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Limosilactobacillus reuteri strain DSM 20016 is specialised to colonize the human gut for much longer than other L. reuteri strains and most other Lactobacillaceae family members. These adaptations, along with its safe-to-consume food status and public acceptance as a probiotic, make it an attractive chassis for synthetic biology endeavours aimed at introducing novel functions into the gut microbiome, including feedback systems for sensing disease state and therapeutic applications for remedying chronic disorders. Here, we perform whole-genome sequencing and present a novel variant of L. reuteri DSM 20016 (now denoted “LAD4” in this work; DSMZ repository number 116333) with mutations that disrupt DNA restriction-modification and cell wall regulation; these appear to enable increased uptake of the PAMβ1-origin low copy-number plasmid pTRKH3. Additional mutations include genes involved in protein degradation ability, alkaline shock responses, and a mobile genetic element transfer. One of these mutations, or some combination of them, enables stable, consistent production and detection, without the need to buffer media, of the acid-resistant reporter protein mCherry2. This novel variant, in combination with the pTRKH3 plasmid backbone, will enable researchers to more easily utilize this uniquely positioned microbe, which was previously limited by inconsistent reporter protein production and unreliable growth characteristics.
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INTRODUCTION
Members of the Lactobacillales order of bacteria, also known as lactic acid bacteria (LAB), have a wide range of medical (Jansson et al., 2019; Nikawa et al., 2004), therapeutic (Urbańska et al., 2016; Yang et al., 2021; Bermúdez-Humarán et al., 2011; Mao et al., 2018), and industrial (Sauer et al., 2017) applications. They are also integral to the production of a variety of fermented foods, including coffee, chocolate, cheese, and yoghurt (Hutkins, 2007).
Interest in the genetic manipulation of LAB has increased due to their many useful properties and potential applications. However, the breadth of phenotypes and genotypes among LAB has led to a diverse collection of species being selected as targets for research. This has resulted in there being no clear model organism for LAB studies. While some species are undoubtedly favoured over others, no species has experienced the level of development of E. coli or S. cerevisiae for Gram-negative bacteria and fungi, respectively. The lack of tractable model organisms has hindered LAB research on multiple fronts.
Limosilactobacillus reuteri is generally regarded as a safe-for-consumption (GRAS) probiotic species of LAB (Mu et al., 2018) that has been consistently isolated from a broad range of vertebrate gastrointestinal tracts, including those of fish (Ahmad et al., 2022), avian, and mammalian hosts (Walter et al., 2011); individual L. reuteri strains have evolved specific adaptations that allow for the effective colonization of specific hosts (MacKenzie et al., 2010). Human-associated L. reuteri strains are particularly attractive as a chassis for human interventions, either as in situ producers of therapeutic molecules (Hendrikx et al., 2019) or as whole-cell biosensors for disease-state detection (Lubkowicz et al., 2018). L. reuteri DSM20016 (strain designation F275) is particularly well adapted, via host-specific mucosal binding proteins (MacKenzie et al., 2010), to the human gastrointestinal (GI) tract, and it can persist in the human gut for extended periods of time (Reuter, 2001) relative to traditional probiotic strains (Lahti et al., 2013; Wang et al., 2015). This makes it well suited to human intestinal applications in biosensing and therapeutics, including interventions used to treat intestinal disorders such as inflammatory bowel diseases.
This strain has been observed to suffer from inconsistent behaviour with regard to the transformation of exogenous DNA and the expression of heterologous proteins (Duggan and McMillen, 2023; Team Oxford, 2019), which may hinder its adoption. Here, we have identified and characterized a mutant strain of L. reuteri DSM20016 (termed “LAD4”) with substantially improved properties that enable consistent transformation with the otherwise incompatible pTRKH3 plasmid and generates more reliable protein expression. These characteristics make L. reuteri LAD4 particularly promising as a chassis for LAB work in synthetic biology, and it has the potential to become a more widely adopted representative for this group of bacteria. Use of this strain (available from DSMZ as DSM 116333 or upon request) will provide a solid foundation for researchers wishing to carry out synthetic biology work in a human-associated lactic acid bacterium.
