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Chapter 3
Transcriptome response in Lactobacillus johnsonii 
identifies an oxygen induced NADH oxidase that 

contributes to H
2
O

2
 production
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Summary
Oxidative stress due to endogenous hydrogen peroxide production by Lactobacillus 

species is a well-known issue in the food industry. In this study, the transcriptional 

response to oxygen was analyzed in Lactobacillus johnsonii, one of the H
2
O

2
-producing 

strains used in the food industry. Aerobic growth conditions led to a more than two-fold 

repression of 45 gene-specific transcripts as compared to anaerobic growth, whereas 

transcripts of 6 genes were more than two-fold induced. Among the higher expressed 

genes were two genes that displayed significant homology to NADH-dependent 

oxidoreductase (NOX). The transcriptional regulation of the nox promoter by oxygen 

was verified using a GUS-reporter construct, whereas the nox promoter activity did not 

appear to respond to other oxidative conditions, e.g. exposure to sublethal levels of H
2
O

2
. 

Experiments in chapter 2 showed that H
2
O

2 
production by L. johnsonii largely depends 

on genes encoding an NADH flavin reductase (NFR). However, here we show that an 

NFR deficient strain could regain its H
2
O

2
 producing capacity upon prolonged oxygen 

exposure, which was hypothesized to involve the oxygen induced nox locus, of which 

the transcription appeared to be more strongly induced by oxygen in the NFR-deficient 

strain as compared to its parental strain. Indeed, deletion of the NOX-encoding locus in 

the NFR-deficient background, resulted in a strain that could no longer produce H
2
O

2
. 

Moreover, the NFR-NOX deficient strain (nfr -, nox-locus) displayed strongly impaired 

aerobic growth and oxygenation induced rapid H
2
O

2
 independent growth stagnation. 

We conclude that H
2
O

2
 production in L. johnsonii is primarily dependent on NFR but 

also involves the oxygen-inducible NOX. Moreover, our results imply that the capacity to 

produce H
2
O

2
 plays a prominent role in oxygen tolerance of L. johnsonii.
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Introduction 
The lactobacilli belonging to the L. acidophilus group play a key role in the food industry. 

They are used in cheese fermentation (e.g., L. helveticus), kefir fermentation (e.g., L. 

kefirofaciens) and in yoghurt fermentation (e.g., L. delbrueckii subspecies bulgaricus). 

Especially the latter application is of great economic importance and represents a 

rapidly growing multibillion market. In these dairy fermentations the lactobacilli 

primarily contribute to the acidification of the milk by the production of lactic acid, but 

also contribute to the product’s texture and flavor by producing exopolysaccharides, 

and specific volatile components like acetaldehyde and diacetyl, respectively (222). 

In addition to these features, several species belonging to the L. acidophilus group 

are marketed as probiotics that, when consumed in adequate amounts, can convey a 

health benefit to the consumer (223).

For reliable industrial application of lactobacilli, their stress tolerance and functional 

robustness under industrial conditions is of great importance. To effectively initiate and 

complete fermentation processes, it is required that the Lactobacillus starter cultures 

survive the stressful industrial production and processing conditions. Similarly, sustained 

viability during product-processing and shelf-life of probiotic-containing products is 

crucial for this product-category to deliver their health benefit to the consumer (224, 

225). Thereby, robustness and sustained viability of probiotic cultures under industrial 

and product conditions is essential to ensure their efficacy.  

In the life cycle of probiotic lactobacilli, from industrial production to in situ delivery 

in the intestinal tract, oxidative stress exposure is considered an important cause of 

viability loss (35). The product environment commonly contains relatively high levels of 

oxygen (46), in which the lactic acid bacteria that belong to the L. acidophilus group 

produce significant amounts of H
2
O

2 
(37, 38, 94) even at chilled temperatures (36). 

Lactic acid bacteria are fermentative microorganisms that lack the endogenous capacity 

for respiration, but many species and strains of this group are relatively aerotolerant and 

grow well in aerobic environments (see chapter 2). LAB employ several mechanisms for 

reactive oxygen species (ROS) detoxification to relieve oxidative stress and prevent its 

corresponding damaging effects on cellular constituents (32). These mechanisms include 

enzymes that target the ROS hydrogen peroxide (H
2
O

2
), such as the heme-requiring 

catalase expressed by L. sakei (226), and the heme-independent catalase of L. plantarum 

(100). The latter species is also protected against ROS, including superoxide (O
2

-) induced 

cell-damage by its capacity to accumulate high intracellular levels of manganese that 
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can directly scavenge superoxide molecules (141). Superoxide detoxification can also 

be achieved by the enzyme activity of superoxide dismutase (SOD), which was shown 

to play a key-role in oxygen tolerance in Lactococcus lactis (188). In addition, several 

lactic acid bacteria, contain glutathione and thioredoxin reductases (113, 114, 122), 

peroxidases and/or alkyl hydroperoxide reductases (74, 75, 227), which can effectively 

remove reactive oxygen species from the cell and maintain reducing conditions in the 

cell’s cytoplasm. Apart from the thioredoxin reductase system, the lactobacilli belonging 

to the L. acidophilus group commonly lack these ROS-scavenging activities, which is an 

important determinant in the H
2
O

2
 accumulating capacity that is seen in many species 

and strains of this group of the lactobacilli (37, 93, 94).

A constitutively expressed NADH flavin reductase (NFR), composed of two small 

(20kDa) flavoproteins, was shown to be the major source of the accumulating H
2
O

2 

when anaerobically growing cells were exposed to molecular oxygen. The formation of 

H
2
O

2 
induces premature growth stagnation and cell death in L. johnsonii under aerobic 

growth conditions (chapter 2) (228). Conversely, L. johnsonii may also benefit from 

oxygen exposure, which can drive the endogenous pyruvate oxidase-dependent (POX) 

metabolic pathway that produces C1- and C2- metabolic intermediates that are required 

for growth. This growth stimulatory effect of oxygen was clearly demonstrated by the 

observation that L. johnsonii strictly depends on environmental supplies of acetate  (C2-

) and inorganic carbon (C1-) sources when grown under strict anaerobic conditions 

(chapter 4). Oxygen therefore plays a paradoxical role in the lifestyle of L. johnsonii: its 

presence results in H
2
O

2
 accumulation which threatens viability, but at the same time 

alleviates some of its environmental growth requirements. 

Several studies have focused on the transcriptional response of LAB upon their exposure 

to oxygen, revealing the activation of oxidative stress-related genes, including those 

encoding ROS-scavenging enzymes, such as the thioredoxin reductase in L. plantarum 

(113) and the heme-catalase in L. sakei (226). Moreover, aerobic growth of L. lactis 

activated the expression of genes encoding superoxide dismutase, alkyl hydroperoxide 

reductase, glutathione reductase and NADH oxidase (noxE), which have all been 

shown to play a role in oxidative stress tolerance (229). Therefore, the elucidation of 

transcriptional responses to oxygen exposure can help to decipher the mechanisms 

by which these LAB can handle oxidative stress generated by oxygen exposure. 

