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Aerobic adaptation and metabolic dynamics of 
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comparative transcriptomics and surfaceome analysis
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ABSTRACT Propionibacterium freudenreichii (PFR) DSM 20271T is a bacterium known 
for its ability to thrive in diverse environments and to produce vitamin B12. Despite 
its anaerobic preference, recent studies have elucidated its ability to prosper in the 
presence of oxygen, prompting a deeper exploration of its physiology under aerobic 
conditions. Here, we investigated the response of DSM 20271T to aerobic growth 
by employing comparative transcriptomic and surfaceome analyses alongside metabo­
lite profiling. Cultivation under controlled partial pressure of oxygen (pO2) conditions 
revealed significant increases in biomass formation and altered metabolite production, 
notably of vitamin B12, pseudovitamin-B12, propionate, and acetate, under aerobic 
conditions. Transcriptomic analysis identified differential expression of genes involved 
in lactate metabolism, tricarboxylic acid cycle, and electron transport chain, suggesting 
metabolic adjustments to aerobic environments. Moreover, surfaceome analysis unveiled 
growth environment-dependent changes in surface protein abundance, with implica­
tions for adaptation to atmospheric conditions. Supplementation experiments with key 
compounds highlighted the potential for enhancing aerobic growth, emphasizing the 
importance of iron and α-ketoglutarate availability. Furthermore, in liquid culture, FeSO4 
supplementation led to increased heme production and reduced vitamin B12 produc­
tion, highlighting the impact of oxygen and iron availability on the metabolic pathways. 
These findings deepen our understanding of PFR’s physiological responses to oxygen 
availability and offer insights for optimizing its growth in industrial applications.

IMPORTANCE The study of the response of Propionibacterium freudenreichii to aerobic 
growth is crucial for understanding how this bacterium adapts to different environments 
and produces essential compounds like vitamin B12. By investigating its physiological 
changes under aerobic conditions, we can gain insights into its metabolic adjustments 
and potential for enhanced growth. These findings not only deepen our understanding 
of P. freudenreichii's responses to oxygen availability but also offer valuable information 
for optimizing its growth in industrial applications. This research sheds light on the 
adaptive mechanisms of this bacterium, providing a foundation for further exploration 
and potential applications in various fields.

KEYWORDS Propionibacterium, vitamin B12, cobamides, aerobic, anaerobic, transcrip­
tomics, surfaceomics

P ropionibacterium freudenreichii (PFR) is a Gram-positive bacterium belonging to 
the Actinomycetota phylum. It is commonly found in dairy products, particularly 

Swiss-type cheeses, where it plays a crucial role in shaping the flavor compounds 
and texture characteristics of the cheese (1, 2). The bacterium metabolizes lactate to 
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produce propionic acid and carbon dioxide, which leads to the formation of gas bubbles 
responsible for the characteristic eyes in Swiss-type cheeses (3). Besides its role in 
cheese production, PFR has garnered significant attention due to its potential health 
benefits, including its immunomodulatory properties and the production of vitamin B12 
(hereafter B12) (2, 4, 5).

B12, also known as cobalamin, is an essential nutrient vital for various physiologi­
cal processes in humans (6). Unlike many other organisms, humans cannot synthesize 
B12 and must obtain it from dietary sources or microbial production (7). Notably, the 
synthesis of cobalamin, as well as the human inactive pseudovitamin-B12 (hereafter 
pseudo-B12), by PFR exhibits intriguing dependencies on environmental conditions, 
particularly oxygen availability. While the first steps of cobalamin synthesis follow the 
anaerobic pathway where cobalt is inserted at an early stage (8), the biosynthesis of 
the lower ligand, 5,6-dimethylbenzimidazole (DMBI), requires oxygen. The absence of 
oxygen during biosynthesis leads to the production of pseudo-B12 with adenine as the 
lower ligand (9).

PFR DSM 20271, the type strain of the species, has garnered significant attention 
due to its ability to produce the active form of B12 in various plant food matrices 
and under different applications (10–12). Furthermore, the response of DSM 20271 
to oxygen and its ability to grow under aerobic conditions have attracted scientific 
interest. Recent studies have revealed that certain strains of PFR, including DSM 20271, 
while traditionally considered anaerobes, exhibit tolerance to oxygen. They can grow 
to high cell densities under mildly aerated conditions, which allow the consumption 
of oxygen and thereby keep levels of dissolved oxygen below the detection limit (13). 
The adaptation of DSM 20271 to these microaerobic conditions was shown to involve 
complex metabolic adjustments, affecting various cellular processes, including energy 
metabolism, redox balance, and gene expression (13, 14). PFR under aerobic conditions, 
including detectable oxygen concentrations, remains to be studied.