MATERIALS AND METHODS
Plasmids, DNA parts, and strains
Plasmid pNZ123 was a generous gift from the Mahadevan laboratory and was altered via Gibson assembly to be resistant to erythromycin instead of chloramphenicol and to accept modular cloning (MoClo) parts; the mCherry2 open reading frame (ORF) was then inserted via GoldenGate MoClo assembly. pTRKH3_ermGFP was acquired from Addgene, the existing GFP ORF was replaced via Gibson assembly to accept MoClo parts, and the mCherry2 ORF was then inserted via GoldenGate MoClo assembly. The mCherry2 ORF consisted of constitutive promoter Pbs3 designed for protein production in a wide range of organisms (Yang et al., 2018) as well as universal RBS part BBa_K2918014, mCherry2 codon optimised for L. acidophilus using IDT’s codon optimisation web-tool, and a BBaB0015 double terminator (sequences available in the Supporting Information). The plasmid was harvested from E. coli DH10β before transformation into L. reuteri DSM20016.
Growth and transformation
L. reuteri DSM20016 was grown in De–Man Rogosa Sharpe (MRS) media at 37 °C in a static benchtop incubator for 16 h. MRS agar plates were made by adding 15 g/L agar to MRS broth prior to autoclaving. Growth on MRS agar was carried out in anaerobic chambers for 2–3 days or until colonies were visible. Transformation of both L. reuteri DSM20016 and LAD4 was based on a protocol by Berthier et al. (1996), with some optimisation and critical modifications previously published, including not incubating plasmid DNA with electrocompetent L. reuteri at all prior to electroporation and growth in an anaerobic environment after plating (Duggan and McMillen, 2023). Antibiotic concentrations in both liquid and solid media were 250 μg/mL erythromycin or 35 μg/mL chloramphenicol for E. coli and 10 μg/mL erythromycin or 25 μg/mL chloramphenicol for L. reuteri.
Plasmid curing
Colonies were selected based on two factors: an OD600 of over 1, indicating successful growth post-picking, and a RFU value over 100, indicating effective heterologous protein production. Seven of the DSM20016 colonies tested met these criteria and were inoculated into 200 mL MRS broth via a 1:1000 dilution with no selection. After 16 h, cultures were transferred into 200 mL of fresh MRS via a 1:100 dilution. This transfer was repeated a third time before 200-µL aliquots were plated onto selective and non-selective MRS agar, and glycerol stocks of the seven sub-strains were created. No colonies were observed on any of the selective plates, indicating that all sub-strains had lost the resistance-conferring plasmid.
Retransformation
Sub-strains were retransformed with the same pTRKH3-mCherry2 plasmid using both dam-/dcm-plasmid and the DH10β methylation pattern plasmid. After 2 days, colonies for both conditions were counted, and as many as possible (up to 88) were inoculated into selective filter-sterilised MRS media. After 16 h, 200-µL aliquots were transferred to clear-bottom microplates for measurement. LAD4 behaviour was corroborated across three repeats (see S1 and S2).
Fluorescence and OD600 measurements
Prior to quantifying fluorescence and OD600, cells were grown for 24 h in filter-sterilised MRS, and 200-µL aliquots from these cultures were put into Corning black-walled 96-well optical plates for measurement. A Tecan™ Infinite® M1000 Pro plate reader was then used to measure for OD600 and fluorescence at the mCherry2 excitation:emission (589:610 nm) wavelengths. Gain was set at 180.
Genomic extraction from L. reuteri DSM 20016
Genomic extraction for L. reuteri was performed using the Qiagen MagAttract HMW DNA Kit, following their protocol for extraction from Gram-positive organisms (QIAGEN, 2023) with the following modifications.
After step 1 of the procedure, the pellet was resuspended and washed in standard P1 buffer and centrifuged again before moving on to step 2. This was to remove lactic acid produced by L. reuteri during growth and mitigates interference with later steps.
At step 3, 20 µL from a 100 mg/ml lysozyme stock was added along with 6 µL from a 20 mg/ml mutanolysin stock. The dual action of both is required to efficiently lyse L. reuteri (Duggan and McMillen, 2023).
At step 4, 30 min was found to be ample time to lyse the cells. Longer lysis incubations result in progressive genomic DNA degradation (see Supplementary Figure S3).
