the FLP-FRT recombination system to generate
markerless homologously recombined mutants is also
demonstrated. This method is applicable to many, if not
all, transformable LAB species.

Results

Construction and optimization of the nisin-inducible
counter-selection marker system

The heterologous use of PnisA originating from the Lc.
lactis nisin A lantibiotic producer strain was optimized
for the probiotics L. plantarum 423 and E. mundtii
ST4SA. The plasmid pNZmazFnisRK (Fig. 1) containing
the mazF toxin gene under control of the Lc. lactis nisin-
inducible promoter, together with the regulatory genes,
nisR and nisK, was introduced into the probiotic LAB
strains, giving rise to E. mundtii STASA pNZmazFnisRK
and L. plantarum 423 pNZmazFnisRK. Their MazF
response to induction with varying concentrations of
nisin was then evaluated (Fig. 2 and Additional file 1: Fig.
S1). Previous studies [37, 38] reported that low sub-inhib-
itory concentrations of nisin, ranging from 0.1 to 5.0 ng/
ml, were sufficient for PnisA-controlled gene expression
in Lc. lactis pNZ9000. We found that the PnisA promoter
responded to much higher sub-inhibitory concentrations
of nisin, ranging from 300 to 400 ng/ml in E. mundtii
ST4SA pNZmazFnisRK (Fig. 2a) and 300 to 600 ng/ml
nisin in L. plantarum 423 pNZmazFnisRK after 7 h of
induction (see Additional file 1: Fig. S1). Control strains
transformed with pNZ8048 and recombinant strains
transformed with pNZmazFnisRK without nisin induc-
tion showed no significant differences in growth after 7 h.
This suggested that no significant promoter leakiness was
occurring that could potentially result in premature cell
growth arrest without nisin induction of PnisA. No sig-
nificant difference in growth rate was recorded for con-
trol strain E. mundtii ST4ASA pNZ8048 with (300 ng/ml)
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Fig. 1 Schematic representing the pNZmazFnisRK inducible

mazF toxin vector used for the construction of double-crossover
homologously recombined DNA integration or deletion mutants
at any genomic loci. Relevant features are indicated, including
restriction sites used for cloning; the E. coli/LAB repA and repC
replication genes; the chloramphenicol acetyltransferase (cat) gene
conferring resistance to chloramphenicol; the nisR and nisK nisin
regulatory genes; and the nisin-inducible PnisA promoter from Lc.
lactis pNZ9000. Integration cassettes are inserted via blunting into
the Bglll, Hindlll or Stul restriction sites

or without nisin induction, whereas a significant growth
difference was recorded for recombinant E. mundtii
ST4SA pNZmazFnisRK when induced with nisin at the
same concentration (Fig. 2a). No significant growth inhi-
bition was observed for control strain L. plantarum 423
pNZ8048 when induced with nisin concentrations rang-
ing from 100 to 600 ng/ml compared to un-induced.
A significant inhibition of growth was recorded when
strain L. plantarum 423 pNZmazFnisRK was induced
with nisin at 600 ng/ml as compared to when no nisin
was present (see Additional file 1: Fig. S1). For all fur-
ther nisin induction experiments, a nisin induction con-
centration of 300 ng/ml was used for PnisA-carrying E.
mundtii STASA and 600 ng/ml for L. plantarum 423.
Taken together, these results confirmed that the MazF
protein toxicity would enable its application in LAB as
an efficient counter-selection marker for the isolation of
double-crossover mutants.

Lactococcus lactis pNZ9000 transformed with plas-
mid pNZmazF, and recombinant strains L. plan-
tarum 423 pNZmazFnisRK and E. mundtii ST4SA
pNZmazFnisRK were plated onto M17 or MRS agar
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Fig. 2 Optimization of nisin-controlled mazF gene expression in £. mundtii STASA. a Growth comparison of E. mundtii STASA transformed with the
empty pNZ8048 vector (control) and E. mundtii STASA transformed with the PnisA-controlled mazF gene pNZmazFnisRK plasmid in sub-inhibitory
concentrations of nisin (0-600 ng/ml). Significant differences were assessed using the Kruskal-Wallis nonparametric test, and are indicated with

a filled circle (P<0.05) for comparison between Control no nisin and control 400 ng/ml, an asterisk (P < 0.05) for comparison between mazFRK no
nisin and mazFRK 300 ng/ml and an empty circle (P <0.05) for comparison between mazFRK no nisin and mazFRK 400 ng/ml. b MRS agar plates
representative of the effect of MazF protein expression in E. mundtii STASA harboring the pNZmazFnisRK plasmid in the absence of nisin (—nisin)

and in the presence of nisin (+-300 ng/ml nisin)

plates supplemented with chloramphenicol (Cm) in
the absence and presence of nisin. After 24 h of incu-
bation at 30 °C, plates containing nisin showed very
little or no growth, while those without nisin showed
an abundance of growth (Fig. 2b, Additional file 1:
Fig S2). To further demonstrate the application of the
nisin-induction system in LAB, Lc. lactis pNZ9000
was transformed with plasmid pNZCherry, while L.
plantarum 423 and E. mundtii STASA were trans-
formed with plasmid pNZCherrynisRK. In both vec-
tors, the mCherry red fluorescence gene was placed
downstream of the PnisA promoter (Additional file 1:
Table S1). The PnisA nisin-induced expression of
mCherry fluorescence protein was easily detected on
agar plates containing nisin by the appearance of pink
colonies, while those lacking nisin remained white or
cream (see Additional file 1: Fig. S2).

Integration of large DNA fragments and deletion of the L.
plantarum 423 and E. mundtii ST4SA bacteriocin genes

To demonstrate the feasibility and efficiency of the nisin-
MazF counter-selection marker system in LAB, the
E. mundtii STASA munA mundticin bacteriocin gene
located on a megaplasmid [43] and the plaA plantaricin
bacteriocin gene located on the L. plantarum 423 pPLA4
plasmid [44] were targeted for inactivation. The munA
knock-out (KO) plasmid carried a 2471 bp cat-ffluc
gene cassette (see Additional file 1: Fig. S3), while the
plaA KO plasmid carried a 3204 bp erm-ffluc gene cas-
sette (see Additional file 1: Fig. S4), flanked by regions of
homology required for homologous recombination. The
pNZKOmunA::CatFfluc included a 135 bp internal frag-
ment of the munA ORF in the upstream region of homol-
ogy, resulting in the deletion of 18 bp of the 153 bp munA
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Fig. 3 Gene deletion and integration via homologous recombination into the genome of £. mundtii STASA at the munA bacteriocin gene locus to
create £. mundtii STASA munA:cat-fluc. a Homologous recombination between the wild-type (WT) E. mundtii STASA munA-carrying megaplasmid
and the munA:catffluc cassette. Boxed regions show the upstream (~ 0.9 kb) and downstream regions (~ 0.6) of homology on the megaplasmid
and the pNZKOmunACatFfluc knockout (KO) vector. Cells harboring the munA KO vector were selected on Cm and Em, followed by nisin induction
for MazF toxin expression to select for mutants that have lost the plasmid backbone bearing erm and mazF genes. Double crossover mutants were
selected and screened by PCR using the indicated primer combinations. b PCR amplification of WT and munA deletion and insertion mutants
using the primer pair indicated in panel (a). Primer pairs are shown in purple. (m) Lambda DNA digested with Pstl (NEB). Amplicons from four munA