The genome sequence of DSM 20271 (15) indicates that the strain possesses 
enzymatic systems, such as superoxide dismutase and heme-containing catalase, which 
likely play crucial roles in protecting the bacterium against oxidative stress caused by 
oxygen exposure. Furthermore, like other PFR strains (16, 17), DSM 20271 is equipped 
with the genes required for aerobic respiration and for the complete pathway for heme 
synthesis. Heme and cobalamin synthesis is interconnected as both pathways begin 
with the formation of the uroporphyrinogen III precursor (18). 5-aminolevulinic acid is 
a common precursor of heme and cobalamin that is produced via the Shemin pathway 
(C4 pathway) and the C5 pathway (18). The heme biosynthesis in PFR has not been 
widely studied yet, but current evidence suggests that in PFR, 5-aminolevulinic acid is 
synthesized from glutamate via the C5 pathway (19). Since heme iron is more easily 
absorbed and has higher bioavailability than other forms of iron (20), bioprocessing of 
food materials with microbes producing heme potentially increases nutritional value by 
enhancing iron availability. The red color and flavor of meat are due to heme present 
in the muscles of animals (21, 22). Therefore, heme has attracted much attention as a 
key ingredient that mimics meat color and flavor in artificial meat in the food industry. 
For plant-based meat products, heme has been introduced using genetically engineered 
yeast or bacteria (22, 23).

In this study, we cultivated the DSM 20271 strain in bioreactors under control of 
the partial pressure of oxygen (pO2), keeping it at approximately 20% by sparging 
with pure oxygen/air as well as under anaerobic conditions by nitrogen gas sparging. 
Employing a comparative transcriptomic approach alongside comparative surfaceome 
analyses and targeted metabolite profiling, we sought to elucidate the bacterium’s 
response to oxygen. The findings of this study contribute to a deeper understanding 
of the physiological responses of PFR to oxygen availability and offer valuable insights for 
optimizing its growth. Furthermore, the identification of key compounds and metabo­
lites enhancing the aerobic growth and colony-forming ability of PFR under aerobic 
conditions can have significant implications for industrial applications.
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MATERIALS AND METHODS

Culture conditions

Strain DSM 20271 was grown in yeast extract–lactate-based medium (YEL) and routinely 
cultured at 30°C starting by streaking from glycerol stock (15%, −80°C) onto a solid 
medium (supplemented with 1.5% agar) and growing for 4 days in anaerobic jars 
(Anaerocult, Merck). Liquid cultures were obtained by inoculation of three separated 
colonies into 10 mL of liquid medium in 15-mL Greiner tubes and propagation for 3 
days at 30°C without shaking. Experimental cultures were routinely inoculated to 1% 
(vol/vol) and 1.5% (vol/vol) in test tubes and bioreactors, respectively. All experiments 
were performed with three biological replicates.

Cell density and viable cell count

Cell densities were assessed by measuring the optical density (OD) at a wavelength 
of 600 nm (OD600) by aseptically removing small aliquots from the bioreactors. This 
measurement was routinely taken during the 72-h bioreactor cultivations. Microbial 
counts were determined using the plate counting technique. Dilution series were 
prepared in sterile saline (0.9% NaCl) or PBS, and appropriate dilutions were either 
spread (100 µL) or spotted (10 µL) onto YEL agar plates. After incubation for 4–7 days 
in anaerobic conditions using Anaerocult (Merck) at a temperature of 30°C, colonies 
were counted, and the CFU/mL (colony-forming units per milliliter) were determined. The 
statistical significance of differences between final cell densities (measured at 600 nm 
(OD600) and as viable cell counts on agar (CFU/mL)) was analyzed using SPSS software 
[IBM SPSS Statistics 2021, Version 28.0.0.0 (190)] with independent-samples t-tests.

Fermentation in bioreactors and sampling

To investigate the effects of available oxygen on gene expression, growth kinetics, 
and metabolic activity, batch fermentations were conducted in bioreactors under both 
aerobic and anaerobic conditions.

