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Abstract

Food-grade lactic acid bacteria are increasingly recognized as promising candidates for mucosal
immunization and various health applications. However, plasmid-based expression systems often
face challenges related to antibiotic-resistance markers and genetic instability. To address these
limitations, we developed and microbiologically characterized a marker-free strain of Lactococcus
lactis subsp. cremoris NZ9000. This strain carries a chromosomally integrated expression cassette for
the Surface Immunogenic Protein (SIP) of Streptococcus agalactiae, commonly known as Group B
Streptococcus (GBS). Using an adapted pMBSacB sucrose-counterselection strategy, we successfully
replaced the native upp locus with a nisin-inducible PnisA-Usp45-sip cassette. Whole-genome
sequencing confirmed that the sip cassette was integrated at the designated locus, with no additional
mutations or residual antibiotic-resistance determinants detected during our analysis. Importantly,
this chromosomal insertion did not affect in vitro growth. Western blotting and confocal microscopy
confirmed that the expression of rSIP is dependent on nisin and that rSIP is localized on the cell
surface. In a pilot study in mice, L. lactis-SIP showed no adverse effects, including weight loss or any
noticeable clinical changes. Importantly, serum analysis detected the presence of SIP-specific IgG,
particularly at the highest evaluated dose of 1 x 101 CFU. These findings support the potential of L.
lactis-SIP as a genetically stable, marker-free platform for mucosal antigen delivery. This research
paves the way for future evaluations of probiotic-based functional foods or live biotherapeutic
formulations aimed at GBS.
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https://doi.org/10.20944/preprints202606.0477.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 June 2026 d0i:10.20944/preprints202606.0477.v1

2 of 19

Keywords: Lactococcus lactis; group B streptococcus; surface immunogenic protein; chromosomal
integration; marker-free genome editing; pMBSacB; mucosal antigen delivery; live biotherapeutic;
probiotic-based platform

1. Introduction

Group B Streptococcus (GBS), scientifically known as Streptococcus agalactiae, is a Gram-positive,
catalase-negative, [3-hemolytic coccus that can colonize the human gastrointestinal and female
genitourinary tracts [1]. GBS infection is a significant cause of neonatal morbidity and mortality,
leading to conditions such as pneumonia, sepsis, meningitis, preterm delivery, and neonatal death
[2]. The primary route of transmission to the fetus or newborn is through maternal rectovaginal
colonization [3]. To date, ten serotypes of GBS have been identified based on their capsular
polysaccharide composition (Ia, Ib, II-IX) [4]. Universal antenatal screening for maternal GBS
colonization at 36-37 weeks of gestation, followed by intrapartum antibiotic prophylaxis (IAP) for
colonized mothers, is the established strategy to prevent early-onset disease (EOD) [3]. Although IAP
has significantly reduced the incidence of EOD, it does not prevent late-onset disease (LOD) and
raises concerns regarding antimicrobial exposure. As a result, the development of an effective
maternal GBS vaccine has become a global priority, with modeling studies indicating that vaccination
could prevent a substantial number of annual neonatal deaths [5].

Currently, there is no licensed vaccine for GBS, although several formulations are in various
stages of clinical or preclinical development [6]. Among the immunogens evaluated, the Surface
Immunogenic Protein (SIP) stands out as a strong candidate due to its high conservation across all 10
GBS serotypes and demonstrated immunogenicity [7-9]. Recent studies suggest that SIP plays a role
in GBS pathogenesis; for example, SIP suppression or loss leads to reduced adherence to human
epithelial cells, decreased biofilm formation, and reduced uterine persistence in mouse models [10].
Additionally, SIP has been identified as an agonist of Toll-like receptors 2 and 4 [11], supporting its
potential role in immunomodulation [12]. In silico analyses have also revealed B-cell epitopes
associated with predicted immunostimulatory activity [13]. Notably, the administration of
recombinant SIP combined with alum reduced vaginal GBS colonization in mice, whereas SIP alone
did not [14]. These findings not only highlight SIP as a promising vaccine target but also indicate the
need for efficient mucosal delivery methods and/or adjuvant strategies to enhance its effectiveness.

In response to these challenges, food-grade and probiotic-associated lactic acid bacteria have
emerged as effective live delivery vehicles for antigens and bioactive molecules. This approach is
particularly relevant to research in functional foods and health applications because engineered
strains can potentially be formulated into fermented products, encapsulated formats, or dietary
supplements and can directly interact with mucosal tissues [15-19]. Mucosal vaccination offers both
practical and immunological benefits for pathogens that colonize mucosal surfaces, such as GBS.
These advantages include the possibility of needle-free administration and the potential to stimulate
local immune responses at the site of colonization [20]. However, oral antigen delivery faces
significant challenges, including antigen degradation in the gastrointestinal tract, the issue of mucosal
tolerance, and the necessity of effectively delivering antigens to gut-associated lymphoid tissue and
professional antigen-presenting cells [21,22].