mutant and two WT colonies, respectively, are shown

gene in all E. mundtii STASA munA::cat-ffluc mutants
(Fig. 3a). Refer to Table 2 for a detailed description of
the components of all regions of homology for targeted
gene inactivation. Similarly, pNZKOplaA::ErmFfluc
plasmid included a 69 bp internal fragment of the plaA
ORF in the downstream region of homology, resulting
in the deletion of 102 bp of the 171 bp plaA gene in all
L. plantarum 423 plaA:erm-ffluc mutants (see Addi-
tional file 1: Fig. S5). Double crossover mutants were
isolated by following the protocol described in “Mate-
rials and methods” (also refer to Additional file 1: Fig.
S6). Enterococcus mundtii STASA munA::cat-ffluc dou-
ble- crossover mutants retained resistance to Cm, but
not Em (erythromycin), in turn indicating the loss of
the plasmid backbone DNA encoding the mazF and erm
genes. No double-crossover mutants were obtained in
the absence of antibiotic selection. Lactobacillus plan-
tarum 423 plaA:erm-ffluc mutants retained resistance
to Em, but not to Cm, indicating that the erm-ffluc gene
cassette was successfully integrated onto the pPLA4 plas-
mid without the plasmid backbone DNA encoding the

mazF and cat genes. Knockout mutants that appeared
on nisin plates were screened by PCR and DNA sequenc-
ing using primer combinations listed in Additional file 1:
Table S2. Enterococcus mundtii STASA munA::cat-ffluc
mutants contained the 2471 bp cat-ffluc “cargo” DNA via
allelic exchange, with the consequent deletion of a 260 bp
DNA fragment from the munA operon harbored on a
megaplasmid as confirmed by PCR as well as sequenc-
ing (Fig. 3b). Similarly, L. plantarum 423 plaA:erm-
ffluc mutants retained the erm-ffluc cassette via allelic
exchange and the deletion of a 208 bp fragment from the
plaA operon on the pPLA4 native plasmid as confirmed
by PCR as well as sequencing (see Additional file 1: Fig.
S5).

Supernatants isolated from L. plantarum 423
plaA::erm-ffluc and E. mundtii STASA munA::cat-ffluc
mutants did not result in the formation of clear inhi-
bition zones on plates overlaid with the sensitive L.
monocytogenes EGDe strain as compared to the WT
derivatives of each strain (see Additional file 1: Fig.
S7). Similarly, supernatants isolated from sonicated
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plaA~ and munA~ mutant cell cultures did not result in
the formation of inhibition zones on agar plates over-
laid with L. monocytogenes EGDe (not shown). These
results confirmed that the bacteriocin genes of the pro-
biotic strains were successfully inactivated using the
nisin-MazF counter-selection method. To test the active
expression of the integrated ffluc bioluminescence gene,
L. plantarum 423 plaA::erm-ffluc and E. mundtii STASA
munA::cat-ffluc mutants were imaged using the Caliper
in vivo imaging system (IVIS; Caliper Life Sciences, Hop-
kinton, MA, USA). A strong bioluminescent signal was
detected from colonies formed on agar plates for each of
the mutant strains (see Additional file 1: Fig. S8).

Integration and removal of the FRT-flanked erm gene in L.
plantarum 423 for marker recycling

To overcome the limited availability of antibiotic resist-
ance markers that are suitable for use in LAB as inte-
grative selective markers, the S. cerevisiae FLP-FRT
recombination system was adapted for marker recycling.
A gene disruption mutant of the L. plantarum 423 aap
adhesion-associated gene was generated by utilizing the
erm gene flanked by two direct repeat FRT recombina-
tion targets for excision by FLP recombinase. The gen-
erated sizes of the WT L. plantarum 423 and integrant
loci are shown in Fig. 4a. Lactobacillus plantarum 423
aap::frt-erm mutants were successfully isolated via nisin
induction of the mazF toxin gene. Double-crossover
mutants selected on nisin-supplemented MRS agar plates
retained resistance to Em, but not Cm, confirming the
loss of the cat and mazF gene coding plasmid backbone.
The recombination event, namely, the insertion of the
FRT-erm gene onto the aap ORF locus, was confirmed
by PCR and the resulting amplicon sizes are shown in
Fig. 4b. PCR amplification of aap mutant gDNA resulted
in a 3696 bp fragment compared to the 2238 bp fragment
in the WT derivative.

Lactobacillus plantarum 423 aap:frt-erm mutants
transformed with the pNZFLPasRNA_repA plasmid,
were resistant to Em and Cm (resulting from the cat gene
on the newly-introduced plasmid). The induction of FLP
recombinase resulted in the isolation of unmarked aap
mutant L. plantarum aap::frt_um (um—unmarked) colo-
nies that have lost the erm gene via FRT-FLP excision as
confirmed by PCR and sequencing (Fig. 4a, b).

Once excision of the erm antibiotic resistance marker
in L. plantarum aap::frt_um colonies was confirmed, loss
of the FLP recombinase plasmid was stimulated by the
expression of a 350 bp asRNA repA transcript by induc-
tion with nisin. Lactobacillus plantarum aap:frt_um
mutants did not show any colony growth on MRS agar
plates supplemented with nisin and Cm, indicating plas-
mid loss, while colonies that were not induced by nisin
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showed an abundance of growth (indicating the presence
of the plasmid, Fig. 4c).

Isolation of srtA and srtC deletion mutants using regions

of homology containing small (<60 bp) 5’ and 3’ end
sequences

Although the PnisA-MazF counter-selection system
proved to be functional, the E. mundtii STASA srtA and
srtC genes did not contain sufficient restriction enzyme
sites to allow cloning of integrative gene cassettes flanked
by homologous arms. A strategy to introduce new
restriction sites would facilitate the cloning of integra-
tive genes in between homologous regions to enable the
inactivation of target sequences with insufficient restric-
tion enzyme digestion sites. To do this, srtA and srtC KO
plasmids carrying upstream and downstream regions
of homology with new restriction sites for integrative
gene cassette insertion were constructed (see Additional
file 1: Figs. S9 and S10). Both KO plasmids were designed
to facilitate the deletion of the majority of the srtA and
srtC genes sequences (with <60 bp of the 5" and 3’ ends
of the gene coding sequences included in the upstream
and downstream regions of homology). The FRT-flanked
erm gene was utilized as integrative cassette and the
anticipated sizes of the WT E. mundtii STASA and inte-
grant srtA loci are shown in Fig. 5a. Enterococcus mundltii
ST4SA WT and integrant srtC loci are shown in Addi-
tional file 1: Fig. S11. The deletion mutant isolation pro-
tocol was followed to enrich for recombinant cells that
have undergone the desired double-crossover recombi-
nation event. Enterococcus mundtii STASA srtA:frt-erm
mutants were successfully isolated that resulted in the
deletion of a 580 bp fragment of the 714 bp srtA ORF as
confirmed by PCR and sequencing (Fig. 5b). Similarly, the
expected band sizes of E. mundtii STASA srtC:frt-erm
mutants were obtained as confirmed by PCR, sequenc-
ing and restriction digests, that resulted in the deletion
of a 726 bp internal fragment of the 826 bp srtC ORF (see
Additional file 1: Fig. S11).