Under aerobic conditions, the partial oxygen pressure (pO2) was maintained at 20% 
throughout the cultivation process. This control was critical to address the significant 
impact of increasing cell density and fluid viscosity on oxygen transfer efficiencies, a 
concern that can be mitigated by controlling the pO2 level in bioreactor experiments 
(24). During anaerobic growth, the pO2 level was verified to be at 0% to ensure the 
absence of oxygen in the experiment.

The fermentations were carried out in Sartorius A bioreactors with a growth volume 
of 750 mL. The temperature was maintained at 30°C, and the pH was controlled at 7.0 
using NaOH (5 M) and HCl (1 M). Stirring was set at 200 rpm for anaerobic experiments. In 
anaerobic conditions, continuous nitrogen gas flow at 20 cc was utilized, while in aerobic 
conditions, the oxygen saturation level was maintained at 20% through air and oxygen 
gas flow, with stirring alternating between 200 and 300 rpm.

Samples of 12 mL were taken aseptically in three biological replicates at four time 
points (I–IV) for each atmospheric condition. For anaerobic fermentation, the sampling 
points were at 12 hours (I), 26 hours (II), 32 hours (III), and 46 hours (IV). In aerobic 
fermentation, samples were collected at 13 hours (I), 40 hours (II), 52 hours (III), and 
66 hours (IV). Surfaceome analyses were performed on samples from the initial time 
point (I) in both aerobic and anaerobic fermentations. For gene expression and ddPCR 
analysis, samples from time points I and III were analyzed.

Cell harvesting was conducted by centrifugation at 3,220 x g for 10 minutes at +4°C. 
The supernatants were collected and stored at −80°C for acid and vitamin analyses. 
Harvested cells for vitamin analysis were washed with 1 M Tris-HCl buffer (pH 8.0) and 
stored at −20°C.
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For RNA sequencing, the harvested cells were immediately resuspended in 1,500 µL 
of RNA later (Invitrogen) and incubated overnight at +4°C. After incubation, the cells 
were harvested by centrifugation at 12,000 G for 5 minutes at +4°C and stored at −80°C.

RNA extraction and purification

Cells stored at −80°C were thawed and resuspended in 50 µL of Tris-EDTA buffer (TE 
buffer). The cell suspension was then transferred to lysing matrix tubes containing glass 
beads. Cell lysis was performed using the FastPrep-24 homogenizer, with three cycles of 
30 seconds each at a speed of 6.5 M/S. Between cycles, the samples were kept on ice for 
60 seconds to maintain the temperature. After the final ice incubation, the lysates were 
suspended in 150 µL of TE buffer and thoroughly vortexed. Subsequently, the lysates 
were centrifuged at 12,000 g for 5 minutes at +4°C to remove cell debris and glass beads. 
The supernatants were carefully collected and stored at −20°C.

Total RNA extraction was carried out using the RNeasy Mini Kit (Qiagen) according 
to the manufacturer’s instructions, including DNase digestion to remove any remaining 
DNA. The RNA was eluted with 40 µL of nuclease-free water.

Following RNA extraction, the samples underwent DNAase treatment and were 
further purified using an RNA clean-up method. The concentration of purified single-
stranded RNA was measured using a NanoDrop spectrophotometer. The RNA samples 
were divided into aliquots and stored at −80°C. To deplete ribosomal RNA (rRNA), the 
Ribo-Zero Plus rRNA Depletion Kit (Illumina Inc., USA) was employed, following the 
protocol provided by the manufacturer.

RNA sequencing and data analysis

The RNA-seq libraries were generated using the QIAseq Stranded Total RNA Lib kit from 
Qiagen, and sequencing was performed on the Illumina NextSeq 500 platform.

To assess the quality of the sequencing reads, FastQC v0.11.7 was employed. Adapter 
sequences and low-quality reads (using parameters -m 30 -q 25) were removed using 
cutadapt v1.9.1. Reads that mapped to rRNA sequences were eliminated using sort­
merna v2.1, while the remaining reads were aligned to the PFR DSM 20271 genome 
assembly GCF_000940845.1_ASM94084v1 using the mem algorithm of BWA v0.7.11. 
The number of reads mapped to each gene was counted using Htseq-count v0.1.11. 
Differential expression analysis was performed using DESeq2 (25), comparing atmos­
pheric conditions (anaerobic versus aerobic) within growth phases (logarithmic and 
stationary). Additional detailed information on the validation of the RNAseq data with 
ddPCR is provided in the supplemental material.