Lactococcus lactis is a non-pathogenic, Gram-positive lactic acid bacterium widely used in dairy
fermentation and biotechnology. Its history as a food-grade organism, the absence of
lipopolysaccharides, the availability of a fully sequenced genome, and access to various genetic tools
have made it a preferred chassis for the mucosal delivery of bioactive proteins [15,23-25]. Within this
species, the plasmid-cured MG1363 strain and its derivative, NZ9000, are commonly used for genetic
manipulation and nisin-controlled expression [26-29]. Although L. lactis is often discussed in relation
to probiotics, specific health benefits linked to individual strains must be demonstrated before
making definite probiotic claims [30]. Therefore, in this study, NZ9000 is primarily regarded as a
food-grade live-delivery platform with potential applications in probiotic-based biomedical fields.
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Our research group previously evaluated an oral vaccine prototype based on Lactococcus lactis
subsp. cremoris NZ9000, which expresses the SIP antigen from a plasmid (designated as L. lactis-
pNZ8124-SIP). When this recombinant strain was orally administered to C57BL/6 mice, it successfully
induced specific humoral and cellular immune responses against SIP. Furthermore, antibodies from
vaccinated mice reduced intravaginal colonization by Group B Streptococcus (GBS) after passive
transfer and demonstrated opsonophagocytic activity [31]. These findings support the use of L. lactis
as a carrier for delivering oral GBS antigens; however, the current plasmid-based architecture is not
optimal for further translational development.

Plasmids that carry antibiotic-resistance markers and mobile genetic elements raise regulatory
and biosafety concerns, including the risk of marker spread, horizontal gene transfer, and genetic
instability during bacterial replication [32,33]. To address these issues, this study aimed to construct
and evaluate a marker-free L. lactis NZ9000 strain carrying a sip gene expression cassette integrated
into its chromosome. This was achieved using an adapted pMBSacB sucrose-counterselection
strategy.

We engineered the strain L. lactis subsp. cremoris NZ9000 to express rSIP using a nisin-inducible
chromosomal cassette inserted at the upp locus. We characterized this strain using PCR, whole-
genome sequencing, growth kinetics, Western blotting, confocal microscopy, and a pilot oral
administration study. The study assessed clinical safety, body weight, and serum SIP-specific IgG
levels. This design supports probiotic-based functional health applications by ensuring genetic
stability, the absence of antibiotic-resistance markers, and the potential for mucosal antigen delivery.

2. Materials and Methods

2.1. Genome Editing Design

To integrate an rSIP expression cassette into the L. lactis NZ9000 genome, we chose the upp gene
as the insertion site. The upp gene encodes uracil phosphoribosyltransferase, an enzyme involved in
UMP biosynthesis and considered non-essential for L. lactis viability [34,35]. In the reference genome
of L. lactis NZ9000 (GenBank accession CP002094.1), the upp gene is located on the complementary
strand, spanning positions 2,145,563-2,146,198, and encodes a 636 bp open reading frame (ORF).

The editing strategy involved replacing 183 base pairs (bp) of the L. lactis NZ9000 genome. This
included an 83 bp putative promoter region and the first 100 bp of the upp open reading frame (ORF).
The replaced sequence was replaced with a 1,512 bp rSIP expression cassette previously used for rSIP
expression in L. lactis. This cassette contained the nisin-inducible promoter PnisA (198 bp), the Usp45
secretion signal sequence (84 bp), and a fragment of the GBS sip ORF (1,230 bp; positions 76-1305 of
GenBank accession KX363665.1).To facilitate allelic exchange, homology arms of 536 bp upstream
and 718 bp downstream were designed based on the L. lactis NZ9000 genome. Additionally, Xhol
and BamHI restriction sites were added to the 5" and 3' ends, respectively. The complete donor
sequence, totaling 2,778 bp, was synthesized and cloned into the pUC57 vector by GenScript.
Following protocol optimization for L. lactis, the pMBSacB vector [36] was subsequently employed
for sucrose-counterselected allelic exchange.

2.2. Bacterial strains and growth conditions

Frozen glycerol stocks of L. lactis subsp. cremoris NZ9000 and Escherichia coli DH5a were
streaked onto BHI and LB agar plates, respectively, and cultured in their corresponding broths at 30
°C for L. lactis and 37 °C for E. coli, unless indicated otherwise. Chemically competent E. coli DH5«
(Thermo Scientific) was transformed following the manufacturer’s protocol. The E. coli strains
carrying pMBSacB or pMBSacB-sip were incubated at 30 °C. When necessary, erythromycin was used
at1 ug/mL for L. lactis and 500 pg/mL for E. coli. BHI medium containing 0.75 M sucrose was prepared
using a filter-sterilized 2 M sucrose stock solution (see Table 1).

Table 1. Bacterial strains and plasmids used in this study.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Strain/plasmid Characteristics Source
Chemically competent cloning host used to maintain

E. coli DH5a . . Lab collection
recombinant plasmids
L. lactis NZ9000 Derivative of MG1363; pepN::nisRK Lab collection
L. lactis-SIP Derivative of L. lactis NZ9000; Aupp::PnisA-Usp45-sip This study
PUCS7-sip pUCS57 plasmid carrying th.e synthesized upp-targeting GenScript
recombination cassette
Temperature-sensitive pHY304-derived allelic-exchange vector
pMBsacB carrying erythromycin resistance and sacB for sucrose [36]
counterselection
pMBsacB-sip pMBSacB carrying the upp-targeting PnisA-Usp45-sip This study

recombination cassette cloned between Xhol and BamHI sites

2.3. Isolation of plasmid DNA

For plasmid extraction, E. coli DH5c::pUC57-sip was inoculated into 5 mL of LB broth
supplemented with 100 pug/mL ampicillin and incubated at 37 °C for 16-18 hours with shaking at 220
rpm. E. coli DH5a::;pMBSacB and E. coli DH5c::;pMBSacB-sip were grown in 5 mL of LB broth
supplemented with 500 pg/mL erythromycin and 3 pg/mL chloramphenicol at 30 °C for 48 hours,
also with shaking at 220 rpm. Plasmid DNA was purified using the E.Z.N.A. Plasmid DNA Mini Kit
I (Omega Bio-Tek) following the manufacturer’s instructions. The quality and concentration of DNA
were assessed using a NanoDrop spectrophotometer (Thermo Fisher) and 1% agarose gel
electrophoresis.