To verify the loss of the E. mundtii STASA srtA aggrega-
tion substance’s (AS) ability in srtA KO mutants to attach
secreted adhesion proteins to the bacterial cell surface,
a cell clumping assay was performed. In WT E. mundtii
ST4SA cells, AS expression lead to a marked clumping
of bacterial cells to form large cell aggregates that settled
at the bottom of the tube (Fig. 5¢). In the srtA KO strain
lacking AS, the cell suspension remained turbid, thus
indicating the loss of the cells’ ability to form aggregates
compared to the WT (Fig. 5d). In the tube containing
E. mundtii ST4SA sortaseC KO cells, the bacteria main-
tained the ability to form aggregates that settled at the
bottom of the tube (Fig. 5e). These results confirmed the
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Fig. 4 Gene inactivation and integration via homologous
recombination into the genome of L. plantarum 423 at the aap
adhesion gene locus to create L. plantarum 423 aap:FRTerm and

L. plantarum 423 aap:frt_um (um-unmarked). a Homologous
recombination between the wild-type (WT) L. plantarum 423
chromosome and the aap:FRTerm cassette and selection of
unmarked aap double-crossover mutants. Boxed regions show the
upstream and downstream regions of homology (~0.9 kb) on the
WT L. plantarum 423 chromosome and plasmid pNZKlaap:FRTerm
knock-in (KI) vector. Cells harboring the aap Kl vector were selected
on Cm and Em, followed by nisin induction for MazF toxin expression
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cat and mazF genes. Double crossover mutants were selected

and screened by PCR using the primer combinations indicated in
purple. b PCR amplification of WT L. plantarum 423 and aap insertion
mutants using the primer pair indicated in panel A. Additionally, the

FLP recombinase.

(m) Lambda DNA digested with Pstl (NEB). Amplicons from one WT,
two aap:FRTerm insertion mutant and two aap:unmarked colonies
are shown. ¢ MRS agar plates showing the effectiveness of the repA
asRNA induction of FLP recombinase-bearing plasmid loss in the
absence of nisin (no nisin induction) and in the presence of nisin
(nisin induction). Colonies that have lost the repA-bearing plasmid
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SortaseA mutant phenotype and that the SortaseA AS is
required for the aggregation of cells.

Discussion

The functional genetic analysis of genes that confer spe-
cific phenotypical properties in LAB is highly depend-
ent on the application of an effective counter-selection
marker system for the easy and efficient isolation of chro-
mosomally- or plasmid-located allelic exchange mutants
[11, 26, 27]. While the use of replicative plasmids to study
protein functions is easy to implement, multi-copy plas-
mids are not suited for in vitro or in vivo models where
antibiotic selection for plasmid maintenance is not possi-
ble [12]. The integration or deletion of genes at any speci-
fied locus circumvents antibiotic selection related issues.
Most of the techniques currently used for the isolation of
homologous recombination mutants in LAB are subject
to the following limitations: a lack of broad applicability
amongst different LAB species, an inability to target spe-
cific gene loci, a shortage of suitable antibiotic resistance
markers, and failure to isolate irreversible double-crosso-
ver mutants [17-19, 28, 29, 45, 46].

Counter-selection markers are invaluable for the con-
struction of stable double-crossover mutants, especially
in probiotic LAB, where the mechanisms by which they
exert their beneficial effects on the consumer can be
studied by reverse genetic analysis [26, 46]. Nevertheless,
the identification and optimization of suitable counter-
selection markers is a challenging and laborious task.

In this study, a method was developed to easily and
efficiently isolate stable irreversible double-crossover
mutants in L. plantarum 423 and E. mundtii STASA. The
E. coli mazF toxin gene was placed under the control of
the PnisA nisin-inducible promoter that is strictly associ-
ated with the nisR and nisK nisin signal regulatory genes,
to form the pNZmazFnisRK destination plasmid [37]. A
major advantage of the NICE system over other inducible
gene expression systems, is the tightly controlled gene
expression that has been used to produce large amounts
of enzymes for food, medical or technical applications
[47, 48]. This study has shown that MazF expression is
tightly controlled by the nisin-inducible promoter. This
eliminates any potential MazF-induced premature cell
growth arrest as a result of promoter leakiness.

Growth conditions were successfully optimized for
the mazF counter-selection gene to promote the death
of cells harbouring mazF upon induction of the PnisA
promoter with nisin. This approach ensures that trans-
formants that have undergone only a single event of
homologous recombination (thus retaining a copy of the
plasmid-located counter-selection marker in the chro-
mosome), are eliminated in the presence of nisin-induced
MazF toxin. This method was used to construct deletions



Van Zyl et al. BMC Molecular Biol (2019) 20:10

Page 8 of 16

bp

-- 3853
=" 2989

mutant strain containing SrtA AS

a srtAKOc SrtAKO2rev
[ —— T — o s £ Wi cheomasene
1 H H H Ampliconsize:~ 3 kb
mazF induction
with nisin
SrtAKOc srtA FRT FRT  srtA SrtAKO2rev
L; = srtA::FRTerm
I (e )< EE— ) ) chromosome
L L } Amplicon size: ~3.9 kb
L S
Q
3
[+4
5 o f
<
g E P
- v w»
m %] |