Colony PCR in L. reuteri
Primers for pTRKH3 plasmid, containing constitutive mCherry2 expression, were used (forward: cacccgttctcggagca, reverse: cta​cga​gtt​gca​tga​taa​aga​aga​ca) using a protocol previously published with non-standard modifications, including sampling from liquid culture, a NaOH boil, and keeping the samples chilled at all reasonable times (Duggan and McMillen, 2023). Expected band lengths should be ∼1200 base pairs.
Fluctuation assay
The assay was modelled on a protocol by Barrick Jeffrey (2022) with the following modifications. The antibiotic used was changed to carbenicillin due to L. reuteri’s resistance to suggested antibiotics. On Day −2, cells were revived from glycerol stock and grown in 25 mL non-delective MRS media overnight at 37 °C with no shaking. On Day −1, 100 µL of the overnight growths were reinoculated into 10 mL fresh MRS media, mixed gently via swirling, and then had 250 µL inoculated into 25 mL fresh MRS media for a second overnight growth at 37 °C with no shaking. On Day 0, the overnight cultures were each diluted down to ∼5,000 cells/mL and separated into as many aliquots as were to be plated and were allowed to grow overnight for exactly 24 h at 37 °C, no shaking. On Day 1, the non-selective conditions were diluted by a factor of 10–6, and 200 µL was plated. For the conditions being spread onto selective plates, 200 µL was plated directly from the overnight growth with no dilution. Plates were then incubated anaerobically for 2 days (non-selective conditions) and 4 days (selective conditions) at 37 °C before being counted. Analysis was performed using fluxxer.R, as described by Barrick Jeffrey (2022).
Whole-genome sequencing and analysis
Genomic DNA extracted from our L. reuteri DSM20016 reference strain and the L. reuteri LAD4 mutant were sequenced at SeqCenter (Pittsburgh, United States) using the Illumina NextSeq platform with 151-bp, paired-end reads. Raw reads were first processed using Trimmomatic v.0.39 to remove Nextera PE adapter sequences and low-quality reads (ILLUMINACLIP–NexteraPE-PE.fa, Seed Mismatch = 2, Palindromic Clip Threshold = 30, Simple Clip Threshold = 10; SLIDINGWINDOW–Window Size = 4, Required Quality = 5; AVGQUAL – 20; MINLEN – 100) (Bolger et al., 2014). Quality control was then performed on all filtered sequences with fastQC v0.11.9 using default settings (Andrews, 2010). The complete genome sequencing results have been deposited in the Harvard Dataverse repository (https://doi.org/10.7910/DVN/5YYAXA).
Processed reads were analysed using breseq v0.37.1 with default settings in order to map reads to the L. reuteri DSM20016 reference genome (ASM1682v1) and identify mutations (Deatherage and Barrick, 2014). More than 99% of reads from both our L. reuteri DSM20016 and L. reuteri LAD4 strains aligned successfully with the reference genome, with average coverages of 295× and 446×, respectively. Focusing on the high-confidence mutations identified by breseq, we first eliminated five mutations that were called in both isolates to develop a mutational profile that differentiated our L. reuteri LAD4 strain from our L. reuteri DSM20016 strain. This left us with the seven mutations spanning thirteen genes present only in L. reuteri LAD4 that are discussed in this study.
Gene and protein analysis
Interpro scan and affiliate databases (Paysan-Lafosse et al., 2023; Thomas et al., 2022) were used to identify putative domain and family associations for mutated genes in LAD4. UniProt BLAST (Consortium, 2023) was used to find gene homologs with more complete annotations. PDBe was used to find and analyse mutation positions in crystal structures when applicable (Armstrong et al., 2020). BioCyc and affiliate databases were used to investigate potential gene product interactions (Caspi et al., 2016).