2.4. Subcloning and construction of the pMBSacB-sip vector

The pUC57-sip and pMBSacB vectors were digested with Xhol and BamHI (New England
Biolabs) according to the manufacturer’s instructions. The desired DNA fragments were recovered
from a 1% agarose gel using the PureLink Quick Gel Extraction Kit (Invitrogen). These fragments
were then ligated with T4 DNA ligase (New England Biolabs) at a molar ratio of 3:1 (insert to vector)
to create the pMBSacB-sip construct. The success of the ligation was confirmed by conventional PCR
using SapphireAmp Fast PCR Master Mix (Takara) with T7 and M13 reverse primers at 48 °C (as
indicated in Table 2). Chemically competent E. coli DH5a cells were then transformed with the
ligation product. A recovered culture of 100 uL was plated on LB agar containing 500 pg/mL
erythromycin and incubated at 30 °C for 24 to 48 hours.

Table 2. Oligonucleotides Used in This Study.

Primer/probe Sequence (5’- 3') Source
KI lactis_F ATGGAGGGTCTGGGACTCAT This study
KI lactis R GCGACTTTTCCTCTGTAGGAACT This study
pMBsacB_MCS F CAATACGCAAACCGCCTCTC [36]
T7 promoter TAATACGACTCACTATAGGG Invitrogen
M13 reverse CAGGAAACAGCTATGAC Invitrogen

2.5. Transformation of L. lactis with pMBSacB-sip and generation of single-crossover intermediates

Electrocompetent L. lactis NZ9000 cells were prepared using a previously described protocol
with modifications [37]. For transformation and selection of single crossovers, 1 pug of pMBSacB-sip
was added to 40 pL of electrocompetent L. lactis NZ9000 in a 2 mm electroporation cuvette. After
incubating on ice for 15 minutes, the cells were pulsed at 2 kV for 4.5 to 5 ms, then immediately
resuspended in 1 mL of BHI medium supplemented with 0.6% glycine, 20 mM MgCl,, and 2 mM
CaCl,. This suspension was kept on ice for another 5 minutes. The cells were then incubated at 40 °C
for 3 hours while shaking at 100 rpm. Following this, 100 pL of the culture was plated on BHI agar
containing 1 pg/mL erythromycin and incubated at 40 °C for 8 to 24 hours. Transformant colonies
were then inoculated into 3 mL of BHI broth with 5 ug/mL erythromycin and incubated at 40 °C with

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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shaking at 100 rpm for 5 hours. Genomic DNA was purified using the GenElute Bacterial Genomic
DNA Kit (Sigma-Aldrich). Single-crossover integration was confirmed via PCR using the
pMBSacB_MCS_F and KI_lactis_R primers with the SapphireAmp Fast PCR Master Mix (Takara). The
amplicons of 3,993 bp or 3,017 bp indicated insertion of pMBSacB-sip through the first or second
homology arm, respectively. PCR-positive cultures were promptly subjected to double-crossover
selection and stored at -80 °C in broth supplemented with 20% glycerol.

2.6. Site-directed mutagenesis of the upp locus by allelic exchange and sucrose counterselection

A single-crossover strain was grown at 40 °C in brain heart infusion (BHI) broth supplemented
with 5 pg/mL erythromycin and confirmed by PCR to facilitate spontaneous double-crossover
resolution. One milliliter of this culture was then used to inoculate 100 mL of antibiotic-free BHI
broth, followed by incubation at 30 °C for 18 to 24 hours with shaking at 100 rpm. The cultures were
passaged at a 1:100 ratio in the same medium for three consecutive days. For the final transfer, the
culture was diluted 1:100 into 100 mL of BHI broth supplemented with 0.75 M sucrose and incubated
at 40 °C for 18 to 24 hours with shaking at 100 rpm. This step was repeated for three consecutive days.
Then, serial 10-fold dilutions were plated on BHI agar containing 0.75 M sucrose and incubated at 40
°C for 18 to 24 hours. Double-crossover candidates were confirmed by endpoint PCR using the
KI_lactis_F and KI_lactis_R primers. The expected amplicon sizes were 2,385 bp for L. lactis NZ9000
and 3,714 bp for L. lactis-SIP (see Table 2).

2.7. DNA sequencing

Genomic DNA was isolated from L. lactis-SIP and L. lactis NZ9000 using the GenElute Bacterial
Genomic DNA Kit from Sigma-Aldrich. DNA libraries were prepared according to the
manufacturer’s instructions using the Illumina DNA Prep kit. Specifically, 50 ng of genomic DNA
was simultaneously fragmented and adapter-tagged using the Illumina tagmentation enzyme. The
fragmented DNA was then purified with magnetic beads, followed by PCR amplification to add
indices and Illumina adapters. After normalization, the libraries were pooled and sequenced on an
INlumina MiSeq platform using paired-end 150 bp reads.