Fig. 5 Gene deletion and integration via homologous recombination into the genome of £. mundtii ST4SA at the srtA locus to create E. mundtii
ST4SA srtA:FRTerm, and E. munditii STASA sortase A aggregation substance (AS) cell clumping assay. a Schematic representing the wild-type (WT) E.
mundtii STASA srtA gene locus and the recombinant srtA deletion and FRT-erm integration site. Boxed regions show the upstream and downstream
regions of homology (~ 1 kb) on the WT chromosome and the recombinant srtA:FRTerm locus. Cells harboring the srtA knockout vector were
selected on Cm and Em, followed by nisin induction for MazF toxin expression to select for mutants that have lost the plasmid backbone bearing
cat and mazF genes. Double crossover mutants were selected and screened by PCR using the primer combinations shown in purple. b PCR
amplification of WT and srtA deletion and insertion mutants using the primer pair indicated in panel A. (m) Lambda DNA digested with Pstl (NEB).
Amplicons from one WT and two srtA:FRTerm insertion mutant colonies are shown. ¢ MRS broth with the WT strain containing SrtA AS. d MRS
broth containing the E. mundtii STASA srtA:FRTerm deletion mutant strain lacking SrtA AS. e MRS broth with £. mundtii STASA srtC:FRTerm deletion

within the ORFs of specific genes, to introduce a gene of
interest, to construct an unmarked mutation and to real-
ize gene deletion mutants using small regions of homol-
ogy. In the first case, bacteriocin gene deletion mutants
of L. plantarum 423 and E. mundtii ST4SA were con-
structed, while simultaneously inserting the large 1.6 kb
ffluc firefly luciferase reporter gene. The L. plantarum
423 plaA bacteriocin KO plasmid was designed to delete
the majority of the plaA ORF while ensuring that none
of the adjacent genes would be affected. In a previous
study [49], the L. plantarum 423 W' strain was cured
of the pPLA4 plaA gene-encoding plasmid to produce
a bacteriocin-deficient mutant. While their approach
proved successful, the loss of the whole plasmid may be
undesirable because of the consequent loss of all bac-
teriocin-adjacent genes. The E. mundtii ST4SA munA
bacteriocin KO plasmid was designed for the deletion of
18 bp of the munA ORE. The bacteriocin gene deletions
of both L. plantarum 423 and E. mundtii STASA resulted
in the loss of bacteriocin production, confirmed against

L. monocytogenes EGDe. Supernatants isolated from the
bacteriocin-deficient mutant strains lacked the ability
to form clear inhibition zones as compared to the wild
type derivatives. Bioluminescence imaging revealed that
the integrated ffluc gene was actively expressed in each
of the bacteriocin KO mutants. Strong bioluminescence
emission was detected from colonies on MRS agar plates,
indicating the functional expression of the Ffluc protein
at the integrated loci. These results demonstrate the fea-
sibility and applied utility of the newly developed coun-
ter-selectable marker system.

Desired double-crossover mutants are usually isolated
using an antibiotic resistance gene as integrative selec-
tive marker [17]. However, repeated manipulations of
any bacterial chromosome can only be achieved by the
generation of markerless integration mutants due to a
limited availability of suitable antibiotic resistance mark-
ers. An easy-to-implement marker recycling system for
LAB allows microbiologists to genetically engineer LAB
strains for biotechnological production processes. In
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this study, the S. cerevisiae FLP-FRT recombination sys-
tem was modified for application in LAB. The FLP-FRT
recombination system is present in most yeast strains
and is encoded by the 2 pm (6.4 kb) plasmid [50, 51].
Two flanking 34 bp FLP recognition targets (FRT) are
necessary for successful excision of an integrated frag-
ment by FLP recombinase. The yeast FLP-FRT system
has been successfully applied in several pathogenic and
non-pathogenic Gram-negative and Gram-positive bac-
teria [36, 52—54]. The L. plantarum 423 aap mucus adhe-
sion gene was targeted for inactivation with the insertion
of an FRT-flanked erm resistance gene [55]. Once FRT-
erm gene insertion was confirmed, a two-step process
was followed for marker recycling. In the first step, FLP
recombinase activity was induced by transformation with
plasmid pNZFLPasRNA_repA to produce unmarked aap
KO mutants. Secondly, once excision of the erm gene
was confirmed, loss of the pPNZFLPasRNA_repA plasmid
was stimulated by a 350 bp repA antisense RNA (asRNA)
transcript placed under the control of the PnisA nisin-
inducible promoter. The repA asRNA is a single-stranded
RNA molecule that is complementary to the repA mRNA
molecule of pNZ8048-derived vectors. The repA asRNA
inhibits translation of the repA origin of replication (ori)
by binding to the first 350 bp of the complementary repA
mRNA transcript [56]. As a result, the strain was cured
of the repA ori-containing plasmid via repA protein syn-
thesis inhibition. Previous studies have used asRNA suc-
cessfully to modulate the expression of specific genes or
to prevent the proliferation of bacteriophages in Gram-
positive bacteria, including many LAB sp. [57-63]. The
system developed in this study requires minimal effort
(days) for the isolation of unmarked mutants based
on the strength and specificity of the NICE system.
The resulting aap KO unmarked strain, free of antibi-
otic selection markers, may be used for further genetic
manipulations of the L. plantarum 423 chromosome in a
similar manner.

To further demonstrate the strength of the newly
developed system, gene deletion mutants of the E.
mundtii STASA srtA and srtC genes were generated using
homologous arms containing <60 bp regions (5" and 3/)
homologous to the target genes. This approach ensured
that none of the adjacent genes were affected while delet-
ing the majority of each target. Emphasis is placed on
the introduction of new restriction sites in homologous
arm regions for the insertion of integration cassettes to
ensure optimal cloning of integrative cassettes. This strat-
egy ensures the inactivation of gene targets that may not
contain sufficient restriction sites to facilitate the cloning
of integrative genes, usually antibiotic resistance genes,
flanked by homologous regions. The technique used in
this study ensures the isolation of recombination mutants
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even when using small regions (<60 bp) of the coding
sequence of a target, included in larger homologous arms
containing sequences adjacent to the target genes.

Conclusions

The method described in this paper is easy to implement,
highly efficient and can be used to manipulate the chro-
mosomes of Lactobacillus and Enterococcus spp. Further-
more, the strategy is well adapted for use in other LAB
sp. due to the broad applicability of the nisin expression
system. This provides a unique opportunity to study the
role of specific probiotic LAB genes in complex environ-
ments using reverse genetics analysis. In addition to the
efficient deletion or integration of genes at any defined
loci, the use of the FLP/FRT recombination system pro-
vides marker recycling for further manipulations of LAB
strains.

Materials and methods

Bacterial strains, plasmids and culture media

Bacterial strains and general cloning plasmids are listed
in Table 1 and Additional file 1: Table S1. All subclon-
ing experiments were done in E. coli DH5a [64] and E.
coli MC1061 (Mobitec, Gottingen, Germany). Escheri-
chia coli strains were grown in Luria—Bertani (LB), brain
heart infusion (BHI) broth or solid agar (1.5% w/v) (Bio-
lab Diagnostics, Midrand, South Africa) and incubated
at 37 °C with rotary shaking at 200 rpm. Forty micro-
grams per milliliter of 5-bromo-4-chloro-3-indolyl 3-p-
galactopyranoside (X-gal) was added to E. coli LB growth
media when required for blue-white colony screen-
ing. The probiotic LAB strains L. plantarum 423 and E.
mundtii STASA were grown as static cultures at 30 °C in
MRS broth (Biolab Diagnostics) or on MRS agar plates.
Lactococcus lactis pPNZ9000 was grown at 30 °C in M17
broth (Biolab Diagnostics) without shaking, or on agar
plates supplemented with 0.5% (w/v) glucose. Escherichia
coli strains containing plasmids (Table 1) were cultured
in LB or BHI medium supplemented with either 200 pg/
ml Em, 10 pg/ml Cm or 100 pg/ml ampicillin (Amp).
Recombinant LAB strains containing plasmids, and inte-
grative mutants (Table 2), were cultured in MRS or M17
medium supplemented with 10 pg/ml Em or 10 pg/ml
Cm for L. plantarum 423, and 5 pg/ml Em or 5 pg/ml Cm
for E. mundtii STASA and Lc. lactis pNZ9000. Listeria
monocytogenes EGDe was grown in BHI media supple-
mented with 7.5 pg/ml Cm and incubated at 37 °C on an
orbital shaker (200 rpm).