RESULTS AND DISCUSSION
Although L. reuteri DSM20016 has been manipulated and utilized previously (Lubkowicz et al., 2018; Lizier et al., 2010), attempts to replicate these manipulations both by ourselves and by others have been unsuccessful (Team Oxford, 2019). In our research, we have found this is largely a result of L. reuteri DSM20016 suffering from low transformation efficiencies with the previously utilized low copy-number pTRKH3 plasmid (Lubkowicz et al., 2018; Lizier et al., 2010) (∼80 CFU/μg DNA at 80 nM), necessitating the plating of entire transformant solutions to increase the chances of yielding plasmid-positive colonies, averaging only 1.5 colonies per plate (Duggan and McMillen, 2023). Even when colonies were picked successfully, they were found to have only a roughly 25% chance of growing effectively in liquid culture, and among those with successful growth, detection of constitutively produced heterologous protein, inferred via fluorescence, was unpredictable (Duggan and McMillen, 2023). Since enhanced green fluorescent protein (EGFP) is sensitive to the low pH environment common in L. reuteri DSM20016 (Lizier et al., 2010), we chose mCherry2 as a reporter protein due to its significantly higher acid tolerance (Duggan and McMillen, 2023), in an attempt to prevent the possible acidic denaturing of GFP from causing inconsistent fluorescence levels.
Control plates were also included in transformations, with antibiotic selection but without any plasmid included in the electroporation step. These plates yielded zero colonies, suggesting that all colonies chosen under antibiotic selection did carry the antibiotic resistance plasmid containing constitutive mCherry2. As fluorescence readings could not be used to reliably confirm plasmid presence, colony PCR was carried out on 48 post-transformation colonies and was found to be sporadic and unreliable (Figure 1). Colony PCR also suggested that colonies failing to yield growth when inoculated into liquid culture could still possess the correct resistance-conferring plasmid.
[image: Figure 1]FIGURE 1 | Electrocompetent L. reuteri (100 μL) was transformed with 80 nM pTRKH3_mCherry2 plasmid; 800 µL of recovery was plated. This was repeated eight times (32 plates). All colonies (48) were picked and grown for 24 h, after which 200-µL aliquots were measured for optical density at 600 nm (OD600) and fluorescence (excitation at 589 nm, emission at 610 nm, reported in raw fluorescence units—RFU). 5-μL aliquots were subject to colony PCR to confirm plasmid uptake, with a solid bar indicating that a positive PCR band was seen. Positive and negative PCR controls gave the expected results. Controls: C, cell only with no plasmid or selection; M, media only, no cells. This is adapted from Duggan and McMillen, 2023.
These characteristics greatly hinder experimental replicability and make wild-type (WT) DSM 20016 unsuitable for high-throughput experiments. They also present a fundamental barrier to its use in synthetic biology applications, which often rely on the fine-tuning of consistent, predictably controlled gene products or pathways.
The pSH71-origin plasmid pNZ123 was also tested (De Vos, 1987) and found to be far more compatible for WT DSM 20016 transformation (Supplementary Figure S4). When transformed with pNZ-mCherry2 and plated, L. reuteri gave a dual-phenotype of both slow- and fast-growing colonies (Supplementary Figure S5); this phenotypic variance has been observed in other L. reuteri strains (Ortiz-Velez et al., 2018). However, even when only one phenotype was selected for measurement, either inoculation growth or protein production was inconsistent under a constitutive promoter (Supplementary Figures S6, S7), frustrating efforts to obtain consistent replicability.
We transformed L. reuteri DSM20016 with pTRKH3-mCherry and selected all colonies that exhibited both inoculation survival and at least half of maximally observed mCherry2 production (seven in total, labelled LAD1 to LAD7). We then cured them of their plasmid and retransformed, along with a WT control. Some debate exists as to the methylation pattern requirements of DNA when transforming into L. reuteri DSM20016 (Ahrne et al., 1992); to further elucidate this, all LADs were transformed with plasmid isolated from both E. coli DH10β and a Dam−/Dcm− knockout E. coli (Dam Dcm Competent E, 2023). No significant preference for plasmid DNA methylation was noted (Figure 2A), further corroborating our own previous observations (Duggan and McMillen, 2023).
[image: Figure 2]FIGURE 2 | (A) Transformation efficiencies of WT DSM20016 alongside LADs 1 through 7, all tested with 80 nM non-methylated (dam-/dcm-) or methylated (DH10β) pTRKH3_mCherry2 plasmid. All LAD3 colonies failed to grow after picking and so were excluded from further measurements. Bars marked “*” denote results significantly different (t-test p = <0.05) from those obtained with LAD4, compared pairwise within each methylation condition (LAD4 non-methylated vs. each strain; LAD4 methylated vs. each strain). (B) As many colonies as could be picked (up to 88) were measured for optical density at 600 nm (OD600) and fluorescence (excitation at 589 nm, emission at 610 nm, reported in raw fluorescence units, RFU) and subjected to colony PCR for plasmid confirmation. Positive and negative PCR controls gave the expected results. Controls: C, cell only with no plasmid or selection; M, media only. Bars marked “*” denote results with significant differences (p = <0.05) in pairwise comparisons with LAD4.