Genes were considered to be significantly differentially expressed if their adjusted 
P-value (padj) was ≤0.05. Predicted Gene Ontology (26) terms for the genes were 
obtained using PANNZER2 (27) with default parameters. The lists of differentially 
expressed genes from the various comparisons were then examined for GO term 
enrichment across the Biological Process, Molecular Function, and Cellular Component 
ontologies using the enrichGO function from the R package clusterProfiler (v. 4.0) (28, 
29). The reference set used for the analysis included all the genes annotated with 
GO terms in the genome. At sampling point I and sampling point III, GO categories 
were compared, and those showing statistically significant differences (P < 0.05), as 
determined by Fisher’s exact test, were listed under different conditions. The upregulated 
and downregulated genes within each GO category were specified. The later cut-off 
threshold was set at a ∣fold change∣ ≥2.0 (∣log2Fold∣ ≥1).

UHPLC analysis of vitamin B12 and pseudo-B12

Analysis for the B12 and pseudo-B12 was based on ultra-high performance liquid 
chromatography (UHPLC) method described by Chamlagain et al. (30). B12 and pseudo-
B12 were extracted in their cyano forms from cellular pellets using established methods, 
as detailed by Chamlagain et al. (30). Specifically, 0.1–0.2 g of the cell pellet underwent 
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extraction with a pH 4.5 buffer (comprising 8.3 mM sodium hydroxide and 20.7 mM 
acetic acid) in the presence of sodium cyanide, yielding a 25-mL extract. The analysis 
was performed with Waters UPLC system (Waters, Milford, MA, USA) with a C18 column 
(Waters Acquity HSS T3, 2.1 × 100 mm, 1.8 µm) at a flow rate of 0.32 mL/min, a UV 
detection by a photodiode array (PDA) detector at 361 nm, and an injection volume 
of 5–15 μL was used. B12 and pseudo-B12 in the cyano forms were identified based 
on retention time and absorption spectrum and quantified against cyanocobalamin 
standard. Furthermore, LC-MS/MS was performed for the structural confirmation (31).

HPLC method to analyze acids and glucose

Glucose, acetic acid (AA), lactic acid (LA), propionic acid (PA), pyruvic acid, and succinic 
acid were determined using a high-performance liquid chromatography (HPLC) method 
described in Chamlagain et al. (32) with modifications. Samples were centrifuged at 
12,000 x g for 10 minutes, and the resulting supernatants were collected. After syringe 
filtration (Pall, MI, USA; 0.2 µm), the samples were stored at −20°C. Analyses were 
conducted on the thawed samples. The analysis was performed on a Hi-Plex H column 
(Agilent, CA, USA; 300 × 6.5 mm), with a HiPlex H guard column (Agilent, CA, USA; 
50 × 7.7 mm). The HPLC system was equipped with a Waters 515 pump, autosampler, 
ultraviolet (UV) detector (Waters 717), and refractive index detector (HP 1047A, HP, USA). 
The mobile phase was 10 mM H₂SO₄, and the flow rate was set at 0.5 mL/min for 
35 minutes with the column temperature maintained at 40°C.

Quantitative heme analysis

The inoculated YEL was incubated at 30°C under microaerobic and anaerobic conditions 
for 4 days. To create a microaerobic condition, the cultures (20 mL) were grown in 100-mL 
glass bottles under shaking conditions (200 rpm) and opened once every day in a sterile 
environment. The medium was supplemented with 5 mg/L CoCl2, and in the case of 
Fe-supplemented samples, FeSO4 was also added (1 mM). After incubation, the cultures 
were centrifuged (6,800 × g, 10 minutes at room temperature). B12 and heme were 
measured in cells, while the supernatants were analyzed for the organic acid contents.

Samples for heme measurements were prepared as follows. A portion of the cell 
pellet (0.1 g) was suspended in 0.1 mL of 0.1 M NaOH (31) in lysing matrix tubes 
containing glass beads, and the cells were lysed using the FastPrep-24 homogenizer 
(five cycles of 30 seconds each at a speed of 4.5 M/s). To maintain the temperature, the 
samples were kept on ice for 60 seconds between the cycles. Another 0.1 mL of NaOH 
was added to the cell lysates, homogenized, and centrifuged (12,000 × g for 10 minutes 
at room temperature). The supernatants were carefully collected and analyzed for the 
heme concentration.