Notably, the oxygen-induced NADH oxidases of Streptococcus mutans were initially 

proposed to contribute to its H
2
O

2 
production (124), but were in subsequent studies 

also shown to play a prominent role in aerotolerance. This aerotolerance contribution 
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of the NOX function was associated with the alkyl hydroperoxide reductase activity, 

which is encoded by the ahpF gene that is genetically linked and co-expressed with the 

nox1 gene (74, 76). A similar relationship between aerotolerance and H
2
O

2
 producing 

enzymes has also been established in L. johnsonii in which the deficiency of the H
2
O

2
 

producing NFR resulted in a reduced growth rate under conditions encompassing high-

level oxygen exposure.

In this study, we analyze the genome-wide transcriptional response of L. johnsonii to 

oxygen exposure. Amongst the three most upregulated genes under aerobic conditions 

we found two genes that display strong homology to NADH oxidoreductases (nox-locus). 

By means of a GUS-reporter assay it could be confirmed that the gene’s promoter activity 

is controlled (activated) by the presence of oxygen. Although the nox-locus deletion 

derivative of L. johnsonii had no apparent phenotype with respect to aerobic growth 

or H
2
O

2 
production, the introduction of this deletion in the L. johnsonii background 

that lacks NFR led to a strain that has completely lost its capacity to produce H
2
O

2
. 

Moreover, the latter strain appeared to be significantly less aerotolerant as compared to 

the wild-type or either of the single deletion derivatives (NOX- or NFR-deficient strains). 

These results indicate that the H
2
O

2
 producing activities catalyzed by NFR and NOX are 

important for aerotolerance of L. johnsonii. 

Materials & Methods
Strains and growth conditions of L. johnsonii

Lactobacillus johnsonii NCC 533 was obtained from the Nestec Culture Collection and 

routinely cultured in MRS medium (205) at 37°C under anaerobic conditions, with 

minimal headspace (unless indicated otherwise). An overview of all strains used in this 

study is presented in Table 3.1. Erythromycin and chloramphenicol were supplemented 

at 5 µg /ml when appropriate. For preculturing of NCC 9360 (nfr-, nox-locus) 500 µg/

ml cysteine was added to sequester oxygen from the growth medium. 

For anaerobic conditions, cells are grown at 37°C in static 15 ml Falcon tubes with 

minimal headspace. For aerobic conditions, Erlenmeyers were used that have a 

headspace volume that is minimally 10-fold larger than the growth medium volume, 

and were agitated on a rotating incubator at 200 rpm. Cells are inoculated at an OD
600

 

of approximately 0.05 in fresh medium. The regular Lactobacillus medium MRS is used 

(205) or, where indicated, MRS is substituted for LAPTg (20 g/L glucose, 10 g/L yeast 

extract,(217), 10 g/L bacto peptone, 10 g/L bacto tryptone plus 1 g/L Tween 80). This 
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medium was used instead of the regular MRS-medium for lactobacilli, because the 

meat extract in MRS was found to interfere with the enzymatic assay for H
2
O

2
. 

Table 3.1: Strains and plasmids used in this study.

Strains and 
plasmids Genotype 

NCC 533 Wild type L. johnsonii (176)

NCC 9337 EmR, Δnox (LJ_1254-LJ_1255), predicted to encode 
NADH oxidase 

Chapter 2

NCC 9359 EmR, Δnfr (LJ0548-LJ0549) encoding NADH flavin 
reductase 

Chapter 2

NCC 9360 EmR, Δnox, Δnfr (ΔLJ_1254-LJ_1255, ΔLJ_0548-LJ_0549) This study

pDP600 a chloramphenicol-resistant version of pG+host9 
containing a complete pBluescript array of unique 
restriction sites

(206)

pDP893 pDP600- PpgiA - flp
SC

 - LJ_1125 trm This study

pNZ5372 CmR, pNZ273 derivative containing the promoterless 
gusA gene under control of the LJ_1255 promoter 
(Pnox)

This study

pNZ273 CmR, promoter-probe vector, containing a promoterless 
gusA gene

(207)

pNZ4040 CmR, pNZ273 derivative containing the promoterless 
gusA gene under control of the eps

B40
 promoter (Peps)

(240, 241)

For transcriptome analysis, cultures were inoculated at an OD of 0.026 ± 0.005 and 

grown under more tightly controlled conditions in continuously stirred vessels with a 

400 ml working volume of MRS medium. The cultures were sparged with specific gas 

mixtures containing 5% CO
2
 and either no oxygen (0% oxygen, anaerobic) or normal 

oxygen levels (20% oxygen, aerobic). Cultures were grown at 37°C with continuous 

mixing (ca. 200 rpm) and pH was maintained at pH 6.5 by automated 4M NaOH titration. 

Cell densities were determined by measuring the optical density at 600 nm (OD
600

).

RNA extraction, labelling, hybridization and data analysis

Cells were harvested at an OD
600

 of 0.15 ± .03 from 50 ml of culture by cold centrifugation 

(5’, 2600xg, 4°C). Cell pellets were resuspended in 0.5 ml ice-cold Tris-EDTA buffer and 

transferred to screw-cap tubes with 0.5 gram zirconium beads (0.1 mm), 0.25 ml acidic 

phenol, 30 µl 10% SDS and 30 µl 3 M sodium acetate. After mixing, the samples were 
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immediately frozen in liquid nitrogen and stored at -80°C until further use.

Cells were disrupted by bead-beating in 3 rounds of 40 seconds in a Savant FastPrep 

FP120, with in between cooling on ice. Cell debris was removed by centrifugation (20817 

x g, 10’, 4°C) and residual phenol was extracted by addition of ice-cold chloroform 

followed by centrifugation. RNA was isolated using a High Pure RNA Isolation Kit 

(Roche Diagnostics, Mannheim, Germany). RNA purity and yield was determined by 

comparison of absorption at 260 and 280 nanometer (Ultrospec 3000, Pharmacia 

Biotech, Roosendaal, The Netherlands). RNA quality control was carried out using the 

RNA 6000 Nano Assay in an Agilent 2100 Bioanalyzer (Agilent technologies, Palo Alto, 

Ca, USA). The Cyscribe Post-labeling kit was used to synthesize cDNA using 5 µg of 

total RNA, which was subsequently labeled according to the manufacturer’s protocol 

(Amersham Biosciences, Amersham, UK). Samples in which the CyDye labeled cDNA 

concentration was below 24 ng/µl were concentrated prior to cDNA synthesis using a 

Hetovac VR-1 (Heto Lab Equipment A/S, Birkerod, Denmark). 