2.8. Bioinformatic analysis

Sequencing reads were assessed for quality using FastQC v0.12.1 [38]. Low-quality bases and
adapter sequences were removed with BBDuk from the BBMap package v39.01. The filtered reads
were then assembled into contigs using SPAdes v3.13.0 [39]. The qusembly w qualityas evaluated
using QUAST v5.0.2 [40]. The sip gene was identified by comparing the assembled contigs with
reference sequences from GenBank (accessions KX363665.1 and DQ914270.1) using BLASTn v2.14.1+
[41]. Sequencing reads were mapped to the reference sip sequence with BWA v(0.7.17 [42], and the
mapped reads were visualized using the Integrative Genomics Viewer (IGV) v2.17.4 [43]. Coverage
analysis was conducted with BEDTools v2.31.0 [44] to confirm the presence and continuity of the
integrated sip cassette.

2.9. Comparison of bacterial growth kinetics

L. lactis NZ9000 and L. lactis-SIP were cultured overnight in 2 mL of Brain Heart Infusion (BHI)
broth at 30 °C with shaking at 100 rpm. The cultures were then subcultured in 200 mL of BHI broth
under the same temperature and agitation conditions for 8 hours. For the culture inductions, nisin
was added to a final concentration of 10 ng/mL when the cultures reached an optical density (ODeoo)
of 0.4-0.6. Growth experiments were conducted with three independent biological replicates, and
ODsoo measurements were recorded every 20 minutes using a spectrophotometer.

2.10. Analysis of rSIP expression by Western blotting

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Detection of rSIP expression was performed using a previously reported protocol [45] with
modifications. In brief, 15 mL of L. lactis-SIP culture in BHI broth was grown to the exponential phase
(ODeéw between 0.4 and 0.6) at 30 °C while shaking at 100 rpm. The culture was induced with 10
ng/mL of nisin and incubated for 1 hour. The cultures were then centrifuged to separate the
supernatant from the bacterial pellet. The supernatant was stored at -20 °C, while the pellet was
processed for total protein extraction using B-PER reagent according to the manufacturer’s
instructions. Protein concentration was measured using the Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific). For SDS-PAGE analysis, 50 pg of total protein was loaded per sample. The proteins
were transferred to 0.45 um nitrocellulose membranes (Amersham Protran) at 350 mA for 90 minutes.
The membranes were blocked and incubated overnight at 4 °C with an in-house rabbit polyclonal
anti-rSIP IgG antibody, diluted 1:5,000 in the blocking buffer. A goat anti-rabbit IgG peroxidase
conjugate (Merck) was used as the secondary antibody, also diluted at 1:5,000.

2.11. Indirect immunofluorescence and confocal microscopy

Bacteria in the exponential growth phase were washed three times with phosphate-buffered
saline (PBS), placed on glass slides, air-dried, and fixed with 4% paraformaldehyde in PBS for 20
minutes. To reduce autofluorescence associated with the fixative, we quenched the slides with 50 mM
ammonium chloride (NH4Cl) for 20 minutes. Following this, the slides were washed with PBS and
incubated at room temperature for 3 hours with rabbit anti-SIP polyclonal serum diluted 1:100 in PBS
containing 0.15% gelatin and 1% saponin. After washing, the slides were incubated for 1 hour with
Alexa Fluor 488-conjugated anti-rabbit IgG (Invitrogen), diluted 1:500 in the same buffer containing
1 uM TO-PRO-3 iodide. Samples were then mounted in ProLong Gold antifade reagent and analyzed
using a Leica TCS SP5 confocal laser-scanning microscope with a 100x oil-immersion objective.
Confocal z-stacks were processed with Leica LAS AF and Imaris v7.4.2 [46]. The colocalization
between the SIP signal and TO-PRO-3-labeled bacterial structures was evaluated using the Imaris
Coloc tool, with threshold adjustments made to define the colocalized voxels.

2.12. Ethical statement

All animal experiments were conducted in accordance with international ethical standards and
Chilean Animal Protection Law 20.380. The procedures involving animals were reviewed and
approved by the Institutional Animal Care and Use Committee of the Universidad de Santiago de
Chile (protocol no. 795/2024; approved on December 30, 2024; amended on March 12, 2025). Four-
week-old non-pregnant female C57BL/6 mice were obtained from the Central Animal Facility of the
Universidad de Chile and transported to the Aquaculture Biotechnology Center at the Universidad
de Santiago de Chile. The animals were quarantined for 21 days prior to experimentation and were
kept under controlled conditions at 24 °C with a 12-hour light/dark cycle.

2.13. Oral administration, clinical monitoring, and preliminary immunogenicity

To evaluate the safety of oral administration of L. lactis-SIP and to identify an appropriate dose
for future studies, a pilot study was conducted with five groups of female C57BL/6 mice (n =5 per
group). The study compared three doses of L. lactis-SIP (1 x 1012, 1 x 103, and 1 x 10'* CFU) against
two control groups: sterile M17 culture medium and L. lactis NZ9000 (1 x 10'® CFU). Viable counts
were confirmed by serial dilution and plating on M17 agar. Formulations were administered orally
in 100 puL using a Teflon gavage catheter (Craberry, Ref. 1016651422) on days 1, 14, 28, and 42,
following the established L. lactis-pNZ8124-SIP model [31]. Mice were randomly assigned to the
experimental groups. Clinical signs were evaluated using the Mouse Grimace Scale, and body weight
was recorded every three days throughout the study.