Six of the LAD strains exhibited slightly higher transformation efficiencies, and all seven showed higher levels of inoculation-survival than average among the initial 48 strains examined. However, only one strain, LAD4, exhibited consistent colony survival, significantly heightened transformation efficiency, and relatively low but highly consistent constitutive mCherry2 production (see Figure 2).
An examination of 88 colonies of LAD4 (Figure 3) confirmed that it possessed notable characteristics not usually found in L. reuteri DSM20016: significantly (p = <0.05) improved transformation efficiencies (5600 CFU/μg DNA, vs. ∼80 CFU/μg for the WT, or averaging 100 CFU/μg DNA for other LAD strains); significantly (p = <0.05) improved liquid culture growth of all picked colonies (100% for LAD4 vs. ∼25% success in the WT or averaging 66% in other LAD strains); detectable heterologous protein expression with substantially greater consistency than in other strains (RFU coefficient of variation (CV: standard deviation divided by mean) of 0.21, compared to a CV of 1.17 for the WT, and CVs ranging from 0.73 to 1.11 in the other LAD strains—see Figure 1); correct bands when examined using colony PCR in ∼80% of replicates. Across several repeats (Supplementary Figures S1 and S2), LAD4 demonstrated far greater consistency in plasmid transformation and protein expression when transformed with pTRKH3 plasmid than seen previously in WT-DSM20016. The LAD4-pTRKH3 chassis–plasmid combination functions as a robust, effective system for introducing heterologous DNA and obtaining consistent heterologous protein expression L. reuteri DSM20016, suggesting that it could play a helpful role in synthetic biology applications.
[image: Figure 3]FIGURE 3 | L. reuteri DSM20016, sub-strain LAD4 colony behaviour when cured and retransformed with pTRKH3-mCherry2 plasmid, picked, grown in filtered MRS and measured for OD600 and mCherry Ex/Em values, and colony PCR, with a solid block indicating that a correct colony PCR band was observed. Positive and negative PCR controls gave the expected results.
To investigate the underlying causes of these positive features, we performed whole-genome sequencing on both the WT L. reuteri DSM200016 strain and the L. reuteri LAD4 mutant strain. Both were compared against the L. reuteri DSM200016 reference genome (GenBank accession: GCA_000016825.1) to distinguish background mutations from our WT-DSM20016, potentially accrued since receipt from the repository, from mutations specific to LAD4.
Twelve mutations were identified, five of which were present in both strains and seven of which were specific to LAD4. The seven mutations spanned thirteen genes (Figure 4; Table 1).
[image: Figure 4]FIGURE 4 | Each LAD4 specific mutation position mapped onto the L. reuteri DSM20016 genome. Each mutation number corresponds to a numbered entry in Table 1. Blue lines: base pair duplication events; pink lines: point mutations; red lines (with expanded regions): deletions of the regions covered by the red brackets. Expanded genome track genes are not to scale.
TABLE 1 | Mutation details for LAD4 specific genome alterations. Entries correspond to numbered positions in Figure 4. Gene sequences available in Supporting Information.
[image: Table 1]Of the thirteen genes mutated only in LAD4, seven are associated with DNA repair, maintenance, replication, or modification; three are associated with alkaline stress response; two are associated with protein production, folding, or degradation; and one is a sugar metabolism gene.