A hybridization scheme was designed that allowed duplicate comparisons between 

the transcriptome profiles of aerobic and anaerobic grown cultures. 60 Oligomer 

microarrays (Agilent technologies) were used with 12 ± 2.5 probes per gene and 21841 

probes in total (GEO accession number GPL18009). These arrays were employed as 

previously described (173). In short, two differentially labeled cDNAs (300 ng) were 

mixed (final-volume 25µl), incubated at 95° C for 3 minutes and subsequently cooled 

to 68° C. To these mixed cDNAs 25 µl Slidehyb#1 hybridization buffer (Ambion, Austin, 

USA) and 2X Hi-RPM hybridization buffer (Agilent Technologies) were added and 40 

µl of the resulting solution was applied on a 8 * 15K slide preheated at 68°C. Slides 

were hybridized at 65°C, rotating at 10 rpm for 16 hours in an Agilent hybridization 

oven (Agilent technologies). Subsequently, slides were washed with wash buffer 1 

(Agilent technologies) at room temperature for 1 minute and wash buffer 2 (Agilent 

technologies) at 37 °C. The slides were dried using nitrogen gas and scanned with 

a ScanArray Express 4000 scanner (Perkin Elmer, Wellesley, MA). Image analysis and 

processing were performed using the ImaGene Version 7.5 software (BioDiscovery Inc., 

Marina Del Rey, CA, USA). The microarrays were scanned at different intensities. For 

each of the individual microarrays the best scan was selected on the basis of signal 

distribution (combination of a low number of saturated spots and a low number of 

low signal spots). The data were normalized using Lowess normalization as available 

in MicroPrep (230). The data were corrected for inter-slide differences on the basis 

of total signal intensity per slide using Postprep (230). The median intensity of the 
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different probes per gene was selected as the gene expression intensity. CyberT was 

used to compare the different transcriptomes, taking into account the duplicates (dye 

swaps) of each of the conditions (231). This analysis resulted in a gene expression ratio 

and false discovery rate (FDR) for each gene. Differential gene expression values of 

expression-ratios with FDR values <0.05 were considered to be statistically significant. 

All microarray data is MIAME compliant and is available in GEO (accession number 

GSE52876).

Hydrogen peroxide measurements

H
2
O

2
 concentration was determined by addition of 25 µl cell-free culture media to 175 

µl reaction mix containing 5 µg/mL horse radish peroxidase and 30 µM phenol red in 

water. After 5 minutes of reaction, the pH was increased by the addition of 5 µL 1M 

NaOH, and absorption was determined at 620 nm and compared to a standard curve 

(232). 

Deletion mutants: Construction of NCC 9360 (Δnfr, Δnox)

The construction of the L. johnsonii single deletion derivatives ΔLJ_1254-LJ_1255 (Δnox, 

NCC 9337) and ΔLJ_0548-LJ_0549 (Δnfr, NCC 9359) were described in chapter 2. 

For this study a double deletion derivative that lacks both LJ_1254-LJ_1255 (nox) and 

LJ_0548-LJ_0549 (nfr) was constructed. 

To obtain the double deletion derivative, the ery-cassette was removed from NCC 

9359 (Δnfr) by the plasmid-borne expression of the Saccharomyces cerevisiae flp-

gene (flp
SC

), using pDP893. The construction of pDP893 employed Lactococcus 

lactis MG1363 as an intermediate cloning host. It was constructed by amplifying 

the pgiA promoter (PpgiA) using L. lactis MG1363 genomic DNA as a template, 

with the primers A (ATATATACTAGTACCCTTAAAAGTGTTAGGAG)  and B 

(ATATATAAGCTTGAGCTCGCTAGCGCATGCTAATTCCTTTCAATTTCTCGC), the  

resulting amplicon was digested with SpeI and HindIII and ligated in similarly 

digested pDP600 (Cmr, Emr) (206) generating pDP600-PpgiA. The predicted                                                         

bi-directional terminator positioned between the LJ_1125 and LJ_1126 genes of 

NCC 533 (TLJ1125) was amplified using genomic DNA of this L. johnsonii strain as 

a template and the primers C (ATATATAAGCTTTGCCAATGGATAACCAGG) and D 

(ATATATCTCGAGAATCTCTCTTGGACTTGC). The resulting amplicon was digested with 

HindIII and XhoI and cloned into similarly digested pDP600-PpgiA, to yield pDP600- 
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PpgiA-TLJ1125. The S. cerevisiae SC288c 2 micron plasmid (233) was isolated and 

digested with SphI and XbaI, and the 1.46 kb fragment containing the flp gene was 

isolated and cloned in similarly digested pDP600-PpgiA-TLJ_1125, yielding plasmid 

pDP893. This plasmid encodes the flp gene under transcriptional control of the pgiA 

promoter and is followed by the TLJ1125 terminator. 

Plasmid pDP893 was isolated from L. lactis MG1363 and used to transform NCC 9359. 

Transformants were cultured in MRS medium supplemented with chloramphenicol, 

at 32°C for 5 serial passages (permissive temperature for plasmid replication), then 

plated to isolate single, chloramphenicol resistant colonies, which were subsequently 

replica plated to confirm erythromycin sensitivity. The selected colony with the required 

antibiotic resistance phenotype (Cmr, Emr) was cultured in MRS at 37°C for three serial 

passages, and subsequently plated to identify single colonies that are chloramphenicol 

and erythromycin sensitive by replica plating on plates containing these antibiotics. The 

selected strain was designated NCC 9359-FO (FLP-out). NCC 9359-FO was transformed 

with pDP902 to achieve the deletion of the nox-locus as described in chapter 2. The 

deletion was confirmed using primers flanking the target regions. The Δnfr, Δnox 

derivative of L. johnsonii NCC 533 was designated NCC 9360. 

Construction of GUS reporter plasmids

To study the expression driven by the nox -locus promoter, the region upstream the 

LJ_1255 gene was amplified using genomic DNA isolated from L. johnsonii NCC 

533, and the primers E (ATATTGGATCCCCAGTTGATGAAGTTTTGAAATTCG) and F 

(CATAAGAATTCCACCATGTTTAAAAGTTACTTTGTCGG). The resulting 184 bp amplicon 

was digested with EcoRI and BamHI and ligated into similarly digested pNZ273 (207) 

yielding plasmids pNZ5372, which carries a promoterless copy of the β-glucuronidase 

encoding gusA gene under control of the LJ_1255 promoter (P
nox

). Plasmid constructions 

were performed in the intermediate cloning host Lactococcus lactis and subsequently 

transformed to wildtype L. johnsonii (NCC 533) and its nfr-locus deletion derivative 

(nCC 9359).