Heme concentrations were measured using a heme assay kit (MAK316, Sigma-Aldrich, 
St. Louis, MO, USA) according to the manufacturer’s instructions. Absorbance was 
measured at 405 nm. The concentration of heme in the samples was calculated against 
the heme calibrant. The heme content is reported as µg heme/g cells.

Colony forming ability using spot-plating assay

PFR DSM 4902 and DSM 20271 cells were grown at 30°C in YEL liquid medium for 3 days 
until OD600 reached approximately 1.2. Cells were pelleted by centrifugation, washed 
once with PBS, and resuspended in PBS to the same OD600, serially tenfold diluted, 
and spotted (5 µL of dilutions) on YEL agar plates supplemented with appropriate 
chemicals. Plates were incubated under anaerobic or aerobic conditions at 30°C for 4 
days (anaerobic) or 6 days (aerobic).
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Surfaceome analyses

Preparing the cell samples for proteomics and enzymatic cell-surface shaving

The surfaceome samples were harvested from logarithmic (I) growth phases of both 
aerobic (13-hour) and anaerobic (12-hour) fermentations by centrifugation (4 minutes, 
4°C, 3,320 × g). The cells were washed with 0.1 M sodium acetate (pH 5.0, Sigma-Aldrich) 
and resuspended into 50 mM TEAB (17% sucrose) (triethylammonium bicarbonate 
buffer, Sigma-Aldrich) after centrifugation (4 minutes, 4°C, 3,320 × g). Enzymatic surface 
shaving was carried out with 0.05 µg/µL of trypsin (Promega, Madison, WI, USA) for 
30 minutes at 37°C. Afterward, the protein–cell suspensions were first time centrifuged 
(4 min, RT, 4,000 × g) to ensure cell-free supernatant and second time centrifuged 
(2 minutes, RT, 16,000 × g) through Spin-X filters to recover the peptides and the enzyme. 
Flow-troughs were left to incubate for 17 hours at 37°C before the tryptic digestions 
were terminated with the addition of trifluoroacetic acid (TFA, Sigma-Aldrich) at a final 
concentration of 0.6%. The peptide concentrations were measured spectrophotometri­
cally with NanoDrop-1000 (Thermo Fisher Scientific, DE, USA). Samples were stored at 
−20°C.

LC-MS/MS identification

The tryptic peptides were concentrated and purified using ZipTips C18 (Merck Millipore) 
according to the manufacturer’s instructions. An equal amount of each peptide sample 
was loaded into an Easy-nLC 1000 Nano-LC system (Thermo Scientific, Waltham, MA, 
USA) coupled with a quadrupole Orbitrap mass spectrometer (Q ExactiveTM, Thermo­
Electron, Bremen, Germany) equipped with a nano-electrospray ion source (EASY- 
SprayTM, Thermo Scientific, Waltham, MA, USA), and analyzed as previously described 
(33). The acquired MS raw files, for protein identification and label-free quantification 
(LFQ), were searched against an in-house database of DSM 20271T (CP010341) (15) with 
MaxQuant (ver. 1.6.1.0) under the following settings: carbamidomethyl (C) was specified 
as a fixed modification; oxidation of methionine was set as a variable modification; a 
peptide tolerance was set at 20 ppm in the first search, and the main search error of 4.5 
ppm was applied. Additionally, trypsin without the proline restriction enzyme option was 
used, allowing two miscleavages; the false discovery rate (FDR) filtering was set to 1% 
for both peptide and protein identification, and the minimal number of unique and razor 
peptides was defined as 1.

Surfaceome bioinformatics and statistics

The identified proteins were submitted to SignalP 5.0 (34), SecretomeP 2.0 (35), and 
LipoP 1.0 (36, 37) and (38) analysis tools to determine the presence of possible clas­
sical and nonclassical signal peptide sequences. Subcellular location was predicted 
with PSORTb 3.0.3 (39). Additionally, the prediction of protein transmembrane helices 
was acquired by TMHMM Server v. 2.0 (40, 41); general protein function annotation, 
according to the COG, was accomplished with EggNOG 5.0.0 (42); and the isoelectric 
points (pIs) and molecular weights (MWs) were predicted by EMBOSS Pepsats (43).