The mutations associated with DNA processing and repair are as follows. LREU_RS01045 (mutation #1 in Figure 4; Table 1) encodes a putative site-specific DNA methyltransferase that likely uses cofactor S-adenosyl-L-methionine (SAM) as a methyl-group donor (IPR029063) (Paysan-Lafosse et al., 2023) and may be a component of a type-II restriction modification system in L. reuteri that methylates host DNA to protect it from type-II restriction enzyme action (IPR029063) (Paysan-Lafosse et al., 2023; Roberts et al., 2023). The mutation results in 44 residues being omitted from the C-terminus. According to the AlphaFold predicted structure (Jumper et al., 2021), these deleted residues comprise two alpha helix structures, one of which is functionally considered highly conserved for SAM-methyltransferases (Martin and McMillan, 2002). This deletion is thus likely to have destroyed or strongly limited the functionality of the DNA methyltransferase, although it is unclear what effect this would have on the overall restriction modification system.
LREU_RS01340 (mfd) (mutation #2 in Figure 4; Table 1) produces the protein Mfd. When RNA polymerase encounters DNA damage, it stalls. Mfd recognises the stall and binds to the RNA polymerase-DNA complex; Mfd then translocates along the DNA strand, pushing RNA polymerase to disassociate from it. Mfd also recruits global genome repair (GGR) machinery to the site, enabling repair (Hanawalt and Spivak, 2008). The Mfd protein is essential for the transcription coupled repair (TCR) of DNA damage, but its absence may not be fatal: GGR only requires Mfd when the site is blocked by stalled polymerase. If the site is accessible, GGR machinery will still bind without issue. In LAD4, the mutation in Mfd is a duplication of 13 bases within the gene, which shifts the reading frame and introduces a premature stop codon, resulting in the loss of 72% of the protein and thus likely a loss of Mfd function. The loss of this gene is expected to result in the loss of TCR, with the bacteria relying solely on GGR to maintain genome integrity.
LREU_RS06530 (polA) (mutation # 5 in Figure 4; Table 1) contains a point mutation (T204P), changing an amino acid at the end of an α-helix from threonine to proline. polA is found ubiquitously in all organisms and encodes DNA polymerase I (Pol I) in bacteria. Bacteria have multiple DNA polymerases, each with differing functions, but Pol I is concerned with the initiation of DNA replication and the repair of DNA damage due to proofreading and bidirectional exonuclease activity (Allen et al., 2010).
The Pol I protein is highly modular. Its N-terminal region, which is responsible for 5’ – 3’ exonuclease activity, can even be removed without disrupting polymerase activity (Allen et al., 2010). This N-terminal fragment of Pol I is responsible for the cleavage and removal of damaged DNA, enabling the polymerase fragment to repair the now single-stranded region (Allen et al., 2010), as well as the cleavage of RNA from RNA–DNA junctions—a function essential to processing Okazaki fragments during replication (Allen et al., 2010). It is within this N-terminal fragment that the point mutation arises.
It is unclear whether this mutation is significant enough to alter 5’–3’ exonuclease activity. If activity is disrupted, it would potentially impair genomic replication on the reverse strand or impair the Pol I mediated lesion excision and possibly increase the rate at which genomic mutations occur.
LREU_RS06630 (mutation #6 in Figure 4; Table 1) suffers a point mutation (A315S), changing an alanine to a serine. Examination of the InterPro protein database predicts homology between this gene and the phosphoesterase family, with similarity to an E. coli exonuclease SbcD (Paysan-Lafosse et al., 2023). Domain-level homology to calcineurin-like phosphoesterase type ApaH and homology to the N-terminal metallophosphatase domain of the Mre11 nuclease (Paysan-Lafosse et al., 2023) also emerge from the InterPro database. Mre11 is required for double-strand break repair in yeast, with the E. coli homolog SbcD performing a similar function. PANTHER classification further indicates homology to an ATP-dependent double-strand DNA exonuclease component involved in DNA repair (Thomas et al., 2022).
Inferring from similarity to various other domains, it seems likely that this gene is involved in DNA repair, most likely double-strand break repair. It is unclear if the point mutation would alter the protein’s activity, although crystal structures of the E. coli SbcD protein show this portion of the protein to be distal to the homodimer-DNA binding active sites (Armstrong et al., 2020), potentially lessening the mutation’s impact on function.
LREU_RS07155 (mutation #7 in Figure 4; Table 1) is a pseudogene, having already suffered a premature stop codon mutation in the L. reuteri DSM20016 reference genome. The deletion event in LAD4 removes a portion of the pseudogene occurring after the premature stop codon, meaning that this mutation does not have an impact on a functional protein.