GUS assay

GUS-activity was determined in exponentially growing cultures with OD
600

 of ~0.3 and 

~0.6, taken from the aforementioned batch reactors. Cells were pelleted by centrifugation 

(2600 * g, 5’, 4°C), washed with 50 mM potassium phosphate buffer pH 7,0 and 
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again pelleted by centrifugation (2600 * g, 5’, 4°C). Cells were resuspended in 50 mM 

potassium phosphate buffer pH 7,0 with 10 mM ß-mercaptoetha nol, 1 mM EDTA and 

0,1% Triton X-100 (GUS-buffer). Initial sample volumes were adjusted to normalize the 

amount of cells at a final OD
600

 of 4. The cell suspensions were transferred to screw cap 

tubes with 100 mg 0.1 mm zirconium beads and disrupted by bead-beating in three 

cycles of 20 seconds. Cell debris was removed by centrifugation (21500 * g, 10’, 4°C) 

and kept on ice. The protein concentration was determined with a microBCA assay 

(Thermoscientific). 

Glucuronidase activity was determined in a 96-wells plate, by adding 100 µl of the cell 

lysate to 150 µl of the aforementioned GUS-buffer (preheated at 37°C). The reaction 

was initiated by the addition of 5 µl of the substrate, para-nitro-ß-D phenyl-glucuronide 

(PNP-gluc) dissolved in 50 mM potassium phosphate buffer pH 7,0. The mixture was 

kept at 37°C and the rate of increase of absorption at 405 nm was used to calculate 

the specific activity per mg protein per minute. A molar absorption coefficient of 18000 

ml/mmol.cm was used. 

Results
Transcriptome comparison of aerobic and anaerobic L. johnsonii cultures.

The whole genome transcriptional response of L. johnsonii to oxygen was determined 

using microarray based transcriptome analysis, comparing early-logarithmic aerobic 

and anaerobic growing cultures. RNA was isolated from these cultures and whole 

genome transcriptome profiles were obtained using oligonucleotide based microarrays 

(see Materials & Methods section for details). Data analysis focused on genes that 

were significantly regulated by oxygen (FDR<0.05) and displayed a more than 2-fold 

expression change between the two conditions. Using these criteria, the expression of 

45 genes appeared to be repressed whereas the expression of only 6 genes was induced 

in aerobic cultures compared to anaerobic cultures (see Table 3.2 and Supplementary 

materials Table S3.1). 

Regulation of prophage-related genes 

Of the 45 downregulated genes, 23 belong to the two L. johnsonii prophages Lj928 

and Lj965 (234). It was previously reported that these prophages are transcriptionally 

silent, and in Northern Blot analysis only transcription of the LJ_1454 gene could be 

detected (235). The transcriptome data confirmed that the prophage gene expression
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Table 3.2: Transcriptome comparison of aerobic and anaerobic logarithmic cultures of L. johnsonii. All transcripts 
that were expressed at least two-fold higher under aerobic conditions, with an FDR<0.05 are included. Gene 
identities are based on the genome annotation (176) or were determined by BlastP alignment.

Gene ID Fold regulation 
Aerobic / anaerobic

FDR Annotation 

LJ_0814 2,4 2,8E-03 Hypothetical protein

LJ_1255 2,3 4,52E-05 possible NADH-dependent 
oxidoreductase1 

LJ_1254 2,3 8,98E-05 Possible NADH-dependent 
oxidoreductase1

LJ_1454 2,2 2,6E-03 Lj928 prophage protein

LJ_1615b 2,1 8,6E-03 hypothetical protein

LJ_0480 2,1 1,6E-03 Thioredoxin

1 homology ascertained with BlastP; E-value < e-40 with NADH-dependent oxidoreductase of L. salivarius NIAS840

is low (9.7 and 7.6-fold below average expression of all genes for Lj928 and Lj965, 

respectively). Nevertheless, aerobic growth led to a more than 2-fold repression of 20 

of the 44 genes that belong to prophage Lj965 and 26 of the 51 genes belonging to 

prophage Lj928. Notably, the LJ_1454 gene of prophage LJ928, ranks amongst the 6 

genes with the most prominent expression difference between anaerobic and aerobic 

conditions. Despite the overall low-expression of the prophage associated genes under 

both conditions tested, these genes appear to be subjected to significant environmental 

control.

Aerobic conditions elicit upregulation of thioredoxin but not of thioredoxin reductase

One of the 6 genes expressed at a higher level in the presence of oxygen was the 

thioredoxin encoding gene LJ_0480 (Trx; 2.1 ± 0.0016). Reduced thioredoxins can 

participate in numerous redox-reactions in cellular processes, including the scavenging 

of reactive oxygen species. Besides LJ_0480, the L. johnsonii genome encodes a second 

copy of this gene (LJ_1665) which was also upregulated under aerobic conditions, 

albeit with a fold-change of 1.93 ± 0.0028 (fdr<.05), explaining why it was not 

identified using the selection criteria employed (minimum twofold regulation). Oxidized 

thioredoxins are regenerated by the activity of thioredoxin reductases (TrxR) (110, 236). 

For several lactic acid bacteria, transcriptional regulation of these TRX/TRXR systems 

upon oxygen or H
2
O

2 
exposure has been reported (113-115). Four different ORF’s in the 

L. johnsonii genome have significant homology with the Lactococcus lactis thioredoxin 

reductase TrxB1 (115), i.e., LJ_0852, LJ_0501, LJ_0042 and LJ_1757. However, only 
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the LJ_0852 encoded protein contains the canonical CXXC motif of the thioredoxin 

reductase catalytic site (110) and none of these thioredoxin reductase homologues 

displayed a significant degree of differential expression upon the exposure to molecular 

oxygen. These observations seem to imply that 3 of the 4 TRXR homologues are unlikely 

to encode functional thioredoxin reductases (lack of the canonical CXXC motif). The 

fourth TRXR homologue may be a key-component of the thioredoxin-recycling system 

although its expression appeared to be unaffected by oxygen. 

Transcription of genes homologous to NADH oxidase is upregulated by oxygen.

Two of the genes that were expressed at a higher level under aerobic conditions 

(LJ_1254 and LJ_1255 2.28 and 2.32 fold, respectively) encode proteins that display 

significant homology with NADH oxidases (flavin oxidoreductases) from lactobacilli. To 

further establish the transcriptional regulation of the NOX encoding locus of L. johnsonii 

(LJ_1254-1255) the putative promoter region of this locus (P
LJ_1255

; 184 nucleotides 

upstream of the LJ_1255 start-codon) was cloned upstream of the promoterless gusA 

reporter gene in the promoter-probe vector pNZ273 (207), resulting in pNZ5372. GUS-

activity in cell free extracts from anaerobically and aerobically growing L. johnsonii 

NCC 533 harboring pNZ5372 was determined. As a constitutive control a L. johnsonii 

NCC 533 derivative harboring pNZ4040 was employed. This plasmid is a pNZ273 

derivative in which the gusA expression is under control of the constitutive P
epsB40

 

promoter (237). The GUS measurements clearly established that the LJ_1255 promoter 

was approximately 2- to 2.5- fold induced in aerobic growth conditions compared to 

anaerobic growth conditions, which is in good agreement with the level of induction 

of the nox-locus assessed by transcriptome analysis (Table 3.3). In contrast, addition of 

sublethal amounts of H
2
O

2
 to the growth medium (0.2 mM) did not induce the activity 

of the LJ_1255 promoter significantly (results not shown), indicating that the induction 

of the nox-locus is induced by exposure to molecular oxygen rather than by oxidative 

stress. 