The statistical comparisons of the MaxQuant-derived protein identifications were 
performed in Perseus version 1.6.15.0 (44), at which the known contaminant, reverse hits, 
and proteins only identified by site were excluded. The MS-raw intensities were filtered 
to contain minimally two-third valid values in at least one of the growth environments to 
obtain the total and unique identifications. Statistical comparison

s of the normalized log2-transformed LFQ levels were also carried out in Perseus. The 
data were filtered to include proteins with valid LFQ-values in at least 70% of biological 
replicates in at least one group. Before a Student’s t-test with a permutation-based false 
discovery rate of 0.05, the missing values were imputed from a normal distribution using 
parameters: width 0.3 and downshift 1.8. A complete linkage hierarchical clustering 
was performed on normalized (Z-score) values. The mass spectrometry proteomics data 

Research Article mSystems

October 2024  Volume 9  Issue 10 10.1128/msystems.00615-24 6

https://doi.org/10.1128/msystems.00615-24


have been deposited to the ProteomeXchange Consortium via the PRIDE (45) partner 
repository with the data set identifier PXD051703.

RESULTS AND DISCUSSION

In the present study, we used pH-controlled bioreactor cultivations to investigate the 
cellular responses of DSM 20271 during growth under aerobic and anaerobic conditions. 
Our focus was on monitoring the central growth characteristics, the production of B12 
and pseudo-B12 vitamins, and the major metabolic end products (Fig. 1A) at specific 
time points of growth and conditions (Fig. 1B). These findings were complemented with 
transcriptomic analyses and validated with label-free quantitative proteomics on cell 
surface proteins at the indicated time points (Fig. 1B). Additional follow-up studies were 
conducted to confirm the most relevant metabolic processes.

FIG 1 (A) A workflow illustrating the sequence of experiments, including bioreactor cultivations with studied parameters and follow-up growth experiments 

conducted in media supplemented with aspartate (Asp), succinate (SA), and α-ketoglutarate (α-KG). (B) Cell density (dotted line) and viable cell counts 

(solid line) in bioreactor-conducted experiments under aerobic (green) and anaerobic (orange) growth conditions. Sampling points for OD600 measurements 

and colony-forming unit determinations are marked with squares (aerobic) and circles (anaerobic), respectively. Key metabolite production dynamics and 

transcriptomic analyses were performed over four growth stages: mid-logarithmic (I), late logarithmic (II), early stationary (III), and late stationary (IV) phases. RNA 

sequencing was conducted on samples I and III. Red arrows indicate the specific time points/growth stages at which the cells were sampled for transcriptomic 

(T) and surfaceomic (S) analyses.
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Oxygen affects biomass, lactate metabolism, and formation of organic acids, 
B12, and pseudo-B12

Formation of biomass

To initiate the characterization of the response of DSM 20271 to aerobic growth, the 
strain was cultivated in bioreactors at a constant pO2 level of 20% and compared the 
growth characteristics to control cultivation under anaerobic control conditions (pO2 
level below the detection limit). A pO2 level of 20% was selected based on preliminary 
experiments indicating that higher oxygen concentrations did not further increase 
cell density. A significant increase in biomass formation was observed under aerobic 
conditions with a pO2 level of 20% compared to anaerobic conditions. Specifically, the 
final cell densities, measured at 600 nm (OD600) and viable cell counts on agar (CFU/mL), 
were 3.2 and 1.4 times higher (P < 0.05), respectively, after 72 hours of cultivation under 
aerobic conditions (Fig. 1B).

Secretion of organic acids

Lactate was found to be completely depleted from the medium after 32 hours and 
52 hours under anaerobic and aerobic conditions, respectively, indicating faster lactate 
consumption under anaerobic conditions (Fig. 2A). Under anaerobic conditions, the 
levels of propionate and acetate in the growth medium increased over time, especially 
during logarithmic growth (Fig. 2B and C). In contrast, under aerobic conditions, only low 
levels of propionate were detected in logarithmic phase samples, with levels dropping 
below the limit of detection in stationary-phase samples. Acetate levels followed a 
similar pattern under aerobic conditions, being fully depleted from the medium after 
an initial increase (Fig. 2C). During logarithmic growth, the pyruvate levels in the media 
were higher under aerobic conditions but decreased to low levels in stationary-phase 
samples (Fig. 2D), whereas succinate was only detected in growth media in samples 

FIG 2 Lactate utilization (A), excreted propionate (B), acetate (C), pyruvate (D), succinate (E), and intracellular vitamin B12 and pseudo-B12 (F; vitamin B12 – solid 

line, pseudo-B12 – dashed line) of PFR DSM 20271 during cultivation under aerobic (green) and anaerobic (orange) fermentations performed in bioreactors. N = 