Analysis via InterPro revealed that the gene’s original protein product likely contained a helix-turn-helix domain (Paysan-Lafosse et al., 2023), indicating potential DNA-binding activity, as well as a larger domain with homology to the DNA transposase InsF (Thomas et al., 2022). A BLAST search revealed several other Lactobacillaceae family members with genes showing 70% or greater identity with the pseudogene; these genes are annotated as IS3 family transposases. Analysis of these related proteins revealed that the catalytic core of the putative transposase was disrupted by the initial premature stop codon.
LREU_RS07160 (istB) (mutation #7 in Figure 4; Table 1) has been completely deleted in LAD4. istB is one component of a two-gene transposase operon (Arias-Palomo and Berger, 2015). Five istB dimers bind to dsDNA target sites and induce a 180° bend, allowing efficient insertion of new DNA by istA (Arias-Palomo and Berger, 2015).
LREU_RS07165 (istA) (mutation #7 in Figure 4; Table 1) has also been deleted in LAD4. istA binds to transposon ends, recognises DNA-IstB complex, and binds to it, removing istB from the DNA strand in the process (Arias-Palomo and Berger, 2015). It then carries out strand transfer and insertion of the mobile genetic element.
Both istA and istB, along with small flanking regions, make up insertion sequence 21 (IS21). This is implicated in a number of mobile genetic elements and is itself mobile (Arias-Palomo and Berger, 2015; Spínola-Amilibia et al., 2023). The deletion of these genes likely has little impact on the essential functioning of L. reuteri DSM20016, as they appear to be concerned only with their own propagation. However, IS21 does not exhibit insertion target sequence specificity (Spínola-Amilibia et al., 2023), implying that the deletion of IS21 could potentially result in a more stable DSM 20016 strain, less susceptible to the disruption of introduced genetic elements to increase fitness or escape cell stress.
The mutations associated with alkaline stress response are as follows. LREU_RS04225 (mutation #4 in Figure 4; Table 1) is entirely deleted in L. reuteri LAD4. Homology analysis indicates the gene encoded an alkaline-shock protein, conserved within Gram-positive bacteria (Müller et al., 2014) belonging to the Asp23 family (Paysan-Lafosse et al., 2023). In S. aureus, Asp23 is bound to the cell membrane by the anchor protein AmaP. Upon alkaline shock, Asp23 dissociates and becomes soluble within the cell (Müller et al., 2014). Deletion of Asp23 in S. aureus resulted in the upregulation of cell wall stress response genes also upregulated during vancomycin cell-wall challenge, including VreSR, a cell wall stress sensor, and PrsA (McCallum et al., 2006), along with several genes of unknown function (Müller et al., 2014).
LREU_RS04230 (mutation #4 in Figure 4; Table 1) is entirely deleted. The gene shares homology to a domain of unknown function (DUF)223 family proteins (Paysan-Lafosse et al., 2023). DUF223 is within the Asp23 operon between the putative Asp23 and AmaP. The DUF223 proteins are present in many species, suggesting a conserved role, but they are not currently sufficiently characterized for us to suggest a specific effect of this deletion.
LREU_RS04235 (amaP) (mutation #4 in Figure 4; Table 1) is entirely deleted in LAD4. The protein AmaP likely acts in concert with LREU_RS04225 to enable the Asp23 operon alkaline-shock response. AmaP may well localise LREU_RS04225 to the cell wall under normal conditions, releasing it under stress (Müller et al., 2014). The deletion of amaP also demonstrably upregulates cell wall stress response genes in S. aureus (Müller et al., 2014). Deletion of the entire operon in L. reuteri LAD4 may well have a similar effect.
The two mutations related to the post-translational modification and degradation of proteins are the following. LREU_RS03520 (clpX) (mutation #3 in Figure 4; Table 1) harbours an insertion in LAD4: a region of seven adenine bases has an eighth adenosine added. This shifts the reading frame, resulting in a premature stop codon and the loss of 94% of the protein product. ClpX forms a hexamer, and the deletion of most of the gene undoubtedly destroys its ability to function correctly. ClpX is a member of the Clp family of ATPases; although most members of the family are upregulated during heat shock, ClpX is not and has a somewhat variable role across organisms (Frees et al., 2007). Several members of this family, including ClpX, are capable of guiding proteins into the proteolytic ClpP complex for degradation (Frees et al., 2007). In the Gram-positive model organism B. subtilis, ClpX was found to be five times more numerous than any other ClpP associated chaperone protein (Frees et al., 2007). ClpX can aid in the refolding of protein aggregates or inclusion bodies without degradation if unbound to ClpP (Frees et al., 2007).