A peculiar genetic organization of the LJ_1254-1255 locus 

LJ_1254 and LJ_1255 are predicted to encode two overlapping polypeptides of 307 

and 86 amino acid residues, respectively (Figure 3.1A). The overlap between the two 

ORF’s encompasses a 13 bp repeat sequence (Figure 3.1B). The LJ_1255 gene in the L. 

johnsonii NCC 533 clearly has a stop-codon, suggesting that the LJ_1254-1255 locus of 

L. johnsonii encodes a disrupted pseudogene. By sequencing transcript-derived cDNA 
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Table 3.3: GUS-activity in mmol / mg protein / min determined in aerobic or anaerobic logarithmic cultures with or 
without 0.2 mM H2O2. In each experiment, GUS-activity was determined in two samples taken during logarithmic 
phase (OD ~0.3 and OD ~0.6). Depicted are averages of two independent experiments (totaling 4 samples) ± 
standard deviation. In case of the positive control L. johnsonii + pNZ4040 and wildtype L. johnsonii two samples 
of one individual experiment are depicted ± standard error.

Aerobic batch Anaerobic batch 

L. johnsonii NCC 533 + pNZ5372 8.14 ± 1.1 3.9 ± 1.2

L. johnsonii NCC 9359 (Δnfr-locus) + pNZ5372 9.3 ± 0.8 2.5 ± 0.4

L. johnsonii NCC 533 + pNZ4040 21.2 ± 0.4 21.3 ± 4.5

L. johnsonii NCC 533 (wildtype) .08 ± 0.01 .03 ± 0.01

sequences, we confirmed the tandem organization of the two genes and their 

transcription on a single mRNA molecule (results not shown). We assume that LJ_1254 

may encode an NADH oxidase, whereas the LJ_1255 encoded short protein is unlikely 

to be functional as such, but may function in conjunction with the LJ_1254 protein.

Within the genetically closely related species of the L. acidophilus group, these two 

genes are poorly conserved and appear to be randomly distributed in strains belonging 

to different species. Of the 24 genome sequences available for L. gasseri, one encodes a 

LJ_1254 homologue, whereas the published genomes of L. crispatus and L. delbrueckii 

have no regions that are homologous to either of the two genes. Only one of the 11 

genomes sequences available for L. acidophilus has a homologue of LJ_1254 with a 

similar length (LBA_1418 in L. acidophilus NCFM). Upstream of this region a smaller 

gene is found with homology to LJ_1255 (LBA_1421). However, these two genes are 

interspersed by two other genes, of which one (LBA_1420) encodes a transposase (See 

Supplementary materials, Table S3.2 and Figure S3.1). 

In other LAB, LJ_1254 homologs are found in two published L. lactis genomes, whereas 

the most intensively studied strain of Lactococcus lactis (MG1363) appears to lack 

this gene. Several of the published L. plantarum strains have genes with homology 

to LJ_1254; the most intensively studied strain WCFS 1 encompasses two genes with 

significant similarity to LJ_1254 (lp_1350 and lp_0146). All LJ_1254 homologs found 

in LAB, apart from the copy in L. acidophilus NCFM have an N-terminal extension of 

approximately 70-residues (total protein length 369 to 391 amino acid residues), which 

is homologous with the LJ_1255 encoded protein (Figure 3.1 and Supplementary 

materials, Table S3.2 an Figure S3.1). 
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Irrespective of the peculiar genetic organization of the LJ_1254-1255 locus in L. 

johnsonii NCC 533, we decided to consider both genes as part of the NADH oxidase 

encoding locus (nox-locus) in further work, since both genes are expressed as a single 

transcript and are homologous to NADH oxidoreductases in other lactic acid bacteria. 

Consequently, we deleted both genes present in this locus to study its functionality (see 

below).

H
2
O

2
 production by the NFR-deficient strain (NCC 9359) indicates the presence of a 

secondary H
2
O

2 
source.

Previously, L. johnsonii has been shown to produce substantial amounts of H
2
O

2
 under 

aerobic conditions (38). H
2
O

2
 production in L. johnsonii upon exposure to oxygen was 

shown to predominantly depend on a novel, constitutively expressed NADH-dependent 

flavin reductase (NFR) encoded by the LJ_0548-549 genes (nfr-locus, chapter 2). 

Nevertheless, since in many other bacteria, the activity of NADH oxidases has been 

identified as the main source of H
2
O

2
, a role of the oxygen-induced nox-locus in this 

process cannot be excluded. To evaluate the role of the nfr- and nox-loci encoded 

activities in the formation of H
2
O

2
 in L. johnsonii, NCC 533 (wild type), NCC 9337 

(deletion of nox-locus) and NCC 9359 (deletion of nfr-locus), were cultivated under 

aerobic growth conditions (aeration was elicited by vigorous shaking at 200 rpm) and 

growth and H
2
O

2
 production were monitored. In agreement with earlier observations, 

both the wild-type strain and its nox-locus deletion derivative produced H
2
O

2
 during 

the 5-6 hours of aerobic growth (up to 0.36 mM), leading to stagnation of growth. 

The nfr-locus deletion strain NCC 9359 did not produce any H
2
O

2
 during the initial 

hours of aerobic growth, which is also in agreement with earlier observations. However, 

prolonged aerobic incubation of the nfr-locus deletion strain resulted in recovery of 

the H
2
O

2
 production capacity (Fig. 3.2B), eventually amounting up to 0.23 mM H

2
O

2
 

Figure 3.1: Schematic representation of the nox-locus (panel A). Panel B shows the overlapping region of LJ_1255 
and LJ_1254. Highlighted are the startcodon of LJ_1254, the stopcodon of LJ_1255 and the 13 bp-repeat region.
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Figure 3.2: Growth and H2O2 production of wild type L. johnsonii NCC 533 (square closed symbols), its Δnox-

locus derivative (LJ_1254-LJ_1255; NCC 9337, circular closed symbols) and its Δnfr-locus (LJ_0548-LJ_0549; NCC 
9359 square open symbols). Cultures were incubated at 37°C under continuous shaking at 200 rpm. Culture 
densities were determined by optical density measurement at 600 nm (panel A) and H2O2 concentrations were 
enzymatically determined by a phenol red assay (panel B). The data present biological triplicate experiments ± 
standard deviation.

after approximately 8-9 hours of aerobic growth. This delayed accumulation of H
2
O

2
 in 

the medium, stagnated the growth of this strain (Figure 3.2A). The observed growth 

stagnation could in all cases be prevented by addition of 0.5 mg/ml catalase to the 

growth medium, underpinning that the accumulating H
2
O

2
 caused the observed 

growth stagnation (chapter 2). These observations suggest that besides the main H
2
O

2
 

producing enzyme NFR, a second system is present in L. johnsonii that is involved in 

H
2
O

2
 production, which is postulated to involve the NOX-encoding genes. 