3, except pseudo-B12 samples III and IV: n = 2. No pseudo-B12 was detected under aerobic growth conditions.
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from anaerobic conditions (Fig. 2E). Pyruvate in culture supernatants, at concentrations 
reflecting its intracellular levels in PFR, has been reported previously (46), but to the 
best of our knowledge, there are no reports of the effect of atmospheric conditions. As 
the elevated growth under aerobic conditions is accompanied by diminished lactate 
consumption and, on the other hand, increased pyruvate excretion, it is tempting 
to assume that ATP production is maintained by upregulation of the later stages of 
the aerobic respiration pathway. The accumulation of succinate during adaptation to 
anaerobic or oxygen-limiting conditions has been previously observed in Mycobacterium 
tuberculosis (47).

Synthesis of B12 and pseudo-B12

B12 and pseudo-B12 levels were analyzed in cellular and supernatant (media) samples. 
However, under the conditions used, cobamides could only be detected from cell 
samples, and no B12 or pseudo-B12 was detected in the media of either aerobic 
or anaerobic cultivations. Under aerobic conditions, the concentration of B12 in the 
cells was very low at each sampling point and below the detection limit at sampling 
points II–IV (Fig. 2F). Under anaerobic conditions, B12 reached 28.5 ng/mL as fermenta­
tion progressed, while the concentration of pseudo-B12 increased as the fermentation 
process approached completion and reached 59.8 ng/mL. (Fig. 2F). It is noteworthy that 
cultivation of this strain in our bioreactors under identical conditions but with no gas 
sparging, thus resembling microaerobic conditions, resulted in superior B12 production. 
The levels were 1.7 to 4.9 times higher compared to those of anaerobic conditions, along 
with a distinct metabolite production pattern (Fig. S1).

In a previous study (13), the DSM 20271 strain was cultivated in bioreactors under 
conditions with an oxygen supply at a level that allowed its concentration to drop below 
the detection limit in the culture through consumption by cellular activity. Like those 
microaerobic conditions, aerobic conditions used here were found to increase biomass 
production compared to anaerobic conditions. However, the metabolite production 
profile under aerobic conditions seems to differ from those reported under microaerobic 
conditions. First, lower oxygen concentrations promoted propionate production during 
the lactate consumption phase, followed by its oxidation to acetate (13) (Fig. S1). Under 
the more aerobic conditions used here, the consumption of lactate from the media 
was not accompanied by propionate accumulation. Furthermore, the B12 production 
appears to be drastically affected by increasing oxygen concentration, as microaerobic 
conditions increased B12 production compared to anaerobic conditions (14) (Fig. S1), 
which is opposite to what was observed here under aerobic conditions (Fig. 2F). The ratio 
of B12 to pseudo-B12 in microaerobic conditions was not analyzed in previous studies 
due to the use of a microbiological assay that does not distinguish between them (14). 
In this study, we observed that the active form of B12 is produced under microaerobic 
conditions, whereas very low levels of either B12 or pseudo-B12 are produced under 
aerobic conditions (Fig. 1; Fig. S1). Thus, the typical features associated with PFR as an 
efficient producer of B12 and short-chain fatty acids, such as propionate and acetate, do 
not apply under aerobic growth conditions.

Transcriptomics of DSM 20271 under anaerobic and aerobic conditions

In this study, we used gene expression data to identify genes critical for growth under 
both aerobic and anaerobic conditions, with a focus on genes contributing to the growth 
of PFR under aerobic conditions, as the physiology and the gene expression of this 
species in aerobic environments have not been extensively studied (13). We compared 
the gene expression of strain DSM 20271 grown under aerobic and anaerobic condi­
tions by isolating total RNA from cells at two distinct growth phases: sampling point 
I, representing the logarithmic growth phase, and sampling point III, representing the 
stationary phase. In the following comparisons, upregulation and positive fold change 
(FC) values refer to higher expression in aerobic conditions compared to anaerobic 
conditions, while downregulation and negative FC values indicate higher expression 
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in anaerobic conditions compared to aerobic conditions. These samples were then 
subjected to RNA sequencing to assess differences in gene expression across these 
growth stages.