ClpX deletion in B. anthracis can result in thinner cell walls (Zou et al., 2021), potentially presenting less of an issue for transiting macromolecules such as DNA during transformation (Aune and Aachmann, 2010). In both B. subtilis and Streptococcus mutans, ClpX deletion was shown to decrease naturally acquired competency (Pandey and Biswas, 2022).
LREU_RS04220 (mutation #4 in Figure 4; Table 1) is severely truncated in LAD4 because of a deletion in this section of the genome: in the 164 residue gene, 155 residues are deleted from the C-terminus, while six residues are added from the other side of the deletion before a stop codon is encountered. This gene likely produces an acetyl-CoA-acyltransferase, as suggested by homology to the GCN5-related N-acetyltransferase family (Paysan-Lafosse et al., 2023). This group of enzymes catalyses the transfer of an acetyl moiety from an acetyl-CoA donor to a target molecules primary amine group (Burckhardt and Escalante-Semerena, 2020). This protein family has broad function and can be involved with many cellular processes, preventing us from predicting the effect of this gene deletion without further investigation.
Finally, one mutation relates to the sugar metabolism. LREU_RS04240 (mutation #4 in Figure 4; Table 1) suffered substantial deletion in LAD4, losing 319 amino acid residues from the C-terminus of the originally 509 residue protein product. It likely encodes an FGGY family carbohydrate kinase (Paysan-Lafosse et al., 2023). Members of this family have been found to perform ATP-dependent phosphorylation on a single sugar, with the specific molecular target varying across at least nine sugars for different family members (Zhang et al., 2011). The loss of this gene’s function would likely result in impaired utilization of a single sugar carbon source; however, bacteria often possess multiple FGGY carbohydrate kinase genes, allowing for the utilization of a variety of possible sugar sources. The result of this gene disruption is thus likely to cause impaired growth only under specific sugar-limiting conditions.
In summary, we cannot make definitive conclusions about the connections between these observed mutations and the useful phenotype of the LAD4 strain when transformed with pTRKH3 plasmid, but several themes have emerged, suggesting targets for further inquiry. Three of the LAD4-specific mutations appear to have cell wall altering phenotypes (ClpX, LREU_RS04225, and AmaP), which could offer some explanation for the dramatic increase in transformation efficiency seen in this strain—altering cell wall physiology can encourage exogenous DNA uptake (Aune and Aachmann, 2010). However, this behaviour, along with LAD4’s greater PCR success, could also be explained via the mutation in the type-II restriction modification associated gene LREU_RS01045; no other restriction modification genes suffered mutations in LAD4, indicating that the endonuclease may still be functional but unable to correctly target DNA for destruction due to the LREU_RS01045 dysfunction. The deletion of ClpX would presumably slow the rate of protein degradation, potentially explaining the strain’s ability to consistently accumulate expressed exogenous protein. The IS21 mobile element occurs twice within DSM 20016, and deletion of one copy could serve to slow the process by which the strain mutates and disrupts artificially introduced DNA elements via IS21 insertion.
The majority of mutations in the novel LAD4 strain pertain to DNA replication and repair machinery, similar to those seen in E. coli long-term evolution experiments (Blount et al., 2012), where some strains with mutations in DNA replication and repair machinery (like Mfd) displayed increased adaptability to aerobic citrate utilization. However, a fluctuation assay revealed the novel strain to have no significant difference in mutation rates when compared to DSM 20016 (LAD4 rate: 1.152e-06, DSM 20016 rate: 1.354e-06, t-test p-value: 0.244).
The identification of these mutations provides a strong starting point for further investigation of LAD4’s useful phenotypic properties. Meanwhile, those useful properties are available to researchers who seek to work with a lactic acid bacterium well adapted for consistent behaviour in terms of the incorporation of heterologous DNA and the expression of heterologous proteins.
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