To confirm the oxygen exposure mediated activation of the nox promoter in the nfr-

locus deficient background pNZ5372 (P
nox

-gusA) was introduced into the nfr-locus 

deletion strain NCC 9359. The pNZ5372 derived GusA expression appeared to be 3.6 

fold induced in this strain upon its exposure to oxygen (Table 3.3). This finding not only 

confirms that the nox-locus is also induced by aeration in this strain, but indicates that 

the oxygen-mediated regulation in this strain is even slightly enhanced as compared to 

its parent strain NCC 533.

The candidate nox-locus of L. johnsonii contributes to H
2
O

2
 production and aerotolerance 

The data presented above are in agreement with a role of the nox-locus in the recovery 

of H
2
O

2
 production in the NFR-deficient background. To evaluate this, a strain lacking 

both the nox- (LJ_1254-1255; Δnox-locus) and nfr- (LJ_0548-0549; Δnfr-locus) loci 

was constructed and designated NCC 9360 (Δnox -, Δnfr-locus; Table 3.1). Growth 

rate, maximal biomass levels and H
2
O

2 
concentration during aerobic growth of this            

Δnox -, Δnfr-locus double deletion derivative was compared to the wild-type strain and 



82

 

to the single Δnox-locus - and Δnfr -locus deletion derivatives. Notably, in contrast 

to the wild-type strain or its Δnfr and Δnox single deletion derivatives, NCC 9360 

(ΔnoxΔnfr) displayed a strongly reduced aerobic growth rate. Aerobic growth of this 

strain stagnates at an OD
600

 of 0.3 (±0.01), whereas the other strains continue to grow 

up to an OD
600

 of 2.1 (±0.01). Strikingly, the growth stagnation of NCC 9360 is not 

accompanied by any detectable H
2
O

2 
formation (Table 3.4). Moreover, the premature 

stagnation of growth of NCC 9360 cannot be prevented by the addition of 0.5 mg/

ml catalase (results not shown), confirming that it is not caused by accumulating H
2
O

2
. 

On the basis of these results, it can be concluded that the combined activities encoded 

by the nox-and nfr- loci plays an essential role during aerobic growth of L. johnsonii. 

However, these experiments do not conclusively demonstrate that the nox-locus 

contributes to H
2
O

2
 formation in the NFR deficient L. johnsonii strain, since the lack 

of detectable H
2
O

2
 production in NCC 9360 (ΔnoxΔnfr) may be due its incapacity to 

grow under aerobic conditions. To evaluate the role of the nox-locus in H
2
O

2
 formation 

in the NFR deficient background, the NCC 9360 (ΔnoxΔnfr) was grown anaerobically 

to mid-exponential phase (OD
600

 of 0.25 ± 0.04) and suddenly exposed to oxygen by 

transferring the culture to shake flasks agitated at 200 rpm. Under these conditions, the 

L. johnsonii wild-type and its single nox-locus deletion derivative initiate H
2
O

2
 production 

immediately or after a delay (Δnfr strain), eventually leading to growth stagnation (see 

also above). In contrast, although the NCC 9360 strain (Δnox, Δnfr) continued to grow 

for at least two generations after the switch to aerobic conditions, it did not produce 

detectable H
2
O

2
 levels (the estimated detection limit of H

2
O

2
 detection assay is 0.02 

mM) (Figure 3.3). These results indicate that the H
2
O

2
 producing capacity detected in 

the NFR-deficient strain upon prolonged oxygen exposure is depending on the LJ_1254-

1255 nox-locus. 

Table 3.4: Maximal growth rate, optical density (OD600) and H2O2 concentration determined during aerobic growth 
of L. johnsonii NCC 533 (wild-type), NCC 9337 (Δnox), NCC 9359 (Δnfr) and NCC 9360 (Δnox, Δnfr) in LAPTg. H2O2 
levels and OD600 levels were measured after 6 hours of aerobic growth. Data represent the average of triplicate 
experiments ± standard deviation.

Strain Genotype OD
600

µ
max  

(h-1) H
2
O 

2
 (mM) 

NCC 533 wild type 2.0 (±0.1) 0.74 (±0.00) 0.36 (±0.01)

NCC 9337 Δnox 2.3 (±0.1) 0.85 (±0.08) 0.36 (±0.01)

NCC 9359 Δnfr 2.2 (±0.1) 0.72 (±0.02) 0.23 (±0.01)

NCC 9360 Δnox, Δnfr 0.3 (±0.03) 0.46 (±0.11) <0.02
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Discussion
H

2
O

2
 formation by members of the Lactobacillus acidophilus-group, including                       

L. johnsonii, is considered an important metabolic capacity which has been associated 

with niche adaptation as well as probiotic functions (38, 50, 94). In chapter 2 we 

presented experimented showing a novel NADH flavin reductase (NFR), that appears 

to be conserved among the L. acidophilus-group of lactobacilli and is the dominant 

enzymatic source of H
2
O

2
 synthesis in L. johnsonii upon its initial exposure to oxygen. 

In the present study we show that a second H
2
O

2
-producing enzyme is induced in                 

L. johnsonii upon aerobic growth, which is homologous to the NADH oxidoreductase 

family proteins (NOX). This oxygen-induced NOX allows the recovery of H
2
O

2
 production 

in the NFR deficient L. johnsonii strain, and a double mutant strain that lacks both the 

NFR and NOX encoding genes is completely defective in H
2
O

2
 production but is also 

severely impaired in aerobic growth. Our results imply that the H
2
O

2
 producing capacity 

of L. johnsonii is essential for its growth under aerobic conditions. This appears to be in 

clear contradiction with the proposed toxicity of H
2
O

2
. Apparently, complete elimination 

of the H
2
O

2
 producing capacity has detrimental consequences for the strain’s capacity 

to deal with molecular oxygen exposure and to prevent the oxygen-derived molecular 

damage, presumably by the formation of ROS.