DNA manipulation procedures and transformation

Nucleic acid manipulations and general cloning pro-
cedures were carried out according to standard proto-
cols, as described by Sambrook and Russel [65]. DNA
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restriction and modification enzymes were purchased
from New England Biolabs (NEB, Ipswich, MA, USA)
and were used as recommended by the manufacturer.
Oligonucleotides were purchased from Inqaba Biotech-
nical Industries (Pretoria, South Africa). PCR amplifica-
tions were performed using Q5 high-fidelity PCR DNA
polymerase (NEB) in a SwiftMinipro thermal cycler (Esco
Healthcare, Malaysia). DNA fragments were purified
from agarose gels using the Zymoclean™ gel DNA recov-
ery kit (Zymo Research Corporation, Irvine, CA, USA).
Escherichia coli plasmid DNA was purified using the
PureYield" plasmid miniprep system (Promega, Madi-
son, WI, USA). Genomic DNA (gDNA) of E. coli and
LAB strains was purified using the ZR Fungal/Bacterial
DNA miniprep kit (Zymo Research Corporation) follow-
ing the manufacturer’s instructions. Electrotransforma-
tion of E. coli, L. plantarum 423 and E. mundtii STASA
was achieved as described previously [25], using the Bio-
Rad Gene Pulser electroporation system (Bio-Rad Labo-
ratories, Hercules, CA, USA). Lactococcus lactis NZ9000
was electroporated as suggested by the supplier, using
standard procedures (Mobitec).

Construction of plasmids
The integration vectors for use in L. plantarum 423
and E. mundtii STASA were based on the pNZ8048 Lc.
lactis NICE system plasmid (Mobitec), containing the
PnisA nisA gene promoter region, a multiple cloning
site (MCS), E. coli/Lc. lactis repC and repA replication
genes for replication in LAB and E. coli, the cat gene for
Cm resistance and the termination (T) sequence of the
Lc. lactis pepN gene. DNA primers used are listed in
Additional file 1: Table S2. The nisK and nisR regulatory
genes were amplified from Lc. lactis pNZ9000 gDNA,
using primers nisRK1 and nisRK2. The 2162 bp ampli-
con was digested with HindIII and Xhol and cloned into
pNZ8048 after digestion of the vector with the same
restriction enzymes, yielding plasmid pNZnisRK. A
schematic diagram summarizing the construction of
pNZmazF and pNZmazFnisRK is shown in Additional
file 1: Fig. S12. The pNZmazF and pNZmazFnisRK
plasmids were constructed to test the functionality of
the nisin-inducible promoter in Lc. lactis pNZ9000, L.
plantarum 423 and E. mundtii STASA. The mazF toxin
gene was amplified from genomic DNA isolated from E.
coli DH5a, using primers mazF1 and mazF2. The gen-
erated 342 bp amplicon was cloned into the MCSs of
pNZ8048 and pNZnisRK, using Ncol and Hindlll, to
yield pNZmazF and pNZmazFnisRK, respectively. The
integration vectors and their relevant characteristics
are listed in Table 2.

The E. mundtii ST4ASA munA bacteriocin gene knock-
out (KO) plasmid was constructed as follows. First, a
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complete 1809 bp region of homology that included the
munA ORF was obtained by PCR using the primer pair
munAKO1/munAKOQO?2, incorporating EcoRI and Xbal
digestion sites (see Additional file 1: Fig. S2). The gen-
erated amplicon was digested with EcoRI/Pvull and
Hpal/Xbal, resulting in a munA 911 bp upstream- and
a 633 bp downstream-region of homology, respectively,
and the removal of 18 bp from the munA ORF. Next, the
two regions of homology were joined together with a
blunt-ended 2480 bp cat-ffluc gene cassette generated via
PCR amplification using primer pair catl/fluc2 and plas-
mid pGKVCatFflucST4SA (Additional file 1: Table S1) as
source DNA. The cat-ffluc gene cassette contained the
cat gene for chloramphenicol resistance and the firefly
luciferase gene (ffluc) from Photinus pyralis fused to the
strong constitutive E. mundtii ldh gene (Pstldh) promoter.
This cat-ffluc-interrupted munA region was then cloned
into the EcoRl/Xbal double-digested pBluescriptKS
cloning vector, yielding plasmid pKSmunA::CatFfluc.
Finally, the cat-ffluc gene cassette flanked by the munA
upstream/downstream regions of homology (4024 bp)
was PCR amplified from pKSmunA::CatFfluc and cloned
into the Stul-linearized pNZmazFnisRKerm plasmid,
containing both cat and erm antibiotic resistance genes,
yielding plasmid pNZKOmunA::CatFfluc.

The L. plantarum 423 aap adhesion gene knock-
in (KI) plasmid was constructed by PCR, amplify-
ing a 1848 bp internal fragment of the aap ORF using
primer pair aapKO1/aapKO2 (see Additional file 1: Fig.
S$13). The resulting amplicon was triple-digested with
EcoRI/Hpal/Xbal (Hpal has a single cut site approxi-
mately in the middle of the aap fragment), and ligated
to the blunt-ended flippase (FLP) recombination target
(FRT)—flanked erm gene PCR fragment as well as the
pBluescriptKS plasmid double-digested with EcoRl/Xbal,
to yield plasmid pKSaap:FRTerm. The 1458 bp FRT-
flanked erm gene was generated using primer pair
M13for/M13rev and plasmid pKSFRTerm as source DNA
(see Additional file 1: Fig. S14). The FRT-erm gene flanked
by the aap upstream/downstream regions of homol-
ogy (3305 bp) was PCR amplified from pKSaap::FRTerm
using primer pair aapKO1/aapKO2 and cloned into
the blunt-ended (Bg/ll, blunted) destination plasmid
pNZmazFnisRK to yield plasmid pNZKlaap:FRTerm.