Blood samples were collected at the specified time points, and serum SIP-specific IgG levels were
quantified using ELISA. On day 49, the sera were titrated thinerial dilutions (1:25, 1:50, 1:100, 1:200,
and 1:400). The optimal dose was defined as the one that produced the highest IgG response without
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increasing clinical scores or body weight loss. Seven days after the final administration (day 49), the
animals were euthanized under deep anesthesia (ketamine at 120 mg/kg and xylazine at 10 mg/kg,
administered intraperitoneally), followed by cervical dislocation in accordance with the approved
protocol.

2.14. ELISA

Serum samples were collected at various time points during the immunization protocol and
analyzed for SIP-specific IgG antibodies by indirect ELISA. In brief, 96-well plates were coated
overnight at 37 °C with recombinant SIP (rSIP) at 2 ug/mL, diluted in 100 uL of 0.1 M carbonate-
bicarbonate buffer (pH 9.6). The plates were then washed twice with phosphate-buffered saline
containing 0.05% Tween-20 (PBS-T) and subsequently blocked for 1 hour at room temperature using
a blocking buffer consisting of 1% w/v bovine serum albumin in PBS.

Serum samples were diluted in a blocking buffer and incubated for 1 hour at 37 °C. For the initial
screening, the samples were analyzed at a dilution of 1:50. Subsequently, the samples underwent
endpoint titration using serial dilutions ranging from 1:25 to 1:400. After washing, the plates were
incubated for 1 hour at 37 °C with a horseradish peroxidase (HRP)-conjugated rat anti-mouse IgG
secondary antibody at a dilution of 1:2000. Following three washing steps, the reaction was
developed with tetramethylbenzidine (TMB) substrate for 15 minutes at 37 °C and then stopped by
adding 2 N sulfuric acid. Absorbance was measured at 450 nm using a microplate reader.

Samples were deemed positive when their absorbance values exceeded the mean absorbance of
the negative control group plus 2 standard deviations. Endpoint antibody titers were defined as the
highest serum dilution that produced an absorbance value above the established positivity threshold.

2.15. Statistical analyses

Statistical analyses were conducted using GraphPad Prism 9 (version 9.4.1). Data distribution
was assessed using the Shapiro-Wilk test. Comparisons of body weight outcomes and SIP-specific
IgG levels among groups were made using the Kruskal-Wallis test, followed by Dunn’s post hoc test.
Data are presented as mean + standard deviation, unless stated otherwise, and a p-value of less than
0.05 was considered statistically significant.

3. Results
3.1. Generation and Characterization of L. lactis-SIP

3.1.1. pMBSacB-sip enabled targeted knock-in of the sip expression cassette at the upp locus

We previously reported that the expression of rSIP, induced by nisin in L. lactis NZ9000, was
driven by the plasmid pNZ8124, which served as a prototype for an oral GBS vaccine [31]. Building
on those findings, we developed a chromosomally modified L. lactis NZ9000 strain through
homologous recombination with the plasmid pMBSacB-sip (Figure 1). The rSIP expression cassette
was inserted into pMBSacB using the Xhol and BamHI restriction sites. Transformation and initial
single-crossover selection were conducted at 40 °C, a temperature that prevents pMBSacB replication.
PCR confirmation of the integration of pMBSacB-sip into the chromosome was performed using the
primers pMBSacB_MCS_F and KI_lactis R (Figure 2A). The cultures were then passed on to
encourage plasmid resolution and the second crossover. Erythromycin-sensitive colonies were
screened by PCR using the KI_lactis_F and KI_lactis_R primers. The expected amplicon sizes of 2,385
bp for L. lactis NZ9000 and 3,714 bp for L. lactis-SIP confirmed the successful replacement of the target
upp region with the sip expression cassette (Figure 2B).
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Figure 1. Schematic representation of the allelic-exchange strategy used to generate the L. lactis-SIP strain. The

pMBSacB-SIP plasmid includes the sip expression cassette (in red), homologous arms (HA) that flank the target
region of the upp locus, an erythromycin resistance marker for positive selection, and SacB for sucrose
counterselection. After transformation, first-crossover intermediates are selected using erythromycin at a non-
permissive temperature. Plasmid resolution and the second crossover are facilitated by serial passages without
antibiotics, followed by sucrose counterselection. Candidate colonies are screened for erythromycin sensitivity

and confirmed through PCR and whole-genome sequencing.
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Figure 2. illustrates the integration of the sip cassette into the upp locus through allelic exchange. A) PCR
amplification of transformant colonies from the first step was conducted using the KI lactis_R and
pMBSacB_MCS_F primers. The molecular weight (MW) marker used was Lambda/HindIIIl DNA. Lanes 1-10
show transformant colonies that tested positive for the single-crossover intermediate. Lane 11 serves as a
negative control, lane 12 contains pMBSacB-sip DNA, lane 13 has L. lactis NZ9000 DNA, and lane 14 is a no-
template control. B) Confirmation of the double-crossover event was performed using the KI_lactis_F and
KI_lactis_R primers. The MW marker for this section was a 1 kb molecular weight marker. Lane 1 is a no-
template control, lane 2 contains DNA from the L. lactis-SIP mutant candidate, and lane 3 contains DNA from
L. lactis NZ9000.
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3.1.2. The sip cassette was successfully integrated into the target locus of the L. lactis NZ9000
genome

Whole-genome sequencing confirmed the integration of the GBS sip gene into the modified L.
lactis subsp. Strain. cremoris (designated L. lactis-SIP). In contrast, the unmodified L. lactis NZ9000
strain showed no evidence of this gene. The assembly quality control results indicated that there were
59 contigs for L. lactis NZ9000 and 61 contigs for L. lactis-SIP (see Table S1).