The transcriptome comparison of aerobic and anaerobic cultures confirmed our 

observations with respect to growth and metabolism of L. johnsonii in the presence 

of oxygen, presented in chapter 2: apart from peroxide production (which induces 

Figure 3.3: Anaerobic logarithmic cultures were transferred to aerobic shakeflask conditions at mid-logarithmic 
stage of growth for L. johnsonii NCC 533 (closed square symbols), NCC 9359 (open square symbols) and NCC 
9360 (open circular symbols). H2O2 was determined with an enzymatic phenol red method, with an estimated 
detection limit of ~0.02 mM. Data represent the average of triplicate experiments ± standard deviation.
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premature growth stagnation) and the alleviation of the CO
2
 and acetate dependencies, 

the presence of molecular oxygen has little effect on metabolic end-products or maximal 

growth rate of L. johnsonii (chapter 4). It is important to note that several functions 

known in other bacteria to be induced in response to oxygen exposure are absent from 

the L. johnsonii genome, including NADH peroxidase, alkyl hydroperoxidase, superoxide 

dismutase, glutathione reductase and/or catalase. The thioredoxin / thioredoxin 

reductase (Trx/TrxR) system is the only system known to play a key-role in oxidative 

stress tolerance in other lactic acid bacteria that appears to be present in L. johnsonii 

(113-115). Transcription responses to oxygen exposure in this bacterium included the 

induction of expression of two copies of the thioredoxin gene. However, the potentially 

enhanced thioredoxin-mediated ROS-scavenging capacity, is apparently not sufficient 

to prevent premature growth stagnation elicited by the endogenous production 

of H
2
O

2
. Many factors may play a role in the inability of the thioredoxin system to 

sufficiently scavenge H
2
O

2
 or prevent aerobic growth stagnation. NADPH, which is the 

electron donor for thioredoxin reductases (111), may be rapidly depleted in LAB that 

are known to generally maintain low NADPH-pools (67). Furthermore, the discrepancy 

between oxygen-mediated regulation of thioredoxin (induced) and its complementary 

thioredoxin reductase (unaffected) may contribute to the limited ROS-scavenging 

capacity in L. johnsonii. The limited responsiveness to oxygen of L. johnsonii and the 

failure of the thioredoxin system to prevent oxygen induced growth stagnation may 

reflect the adaptation of this species to its natural habitat of the mammalian intestinal 

tract, where oxygen levels are very low and only transient exposure to significant 

amounts of oxygen is expected to be encountered when bacteria reside closer to the 

mucosal surface of the intestinal wall. Low level or transient oxygen exposure may 

actually provide a benefit to L. johnsonii by relieving its requirement for exogenous C-1 

and C-2 sources for growth (chapter 4). 

The nox-locus in L. johnsonii consists of two overlapping ORF’s, i.e., a shorter gene 

(LJ_1255) encoding the N-terminal region of typical NOX enzymes and a longer gene 

(LJ_1254) encoding the C-terminal region. This could imply that the nox locus of L. 

johnsonii encodes a pseudogene. However, the locus is expressed as a single transcript 

and its transcription is elevated by oxygen exposure of the cells, through the activation 

of its promoter region located upstream of LJ_1255. Moreover, the functionality and 

H
2
O

2
 producing capacity encoded by the nox-locus is supported by the observed                 

H
2
O

2
-negative phenotype of the nox-locus deletion derivative of the L. johnsonii strain 

that lacks the constitutively expressed nfr-locus, which encodes the predominant 
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peroxide producing enzyme in this species. Our results do not elucidate the exact 

identity of the active NOX protein. Although a complementary role of the LJ_1255 

encoded protein cannot be excluded, it seems likely that the activity is encoded by 

the larger 3’-gene LJ_1254. This suggestion is supported by the observation that the L. 

acidophilus NCFM genome encodes a full-length homologue of only LJ_1254, which is 

not directly preceded by a LJ_1255 homologue. 

NADH oxidoreductases are known to play a central role in aerobic metabolism of 

facultative heterofermentative lactic acid bacteria: expression of an NADH oxidase 

in Lactococcus lactis can induce a mixed acid fermentation, by dissipating the 

cofactor (NADH) for lactate dehydrogenase activity (66). L. johnsonii, is an obligate 

homofermentative lactic acid bacterium displaying homolactic pyruvate dissipation 

(chapter 4). Analogously, L. johnsonii does not produce considerable amounts of 

metabolic end-products other than lactate, irrespective of the presence of oxygen. 

Nevertheless, NADH consuming enzymes like NFR and NOX could still influence aerobic 

metabolism by draining the available NADH pool. This could restrict pyruvate dissipation 

through the lactate forming, NADH consuming step catalyzed by lactate dehydrogenase. 

Reduced pyruvate to lactate flux could lead to the accumulation of pyruvate, which 

has previously been reported for L. lactis (48). The accumulation of pyruvate could 

provide a chemical scavenger for environmental or endogenously produced H
2
O

2
, 

because pyruvate reacts rapidly with this ROS to form acetate. However, in chapter 4, 

we present experiments that show that aerobic growth of L. johnsonii does not lead to 

substantial levels of acetate production, suggesting that the pyruvate accumulation and 

its subsequent reaction with H
2
O

2
 is very limited in this species. Thereby the metabolic 

effects of NADH oxidation in homofermentative LAB like L. johnsonii is limited and not 

completely understood to date. 

In this study we establish that the NFR and NOX enzymes are both involved in the capacity 

of L. johnsonii to produce H
2
O

2
, which eventually leads to a stagnation of growth. In 

contrast with this toxic effect of H
2
O

2
, the enzymes responsible for its production also 

appear to contribute to aerotolerance in L. johnsonii. This apparent paradox resembles 

the dualistic activity that has been described for alkyl hydroperoxide reductases (AHP), 

which catalyzes NADH dependent reduction of H
2
O

2 
and organic hydroperoxides such 

as cumene hydroperoxide. In E. coli this enzyme is part of the oxyR induced oxidative 

stress response (238) and is the primary H
2
O

2 
scavenger (109). It consists of two subunits: 

a larger flavoprotein (AhpF) and a smaller protein (AhpC) that displays homology 

to thioredoxin reductases (74, 105). Remarkably, the flavoprotein subunit displayed 
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H
2
O

2
:NADH oxidase activity in Amphibacillus xylanus, Sporolactobacillus inulinus and 

in Streptococcus mutans (72, 76, 239). In the latter species it was shown that addition 

of the smaller AhpC subunit to the AhpF abolished its H
2
O

2
 production activity and 

induced an alkyl peroxide and H
2
O

2 
scavenging activity. (74). Although neither the nox -

locus nor nfr-locus encoded proteins display significant homology with these two AHP-

encoding genes, one could hypothesize that these genes function (or used to function) 

together with a unidentified secondary protein in a comparable peroxidase complex. 

This would explain the observation that these genes contribute to both H
2
O

2 
production 

and to aerotolerance.

In this study we have identified NOX as a secondary H
2
O

2 
source in L. johnsonii. Our 

results indicate that the mode of H
2
O

2
 production by L. johnsonii depends on the 

environmental conditions. In predominantly anaerobic environments in which only 

transient exposure to (low levels) of molecular oxygen occurs, the production of H
2
O

2
 

will strictly depend on the NFR activity encoded by LJ_0548-0549. Such conditions may 

be expected in the typical habitat in which L. johnsonii is encountered, the intestinal tract 

of mammals. The intestinal lumen is considered anaerobic, but at closer proximity to 

the strongly oxygenated intestinal mucosa the intestinal bacteria may become exposed 

to (low levels of) oxygen (40, 41). Therefore, L. johnsonii would initiate the production 

of H
2
O

2
 when residing in close proximity of the epithelial surfaces, which could play an 

important role in its proposed effects on PPAR-mediated gene expression control (50). 