The E. mundtii ST4SA sortase A (srtA) deletion plasmid
was constructed by amplifying two regions of homology
flanking the srtA gene, using primer pairs, srtAKO1for/
srtAKOlrev and srtAKO2for/srtAKO2rev. The gener-
ated amplicons (~1 kb each) were designed to include
small internal (<60-bp) fragments of the srtA ORF in
both the upstream and downstream regions of homology
(see Additional file 1: Fig. S9). The upstream and down-
stream regions were then digested with HindIll/Hpal
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Strain or plasmid

Description

Reference or source

Strains
E. coli
DH5a
MC1061

Lactobacillus plantarum
423

423 pNZmazFnisRK
Enterococcus mundtii
ST4SA

ST4SA pNZmazFnisRK
Lactococcus lactis
pNZ9000

pNZ9000 pNZmazF
Plasmids
pNZ8048

pGKV223D
pNZnisRK
pNZmazF
pNZmazFnisRK
pNZmazFnisRKerm

pBluescriptKS
pKSFRT

pKSFRTErm
pGKVPIdhFLP
pNZasRNA_repAnisRK

pNZasFLPasRNA_repA

Host strain used for general subcloning

Host strain used for subcloning with Lc. lactis derived pNZ8048 vector; recA posi-
tive strain

Probiotic with multiple adhesion genes and a plantaricin bacteriocin producer;
forms part of the entiro™ probiotic; originally isolated from sorghum beer

Contains the pNZmazFnisRK plasmid; Cm®

Probiotic with multiple adhesion genes and a mundticin bacteriocin producer;
forms part of the entiro™ probiotic; originally isolated from soybeans

Contains the pNZmazFnisRK plasmid; Cm®

Standard host strain for nisin regulated gene expression; harbors the nisk and
nisK nisin regulatory genes integrated into the pepN gene locus

Contains the pNZmazF plasmid; Cm?®

Broad-host range vector; E. coli shuttle vector; LAB expression vector containing
nisin A inducible-promoter (PnisA); Cmf

E. coli/LAB shuttle vector; LAB expression vector with L23 promoter; Emf

pNZ8048 vector carrying the nisk and nisK regulatory genes for cloning in LAB
strains that do not have the regulatory genes integrated onto the chromo-
some; Cmft

pNZ8048 vector carrying the E. coli mazF toxin gene under the control of the
PnisA promoter; Cm*®

pNZnisRK vector carrying the E. coli mazF toxin gene under the control of the
PnisA promoter; Cm*

pNZ8048nisRK vector carrying the E. coli mazF toxin gene under the control of
the PnisA promoter and the erm gene; Cm® EmR

PCR cloning vector; Amp®

pBluescriptKS plasmid carrying two flippase (FLP) recombination target
sequences (FRT) in a direct repeat orientation; Amp®

pBluesriptKS plasmid carrying the erm gene flanked by two FRT sequences in a
direct repeat orientation; Em®, Amp

pGKV223D vector carrying the flippase (FLP) gene downstream of the constitu-
tive L. plantarum 423 lactate dehydrogenase gene Pldh promoter; Em"®

pNZmazFnisRK vector carrying a 350 bp asRNA_repA transcript downstream of
the nisin-inducible PnisA promoter; Cmf

pNZasRNA_repAnisRK vector carrying the flippase (FLP) gene downstream of the
constitutive L. plantarum 423 lactate dehydrogenase gene Pldh promoter; Cmf®

[61]
Mobitec, Gottingen, Germany

Cipla Medpro (Pty.) Ltd.

This study

Cipla Medpro (Pty.) Ltd.

This study

Mobitec, Gottingen, Germany

This study

Mobitec, Gottingen, Germany; [32]
University of Groningen, The Netherlands
This study

This study

This study

This study

Stratagene, California, USA.
This study

This study
This study
This study

This study

Cm®: chloramphenicol resistance; Em®: erythromycin resistance; Amp®: ampicillin resistance

and Hpal/Xbal, respectively, ligated to the blunt-
ended FRT-erm gene PCR fragment and pBluescriptKS
digested with Hindlll and Xbal, yielding plasmid
pKSsrtA::FRTerm. The complete srtA region of homol-
ogy including the FRT-erm gene was then PCR amplified
from pKSsrtA:FRTerm using primer pair srtAKO1for/
srtAKO2rev, and cloned into the HindIlI-linearized and
blunt-ended plasmid pNZmazFnisRK, yielding plasmid

pNZKOsrtA::FRTerm. Construction of integration plas-
mids pNZKOplaA::ErmFfluc and pNZKOsrtC::FRTerm
is described in the Additional file 1: Text S1 and shown in
Additional file 1: Figs. S4 and S10.

Plasmids pKSFRTErm and pNZFLPasRNA_repA were
constructed for utilization of the FLP/FRT recombina-
tion system of Saccharomyces cerevisiae for the gen-
eration of unmarked LAB KO mutants and antibiotic
marker recycling, as follows (Additional file 1: Figs. S14



Page 12 of 16

(2019) 20:10

Van Zyl et al. BMC Molecular Biol

auab

D3SD1I0S \YS1S 1IpUNW *J :D1s 'DUdb yasplios S 1S 1punw g /s {paxyiewun :wn 2uab uoisaype £z wnipjupid 7 1abae) uoeuiquiodas aseddy 1 Y4 ‘dop Duab acue)sisal jodluaydwelo|yd 3pd Buab upolusideq |
upRpunw ‘yunw ‘ausb asesaydn| Aaay sijpiAd snurjoyd onpy duab souelsisas uAWOoIYIAIS :wud duab updoualdeq gz uduelued iypjd '9S-zS sbi4 | 9|y [eUOIIPPY Pue (Wd] Y4:DHSOYZNd pue dnyqwig:ye|doyzNd) LS
IPPY ‘(W9 Y4y HSONZNG pue wiay4:deepyzNnd “Onp4iedsyunwOyzNd) 1x9) ulew ayy 19P Ul PaQIIISIP S| UOIIDNIISUOD J13Y} PUR ‘UMOYS dJB SIIISIIIdRIRYD JURAS|D 419} PUB SI0}03A uolelbajul ay |

44O Il uIsAjowsy Jo auab ui0id BUNgnSs
1uswbely jeusaiul dq gzz pue sniid wyHdgg Jo dq 768 pue
440 Dus 440 DS Jo dq 09 Buipnpul 440 DS Jo dq 65 Buipnoul

auab wis payuey-144 dq 8Sy L DY Jo Iuswbely jeussiul dg 97/ “YHs Jo weansumop dq 9/¢ ‘JUs Jo weansdn dq | 101 JMs Ule-MEDUS SIS punw 3 WIS Y47 DHSOMZNd
440 Jauod
44O JO1RUILLISY  -SUeJ} Sy JO Juswbely dg 02
-iue jeuondudsuen H|bq Jo pue auab asejoipAyoydso
1uswibely [eusarul dg 976 -ydouAd spnospnu Hzew
pue 440 VS Jo Juswbely dg ££€ 440 VS Jo 1uswibely
440 VMs |eutaiul dg /G buipnpul |eutaiul dg /G buipnpul