IGV visualization showed consistent read coverage across the sip cassette in L. lactis-SIP,
indicating a stable presence of the inserted sequence. In contrast, the corresponding sip reference
region in the unmodified strain displayed no coverage (Figure 3).

'DQ914270.1:1-1,851
[

1.852 bp

200 bp 400 bp 600 bp 800 bp 1.000 bp 1.200 bp 1.400 bp 1.600 bp 1.800 br
| 1 | | | I | | | | | | | I | | |

[0-10.00)
L. lactis NZ9000.bam Coverage

L lactis NZ9000.bam

L. lactis::sip.bam Coverage

L. lactis::sip.bam

Annotations

Figure 3. Visualization of the sip gene from the GBS (Group B Streptococcus) in L. lactis subsp. cremoris using
IGV (Integrated Genome Viewer). The top panel displays the nucleotide positions of the sip reference sequence
(GenBank accession DQ914270.1). The colored panel shows whole-genome sequencing reads mapped to the sip
reference sequence, colored by read strand, for both the unmodified strain (L. lactis NZ9000) and the modified
strain (L. lactis-SIP). The gray panel represents a read-coverage track that indicates the depth of coverage across

the region. The bottom track provides the annotation for the sip gene.

BLASTn identified the 1,512 bp sip cassette exclusively in contig #2 of L. lactis-SIP, which has a
total length of 196,082 bp. This contig showed 37x coverage and 100% identity over positions 193,890-
195,401. The results from PCR, IGV, and BLASTn analyses collectively confirm the successful targeted
integration of the GBS sip expression cassette into the genome of L. lactis subsp. cremoris. Our
analytical pipeline did not detect any residual pMBSacB-associated resistance determinants or
additional insertions.

3.1.3. Insertion of the rSIP expression cassette did not alter the in vitro growth of L. lactis-SIP

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Due to the potential impact of chromosomal insertion on bacterial fitness, we compared the
growth kinetics of L. lactis NZ9000 and L. lactis-SIP, both with and without nisin. Three independent
assays were conducted for each condition. The growth curves showed low variability, and there were
no significant differences between the modified and parental strains under the tested conditions
(Figure 4A). These results suggest that the insertion of the rSIP expression cassette did not
significantly impede in vitro growth.

Figure 4
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£ 1.0+ i
g ll A L. lactis-SIP+ Nisin
a 1 ® L. lactis-STP
° 05tccccccacaaaa il ............... == 10ng/mL nisin added
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Figure 4. Effect of the SIP cassette on bacterial growth and rSIP expression. A) Growth kinetics of L. lactis NZ9000
and L. lactis-SIP strains with and without nisin (10 ng/mL). B) Western blot analysis showing rSIP detection after

1 hour induction with nisin (10 ng/mL).

3.1.4. L. lactis-SIP expresses rSIP in a nisin-dependent manner

Western blotting was used to assess rSIP expression following nisin induction. Total protein
extracts from L. lactis-SIP cultures that were induced with nisin displayed an immunoreactive band
at approximately 53 kDa, which aligns with the expected molecular weight of rSIP (see Figure 4B). In
contrast, protein extracts from non-induced cultures did not reveal this band. These findings support
the conclusion that rSIP expression is dependent on nisin induction at 10 ng/mL.

3.1.5. rSIP is localized on the bacterial surface of L. lactis-SIP

Confocal microscopy was utilized to investigate the detection and cellular localization of rSIP in
L. lactis-SIP and control bacteria (Figure 5). The strain L. lactis NZ9000 showed no significant labeling
associated with SIP, while non-induced L. lactis-SIP exhibited weak or negligible signals. In contrast,
induced L. lactis-SIP showed clear rSIP labeling associated with bacterial cell structures. The signal
varied among individual cells, as seen in the GBS positive control (Figure S1). Three-dimensional
reconstruction further confirmed the localization of surface-associated rSIP in induced L. lactis-SIP

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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(Figure 5B). These results suggest that nisin induction enhances rSIP expression and ite surface
localization, although expression is not uniform across the bacterial population.

2]
=

Colocalization
channel

>

L. lactis - SIP )
S. agalactiae not induced L. lactis NZ9000

L. lactis - SIP
induced

e~

L. lactis - SIP
induced

Figure 5. rSIP Immunodetection by Confocal Microscopy. Bacteria in the exponential growth phase were fixed
onto glass slides and labeled using a rabbit polyclonal anti-rSIP antibody (green) and TO-PRO-3 iodide to stain
DNA-rich structures (red). The third column displays a digital overlay of the green and red channels, while the
fourth column shows colocalized voxels in yellow. Images were captured using confocal microscopy with a 100x
oil-immersion objective. GBS served as a positive control for SIP expression, and Lactis-SIP induced by GBS
exhibited surface-associated rSIP labeling. The scale bar indicates 5 um, and the blue square marks the area that
is magnified in Figure 5B. Three-dimensional reconstruction was performed using Imaris software to highlight
the localization of rSIP. The light blue arrowhead points to a bacterium with intense surface-associated labeling,
shown with a scale bar of 2 um.