Extended exposure of L. johnsonii to oxygen induces the expression of NOX, encoded 

by LJ_1254-1255, which contributes to the H
2
O

2
 production by this species. Conditions 

encompassing prolonged oxygen exposure may be encountered by industrially applied L. 

johnsonii strains (e.g., as probiotic cultures) during production, processing and product 

shelf-life conditions. This illustrates the relevance of understanding the NFR and NOX 

dependent pathways for H
2
O

2
 production in L. johnsonii in relation to the lifestyle of 

this microorganism. Such knowledge could enable the adaptation of production and 

storage conditions for probiotic cultures to ensure higher survival of these bacteria, 

while it can also be employed to enhance its in vivo health-promoting efficacy which 

may very well depend on the capacity to produce H
2
O

2
 in situ close to the mucosa.
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Supplementary materials
Table S3.1 L. johnsonii genes of which the expression was more than twofold lower in aerobic, as compared to 
anaerobic batch cultures.

Gene ID regulation fdr annotation (or BLAST homologies)
LJ_0058 0,41 5,3E-04 Bile salt transporter
LJ_0080 0,20 9,8E-11 Uncharacterized
LJ_0081 0,23 6,5E-11 Glycosyltransferase
LJ_0082 0,23 6,3E-11 Endoglucanase Y
LJ _0265 0,49 1,8E-03 ABC transporter permease component
LJ_ 0295 0,49 4,8E-03 Lj965 prophage antirepressor
LJ_ 0296b 0,38 1,5E-04 Lj965 prophage protein
LJ_ 0298 0,44 1,4E-03 Lj965 prophage protein
LJ_ 0299 0,30 1,8E-04 Lj965 prophage protein
LJ_ 0300 0,34 8,9E-05 Lj965 prophage replication protein
LJ_ 0301 0,38 7,2E-03 Lj965 prophage protein
LJ_ 0302 0,44 2,4E-03 Lj965 prophage antirepressor
LJ_ 0326 0,36 4,0E-03 LJ965 prophage protein
LJ_0328 0,48 2,7E-02 LJ965 prophage holin
LJ_0388 0,48 4,3E-04 Protein translocase subunit SecA 2
LJ_0573 0,39 4,9E-06 Pheromone response surface protein PrgC
LJ_0718 0,28 4,3E-05 Dipeptidase
LJ_0719 0,24 2,5E-07 Aminopeptidase C
LJ_0720 0,24 7,2E-06 Amino acid permease domain containing protein
LJ_0721 0,39 3,4E-03 Amino acid permease-associated protein
LJ_0849 0,49 7,5E-04 HPr kinase/phosphorylase
LJ_0890 0,50 7,1E-04 ABC transporter permease component, Spermidine/

putrescine
LJ_1117 0,39 2,5E-06 UPF0324 membrane protein
LJ_1185 0,50 2,1E-04 Carbamoyl-phosphate synthase, pyrimidine-specific, 

small chain
LJ_1187 0,45 3,5E-05 Lipoprotein signal peptidase
LJ_1276 0,45 4,0E-03 Carbamoyl-phosphate synthase large chain
LJ_1429 0,42 2,3E-03 Lj928 prophage protein
LJ_1434 0,48 2,1E-03 Lj928 prophage protein
LJ_1443 0,44 9,2E-04 Lj928 prophage protein
LJ_1445 0,39 4,2E-05 Lj928 prophage protein
LJ_1446 0,40 9,1E-05 Lj928 prophage protein
LJ_1447 0,45 4,1E-03 Lj928 prophage protein
LJ_1448 0,38 1,8E-04 Lj928 prophage protein
LJ_1449 0,28 1,7E-06 Lj928 prophage protein
LJ_1450 0,40 3,6E-04 Lj928 prophage protein
LJ_1451 0,42 8,1E-04 Lj928 prophage protein
LJ_1452 0,39 4,1E-04 Lj928 prophage protein
LJ_1452b 0,31 4,5E-05 Lj928 prophage protein
LJ_1453 0,38 5,4E-04 Lj928 prophage protein
LJ_1455 0,34 1,6E-05 Lj928 prophage protein
LJ_1549 0,48 9,2E-05 Exodeoxyribonuclease 7 large subunit 
LJ_1649 0,46 1,9E-04 Dephospho-CoA kinase 
LJ_1763 0,37 4,5E-03 Carboxymuconolactone decarboxylase
LJ_1764 0,32 5,1E-07 Carboxymuconolactone decarboxylase Related 

Protein
LJ_1766 0,39 3,1E-08 Aldehyde-alcohol dehydrogenase
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Table S3.2: Homology of LJ_1254 and LJ_1255 in other lactic acid bacteria as determined by BlastP analysis.

Species-strain Gene ID; 
annotation

Length 
(AA)

Homology with 
LJ_1255

Homology with 
LJ_1254

L. acidophilus 
NCFM

NADH dependent 
oxidoreductase
LBA_1418

306 No homology Query coverage 84%, 
Identical: 60%
residue 1-265

L. acidophilus 
NCFM

Putative NADH 
dependent 
oxidoreductase
LBA_1421

57 Query coverage 
65% Identical 61%
residue 1-56

No homology

L. gasseri K7 Uncharacterized 
protein
LK7_09396

383 Query coverage 
100% 
Identical: 92%
residue 1-86

Query coverage 100% 
Identical: 85%
residue 77-383

L. salivarius 
NIAS840

NADH-dependent 
oxidoreductase
NIAS840_00317

382 Query coverage 
100% 
Identical: 84%
residue 1-86

Query coverage 97% 
Identical: 78%
residue 83-381

L. lactis subsp. 
cremoris KW 2

NADH-dependent 
oxidoreductase
KW2_1665

391 Query coverage 
96% 
Identical: 49%
residue 4-86

Query coverage 90% 
Identical: 51%
residue 86-367

L. plantarum 
WCFS1

NADH:flavin 
oxidoreductase
LP_0146

369 Query coverage 
100% 
Identical: 30%
residue 1-81

Query coverage 89% 
Identical: 35%
residue 77-354

L. plantarum 
WCFS1

NADH:flavin 
oxidoreductase
 

371 Query coverage 
73% 
Identical: 30%
residue 6-69

Query coverage 83% 
Identical: 34%
residue 79-339

Figure S3.3: Genetic context of LJ_1254 and LJ_1255 in other lactic acid bacteria, using BlastP and Microbial 
Genome Viewer.