2Uab Wi payuel-144 dq 8L oY1 4o 1uswbel) eulaiuldq 0gs ‘YIS Jo wiealisumop dg | 101 ‘YUs Jo weansdndq | |01 VHS WDV MS YSHLS 1punw 3 WS Y4y UsOYZNd
1eds pasioxe auab adue 440 dee 440 dee

144 dq 96 e BuipnpUI g GEE  -1SISaI WIS payjue-1H4 dg €901 4O uawbey [eulaiul dq 676 4O Juswibely [ewsiul dg 606 wn™yy:dee gz wnipjupid 7 wa | y4:=deepzNnd
440 dee 440 dee

2uab wid payuey-1 44 dgq 85y | SUON 4o 1uawibely [eulaiul dq 676 40 uawibeyy [eulaiul dq 606 dee wie-uyzdee ez wnipjupid ] wa | y4:=deepzNnd
44O Yunuw Jo 1uswbely

14O yunw 2uab uonedo[sUR] gunw Jeutaiur dq gg | Buipnpul Ny
91195562 9Uab dN|Y-1ed dq | /T jo dg gl buipnpul ‘dg 09z 40 1uswibey [eulaiul dg €€9 ‘Yunw Jo weansdndq |16 Yunw -1eDIYUNW VYSH 1S /punw 3 dn41ed:syunuwOyZNd
uiz10id uon

-BJ0|suel} UdoL1eq Deld Jo
440  dqg ¥z puesuab Ayunwiw
veldjodqgzol upousdeq geid dg pgg ‘ved

21195582 susb dny-wls dg y0zE Buipnipul ‘dg 80z Jo Juswibely eussiul dg 69 ve|djo weansdndqzoe  weld onp-wwaiyed ez wnupiupid 7 dnp4ul3sye|doyzNd
plwsejd/awosowoiyd oyuo plwsejd/awosowoiyd uo ABojowoy jo ABojowoy jo
pajeibajul (s)uswa|g pa13|9p uoibay uoibai weansumoq uoibal weansdn sndo7 uje}s payipop pilwse|ld

sujel)s gy JuUBUIqUIOd3I pue S10)I9A uonpeibajul Jo 3s17 ¢ djqeL



Van Zyl et al. BMC Molecular Biol (2019) 20:10

and S15). The pKSFRTErm plasmid was constructed by
PCR amplification of two 48 bp FRT target sequences
using primer pairs FRTforl/FRTrevl, FRTfor2/FRTrev2
and the S. cerevisiae 2 pm (~6.4 kb) plasmid as tem-
plate DNA. The two generated amplicons containing the
FRT target sequences were then double-digested with
HindIll/Sall and BamHI/Pstl, respectively, and cloned
into the pBluescriptKS plasmid in a direct repeat orienta-
tion. The resulting plasmid (pKSFRT) was then digested
with EcoRI (located in-between the two FRT repeats) and
ligated to an erm gene PCR fragment (erm1/erm2 primer
pair) digested with the same enzyme to yield plasmid
pKSFRTErm (see Additional file 1: Fig. S14).

The pNZFLPasRNA_repA plasmid was constructed as
follows. The 1284 bp flippase (FLP) gene was amplified
from the 2 pm plasmid using primer pair FLPfor/FLPrev,
incorporating the Ncol/Sall digestion sites, and ligated
to the EcoRI/Ncol double-digested Pldh promoter and
double-digested EcoRI/Sall pGKV223D plasmid, yield-
ing plasmid pGKVPIdhFLP (see Additional file 1: Fig.
S$15). Next, a 350 bp repA antisense RNA (asRNA) PCR
fragment was generated, using primers asRNAfor and
asRNArev, and was fused upstream of the nisin-induci-
ble promoter by digestion of the amplicon with Ncol and
HindIII and cloned to the pNZmazFnisRK plasmid after
digestion with the same restriction enzymes, creating
pNZasRNA_repAnisRK. The asRNA_repA fragment was
designed for inactivation of the RepA replication protein
by binding to the first 350 bp of the repA transcript as a
reverse-and-complement RNA strand thus inhibiting its
translation. Finally, the 1794 bp Pldh-FLP PCR fragment
was amplified from plasmid pGKVPIdhFLP using primer
pair Pldh1/FLPrev and subsequently cloned into the Bg/II
blunt-ended pNZasRNA_repAnisRK plasmid, yielding
plasmid pNZFLPasRNA_repA (see Additional file 1: Fig.
S15). The integrity of all plasmids constructed was veri-
fied by restriction digests and by PCR using appropriate
primer combinations (Additional file 1: Table S2).

Optimization of MazF toxin expression using

the nisin-inducible promoter in LAB

Control L. plantarum 423 and E. mundtii STASA strains
transformed with empty pNZ8048 plasmid and recom-
binant L. plantarum 423 and E. mundtii ST4SA trans-
formed with the pNZmazFnisRK plasmid were grown in
MRS broth for 12 h. One millilitre of the 12 h old cul-
tures was used to inoculate 50 ml of pre-warmed MRS
broth. The 50 ml cultures were supplemented with 0 ng/
ml, 100 ng/ml, 200 ng/ml, 300 ng/ml, 400 ng/ml and
600 ng/ml nisin (Sigma-Aldrich, St. Louis, MI, USA),
respectively, and incubated at 30 °C for 7 h. Every 30 min
the optical density (ODgg,,,) reading for each 50 ml
culture was measured. All experiments were done with
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three repeats. Expression of the mCherry reporter gene
in Lc. lactis pPNZ9000, L. plantarum 423 and E. mundltii
ST4SA, placed under control of the PnisA nisin-inducible
promoter was achieved as described in Additional file 1:
Text S1. Agar plates streaked with fluorescing LAB cells
were imaged using the IVIS.

Confirmation of bacteriocin gene knockouts

To confirm bacteriocin gene KO integration mutants of
strains L. plantarum 423 and E. mundtii STASA an over-
lay lawn assay was performed as described by Van Zyl
et al. [25] with the following modifications. The L. mono-
cytogenes EGDe bacteriocin sensitive strain was grown
for 12 h and 100 pl plated onto a BHI agar plate. The
cell-free supernatants (adjusted to pH 7.0 with NaOH) of
actively growing (12 h) bacteriocin KO strains were col-
lected by centrifugation (8000xg for 5 min). The super-
natants were sterilized by passage through a 0.22-pm
pore size filter using a 5 ml syringe and 30 pl spotted into
wells on BHI agar overlaid with L. monocytogenes EGDe.
This was followed by incubation at 37 °C for 24 h. As
positive controls, supernatant from WT strains was used.
Additionally, bacteriocin KO strains were sonicated for
3 min using an Omni-Ruptor 400 (Omni International,
Kennesaw, GA, USA) for release of intracellular proteins.
Briefly, bacteriocin KO cultures were grown for 12 h in
100 MRS broth. Cells were harvested at 13,000xg for
10 min, resuspended in 30 ml 10 mM Tris buffer supple-
mented with 500 mM NaCl and 10 mg/ml lyzozyme, and
incubated at 37 °C for 2 h. After incubation, the cells were
sonicated for 3 min followed by centrifugation (13,000xg
for 5 min) and collection of the cell free supernatants.
The supernatants containing intracellular proteins were
then spotted onto BHI agar plates spread with L. mono-
cytogenes EGDe as described before for visualization of
inhibition zones. Expression of bioluminescence by L.
plantarum 423 and E. mundtii STASA bacteriocin-nega-
tive strains was detected as described in Additional file 1:
Text S1.