3.1.6. Pilot safety and preliminary immunogenicity after oral administration

Clinical scores assessed using the Mouse Grimace Scale remained at zero across all groups
throughout the administration schedule, with no noted changes in behavior or facial expressions.
Body weight changes did not differ significantly between mice receiving L. lactis-SIP at the evaluated
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doses and the control groups (Figure 6). SIP-specific IgG levels were measured using ELISA. On day
28, the group that received 1 x 10 CFU showed a significant increase in serum SIP-specific IgG
compared to the M17 control group (Figure 7A), while only one mouse in each of the 1 x 10'2and 1 x
10®® CFU groups exhibited detectable IgG levels. By day 42, antibody levels in the 1 x 102 and 1 x 10%®
CFU groups were like those of the control group. On day 49, the 1 x 10 CFU group again
demonstrated increased antibody levels, with three out of 5 mice showing a positive response (Figure
7B). These exploratory data suggest that the highest evaluated dose was tolerated and induced a
measurable, though variable, systemic humoral response; however, they should not be interpreted
as evidence of protective efficacy.
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Figure 6. Body weight monitoring following oral administration. A) Body weight measurements were taken
throughout the administration period. B) The final body weight recorded on day 49 showed no significant
differences between the experimental groups. Statistical analyses were performed among groups using the
Kruskal-Wallis test followed by Dunn’s post hoc test. Bars represent the mean + SEM, while dots indicate

individual animals.
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Figure 7. Serum Levels of SIP-Specific IgG. This figure shows the serum levels of SIP-specific IgG across different
experimental groups, each identified by a specific color: the M17 control group is represented in black, L. lactis
NZ9000 in green, and varying concentrations of L. lactis-SIP at 1 x 10'2 CFU (red), 1 x 10'® CFU (blue), and 1 x
10 CFU (orange). The red dashed line indicates the days of administration. Panel A) presents IgG levels at
various time points throughout the administration schedule. Panel B) displays antibody titers measured on day

49, which is seven days after the final administration.

4. Discussion
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Engineered lactic acid bacteria are increasingly being developed as live delivery vehicles for the
mucosal delivery of antigens, therapeutic proteins, and immunomodulatory molecules. In this study,
we created a marker-free strain of L. lactis subsp. cremoris NZ9000, which carries a chromosomally
integrated cassette that encodes the GBS Surface Immunogenic Protein. This design offers
improvements over the previously reported plasmid-based model (L. lactis-pNZ8124-SIP) by
eliminating the need for antibiotic resistance selection and minimizing the presence of mobile genetic
elements [31]. These enhancements are directly relevant to probiotic-based health applications and
enhance the safety and regulatory compliance of functional food or live biotherapeutic platforms.

The pMBSacB plasmid was initially developed for site-specific mutagenesis in GBS [36] and has
also been utilized in other streptococci. In L. lactis, SacB-based counterselection systems have allowed
for markerless genome editing, including the deletion of chromosomal sequences [35,47]. This work
further develops this concept by integrating a functional antigen-expression cassette at the upp locus.
The construct combines the nisin-responsive PnisA promoter from the NICE system [48,49] with the
Usp45 secretion signal, which is widely used for extracellular delivery in L. lactis [50,51]. Targeting
the upp locus was supported by previous findings that disruption of upp can be tolerated in L. lactis
[35]. Therefore, this strategy provides a solid framework for generating genetically stable, marker-
free L. lactis strains suitable for heterologous protein delivery.

The allelic-exchange workflow required careful optimization. Linearizing the pMBSacB-sip
plasmid prior to transformation improved the recovery of PCR-positive single-crossover candidates,
consistent with the principle that linear DNA can enhance recombination-mediated integration [52].
The second crossover proved more challenging, likely because cointegrate resolution can revert to
either the parental or the

desired mutant genotype [53,54]. To overcome this, we conducted serial passage without
antibiotics, followed by sucrose counterselection, which allowed us to recover erythromycin-
sensitive candidates. Subsequent PCR and whole-genome sequencing confirmed the successful
targeted replacement of the upp region with the PnisA-Usp45-sip cassette and the loss of the
pMBSacB backbone. Importantly, no additional insertions or residual resistance determinants were
detected using our analytical pipeline. However, performing long-read sequencing and conducting
long-term passage experiments would further strengthen our conclusions regarding genome
architecture and stability.

Insertion of the rSIP cassette did not significantly affect in vitro growth, indicating that the
chromosomal modification and nisin-induced expression did not impose a notable growth penalty
under the tested conditions. Western blot analysis confirmed a nisin-dependent band corresponding
to 1SIP, and confocal microscopy demonstrated that rSIP was localized on the surface. This surface
localization is important because it can enhance antigen accessibility to mucosal immune cells,
potentially improving host-microbe immune interactions. However, expression of rSIP was uneven
across the bacterial population, and the current data does not quantify the rSIP copy number per cell
or the proportion of bacteria displaying it on their surface. Future studies should aim to quantify
antigen abundance, secretion into the culture supernatant, surface retention, and the stability of
expression across serial passages.

The observed phenotype aligns with the expected mechanism of the NICE system: nisin
activates the NisK/NisR regulatory system, which induces transcription from PnisA and facilitates
the synthesis of the Usp45-rSIP fusion protein [28,29,48,49]. However, this mechanism has been
inferred based on cassette design and protein detection rather than directly tested. To strengthen this
mechanistic interpretation, it would be beneficial to directly measure sip transcripts, compare
induced and non-induced protein levels in both pellet and supernatant fractions, and evaluate the
accessibility of rSIP on intact bacteria. This distinction is crucial for translational development, as
factors like antigen dose, localization, and stability are key determinants of immunogenicity in live
microbial delivery systems.