Clumping response protocol

The bacterial clumping protocol for confirmation of
the E. mundtii STASA srtA gene KO strain was adapted
from previous studies [66, 67] with the following modi-
fications. A pheromone-containing supernatant was col-
lected by centrifugation (13,000xg for 5 min) of a 12-h
old WT E. mundtii ST4SA strain, followed by filter steri-
lization through a 0.22-pum-pore size cellulose nitrate fil-
ter using a 5 ml syringe. Wild-type and srtA KO mutant
strains were grown for 12 h in MRS broth and diluted to
an ODgyg,, of ~0.06 in 5 ml MRS broth supplemented
with 250 pl sterile supernatant from WT E. mundtii
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ST4SA. The cultures were incubated for 12 h at 30 °C
without shaking before visualization of clumping.

Confirmation of successful chromosomal or plasmid
integrations

To confirm successful double-crossover recombination
events in LAB gene deletion or integration mutants,
gDNA was isolated for PCR amplification using the
appropriate primer combinations listed in Additional
file 1: Table S2. All LAB KO or KI mutants were con-
firmed by DNA sequencing of PCR products performed
by the Central DNA Sequencing Facility of Stellenbosch
University.

Protocol for isolating double-crossover mutants

The complete step-by-step design and timeline for this
method of quick and easy isolation of double-crossover
KO or KI mutants is shown in Additional file 1: Fig. S6.
Upon completion of the construction and transforma-
tion of an appropriate integration plasmid in LAB strains,
transformants were enriched for by either direct inocula-
tion into MRS broth or by plating onto MRS agar plates,
supplemented with both Cm and Em. After an incuba-
tion period of 2—3 days at 30 °C, cells grown in broth or
colonies observed on agar plates were streaked on fresh
agar plates and re-incubated for 24 h at 30 °C until sin-
gle colonies were observed. Cells carrying the integration
plasmid were then inoculated into fresh MRS broth sup-
plemented with Cm and Em, followed by further incuba-
tion at 30 °C for 12 h. Two-hundred microliters of the cell
suspension was then inoculated into fresh MRS broth
supplemented with the antibiotic present in the integra-
tive gene cassette (either Cm or Em) and the appropri-
ate concentration of nisin for MazF toxin expression,
followed by incubation at 30 °C for 6 h. After 6 h of
incubation and growth recorded at ODy, ,,,, the cell
suspensions were serially diluted, and plated onto MRS
agar plates supplemented with the appropriate antibiotic
and nisin as described above. The plates were incubated
for 24 to 48 h at 30 °C or until colonies were observed.
Double-crossover recombined mutants appearing on the
antibiotic-nisin plates were isolated and screened for the
loss of the plasmid-backbone-located antibiotic marker
and by PCR for confirmation of the desired recombina-
tion event.

Mutant LAB cells carrying an FRT-flanked erm gene
were transformed with the pNZFLPasRNA_repA plas-
mid for excision of the erm resistance gene. Upon appear-
ance of transformants on MRS agar plates supplemented
with Cm, single colonies were inoculated into MRS broth
and incubated at 30 °C for 6 h for constitutive expression
of FLP recombinase. Cell suspensions were then serially
diluted and plated onto MRS agar plates containing Cm
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for propagation. Unmarked mutants that have lost the
erm gene via FRT-FLP excision were identified by replica
plating on MRS agar plates containing Cm or Em. Colo-
nies that did not grow on MRS plates supplemented with
Em were screened by PCR to confirm erm gene excision.

To generate unmarked mutants that would allow for
further genetic manipulation using the nisin-MazF
counter-selection marker system, cells carrying the
FLP recombinase pNZFLPasRNA_repA plasmid were
induced with nisin to stimulate loss of this plasmid.
Cells carrying the pNZFLPasRNA_repA plasmid were
inoculated into MRS broth supplemented with nisin, fol-
lowed by incubation at 30 °C for 6 h for expression of the
asRNA transcript. After incubation, the cell suspensions
were serially diluted, and plated onto MRS agar plates
not supplemented with Cm and incubated at 30 °C for
24 h. Mutant cells that have lost the pNZFLPasRNA _
repA plasmid were identified by replica plating on MRS
agar plates supplemented with and without Cm. Colo-
nies that showed no growth on MRS plates supplemented
with Cm indicated plasmid loss.

Additional file

Additional file 1: Text S1. Construction of integration vectors; mCherry
reporter gene expression in LAB using the nisin-inducible promoter;
Detection of in vitro bioluminescence. Table S1. Bacterial strains and
plasmids used in this study. Table S2. Oligonucleotides utilized in this
study. Fig. S1. Optimization of nisin-controlled mazF gene expression in
L. plantarum 423. Fig. S2. Plates showing the effect of PnisA promoter-
controlled MazF protein and PnisA promoter-controlled mCherry
fluorescence protein expression in LAB. Fig. S3. Schematic representing
the construction of the pNZKOmunA:CatFfluc integrative plasmid. Fig.
S4. Schematic representing the construction of the pNZKOplaA:ErmFfluc
integrative plasmid. Fig. S5. Gene deletion and integration via homolo-
gous recombination into the genome of L. plantarum 423 at the plaA
bacteriocin gene locus to create L. plantarum 423 plaA:erm-ffluc. Fig. S6.
A workflow diagram showing the step-by-step design and protocol of
the counterselection method developed in this study. Fig. S7. Zones of
inhibition on plates overlaid with L. monocytogenes EGDe. Fig. S8. MRS
agar plates showing bioluminescence emission of ffluc luciferase gene
integration mutants. Fig. $9. Schematic representing the construction of
the pNZKOsrtA:FRTerm integrative plasmid. Fig. S10. Schematic repre-
senting the construction of the pNZKOsrtC:FRTerm integrative plasmid.
Fig. S11. Gene deletion and integration via homologous recombination
into the genome of E. mundtii STASA at the srtC locus to create E. mundtii
ST4SA srtC:FRTerm. Fig. $12. Schematic representing the construction of
the MazF toxin expression plasmids pNZmazF and pNZmazFnisRK. Fig.
S13. Schematic representing the construction of the pNZKlaap:FRTerm
integrative plasmid. Fig. S14. Schematic representing the construction
of plasmid pKSFRTErm containing the FRT-flanked erm gene. Fig. S15.
Schematic representing the construction of plasmid pNZFLPasRNA_repA
containing the flp recombinase gene and a repA asRNA fragment.
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