The pilot study on oral administration provides an initial indication of safety. Across the various
doses evaluated, clinical scores remained 0, and there were no significant differences in body weight
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compared with control subjects, suggesting that L. lactis-SIP was well tolerated under the
experimental conditions. These findings are consistent with the established safety profile of L. lactis
as a food-grade organism and align with previous delivery models based on L. lactis. However, the
safety evaluation remains preliminary as it was limited to short-term clinical observations and body
weight measurements. To complete the biosafety assessment, additional endpoints should be
considered, including gastrointestinal signs, histopathology, bacterial shedding, persistence,
dissemination, microbiota impact, and genetic stability following gastrointestinal transit.

The immunogenicity data should be interpreted with caution. A measurable serum response of
SIP-specific IgG was primarily observed at a dose of 1 x 10'* CFU, with only three out of five mice
showing a positive response on day 49. The need for a higher dose compared to the previous plasmid-
based L. lactis-pNZ8124-SIP model [31] may be due to several factors: a lower gene copy number in
the chromosomal single-copy cassette, reduced antigen production, or differences in how the antigen
behaves during gastrointestinal transit. While this explanation is plausible, it remains unverified
without direct quantification of rSIP expression per CFU and comparison to the plasmid-based strain
under similar conditions. Thus, the current results indicate feasibility rather than optimized
immunogenicity.

From a functional food and health application perspective, formulation will be crucial for future
development. Strategies that use microencapsulation with alginate and chitosan have been shown to
enhance the survival of lactic acid bacteria during gastrointestinal transit and to improve the delivery
of probiotic or vaccine payloads to intestinal sites [55-57]. Applying similar strategies to L. lactis-SIP
could increase the viable dose that reaches gut-associated lymphoid tissue, decrease the total CFU
required for an effective response, and enhance batch-to-batch consistency. This approach aligns well
with the scope of the special issue, as it connects microbial engineering with delivery systems,
stability, shelf life, and formulation for practical applications.

The chromosomal integration strategy outlined here may be applicable to other heterologous
proteins of similar size, provided the expression, secretion, and surface association of each antigen
are empirically validated. The main advantage of this approach is not only the expression of the SIP
but also the development of a marker-free, chromosomally stable L. lactis chassis. This approach
eliminates the need for antibiotic resistance markers and reduces concerns about plasmid-associated
horizontal gene transfer. These features are particularly important for recombinant probiotics, live
biotherapeutic products, and engineered functional food platforms, where biosafety and genetic
stability are critical regulatory considerations [58].

Several limitations need to be addressed before making stronger biomedical claims. The study
did not assess mucosal IgA, cellular immunity, cytokine profiles, protection against GBS colonization
or challenges, the duration of the immune response, or reproductive and pregnancy models relevant
to maternal GBS vaccination. Additionally, the sample size was small, and the study was exploratory,
leading to variability in ELISA responses. While antigen expression was demonstrated qualitatively,
it was not quantified. Although these limitations do not undermine the platform’s construction, they
limit the conclusions to strain generation, microbiological characterization, preliminary tolerability,
and exploratory systemic IgG induction.

The work presented represents a significant advancement in probiotic-based mucosal
biomedicine by substituting a plasmid-dependent expression system with a marker-free
chromosomal design. The next essential experiments should compare the chromosomal and plasmid-
based strains side by side. It will be important to quantify the antigen output, assess formulation
strategies like microencapsulation, and evaluate protective efficacy using a GBS colonization or
infection model.

5. Conclusions

We developed and characterized a marker-free genetically modified strain of L. lactis subsp.
cremoris NZ9000. This strain contains a chromosomally integrated PnisA-Usp45-sip expression
cassette at the upp locus. We refer to the resulting strain as L. lactis-SIP. This strain maintained its in
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vitro growth, successfully expressed rSIP following nisin induction, and showed surface-associated
localization of rSIP.

The pilot oral administration study in mice showed that the treatment was well-tolerated.
Serum-specific IgG antibodies to SIP were primarily detected at the highest dose tested. This indicates
that, while the approach is feasible, there is a need to optimize both antigen output and formulation.
These results position L. lactis-SIP as a stable platform for the development of probiotic-based
mucosal antigen delivery systems. Future research should concentrate on several areas: quantifying
the antigen, ensuring long-term genetic stability, exploring microencapsulation or functional food
formulation, and conducting mucosal and cellular immune profiling. Additionally, it is crucial to
assess the protective efficacy against colonization or infection by GBS.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Table S1: Quality-control report of genome assemblies generated using QUAST.

Figure S1: SIP surface expression.
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Abbreviations

The following abbreviations are used in this manuscript:

APC Antigen-Presenting Cells

bp base pair

BHI Brain Heart Infusion

CFU colony-forming units

EOD Early-Onset Disease

FDA Food and Drug Administration
GBS Group B Streptococcus

GALT Gut-Associated Lymphoid Tissue
GMO Genetically Modified Organism
GRAS Generally Recognized as Safe
IAP Intrapartum Antibiotic Prophylaxis
IGV Integrative Genomics Viewer

LB Luria Bertani
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L. lactis Lactococcus lactis

LOD Late-Onset Disease

OD optical density

ORF Open Reading Frame

PFA paraformaldehyde

rSIP recombinant Surface Immunogenic Protein
SIP Surface Immunogenic Protein

UMP Uridine monophosphate

WHO World Health Organization
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