Pairwise differential expression analyses were performed to identify specific 
differences between conditions at each growth phase. A total of 1,375 genes (59.3% 
of total genes) were found to be differentially expressed at sampling point I, with an 
adjusted P-value (padj) < 0.05. Among these, 713 genes (51.9%) were downregulated, 
and 662 genes (48.1%) were upregulated under aerobic conditions. Additionally, 906 
genes (39.1% of total genes) exhibited differential expressions at sampling point III. Of 
these, 388 genes (42.8%) were downregulated, and 518 (51.2%) genes were upregula­
ted under aerobic conditions (Fig. 3A). A comprehensive list of differentially expressed 
genes, including annotation results and expression levels under anaerobic and aerobic 
conditions at sampling points I and III, is provided in Table S1. Of the 662 upregulated 
DEGs at sampling point I, 300 were also upregulated at sampling point III, while 19 
were downregulated at sampling point III. Furthermore, 277 of the 713 downregulated 
DEGs at sampling point I remained downregulated at sampling point III, and 11 were 
upregulated (Fig. 3B). The specific lists of these upregulated and downregulated genes 
are provided in Table S2.

Gene ontology (GO) enrichment analysis

A GO enrichment analysis was conducted to gain a comprehensive understanding of the 
functional groups represented by the differentially expressed genes (DEGs). This analysis 
compared the aerobic and anaerobic growth conditions at sampling points I and III. GO 
terms that were found to be overrepresented with statistical significance (P < 0.05) were 
analyzed in detail.

At sampling point I, 232 out of 1,375 DEGs were assigned to various GO terms, while 
at sampling point III, 216 out of 906 DEGs were categorized into GO terms. At sampling 
point I, the significant GO categories included transmembrane transport, transmem­
brane transporter activity, ATPase activity, zinc ion binding, magnesium ion binding, 
iron–sulfur cluster 4Fe-4S binding, “de novo” IMP biosynthetic process, transferase 
activity (transferring glycosyl groups), and carbohydrate metabolic process. Similarly, 

FIG 3 Differential expression of genes in PFR DSM 20271 across two sampling points under aerobic versus anaerobic growth conditions. (A) A total of 1,375 

genes exhibited significant differential expression (adjusted P-value < 0.05), with 713 genes downregulated and 662 upregulated at sampling point I, and 

906 genes were differentially expressed at sampling point III, including 388 downregulated and 518 upregulated. (B) Venn diagram illustrating the overlap 

of differentially expressed genes (DEGs) at the two sampling points. Sampling point I coincides with the logarithmic growth phase, while sampling point III 

corresponds to the stationary phase. Of the 662 upregulated DEGs at sampling point I, 300 remained upregulated and 19 were downregulated at sampling point 

III. Additionally, 277 of the 713 downregulated DEGs at sampling point I remained downregulated at sampling point III, and 11 were upregulated.
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at sampling point III, the DEGs were classified into 11 significant GO categories (P < 
0.05), including structural constituent of ribosome, translation, rRNA binding, ribosome, 
plasma membrane, tRNA binding, glycolytic process, DNA recombination, peptidoglycan 
biosynthetic process, cytoplasm, and transferase activity (transferring acyl groups).

The list of genes categorized into each GO group, along with the number of genes 
upregulated or downregulated under aerobic conditions, is provided in Table S3.

Lactate metabolism

Analyses of organic acids from bioreactor cultivations indicated that lactate consumption 
was more rapid under anaerobic conditions compared to the aerobic atmosphere (Fig. 
2A). The gene RM25_RS08745, encoding L-lactate permease, is the first gene within a 
predicted four-gene operon (glcA-lutABC, RM25_RS08730 ̶ RM25_RS08745). This operon 
contains genes encoding widely conserved lactate utilization proteins (A, B, and C), 
mediating the oxidative conversion of L-lactate into pyruvate (Fig. 4) (48, 49). Here, the 
expression of this operon was upregulated under anaerobic conditions at both sampling 
points (I and III). Specifically, in the III samples, the expression fold changes range from 
2.4 to 3.9, correlating with the observed lactate consumption. Regardless of atmospheric 
conditions, the lactate utilization operon was downregulated upon transition to the 
stationary phase.

FIG 4 Schematic view of metabolism during aerobic and anaerobic growth. The presentation of the Wood–Werkman and TCA cycles was adapted from (50–52). 

Differentially expressed genes (≥ twofold difference, adjusted P-value < 0.05) are shown in green (increased aerobically) and orange (increased anaerobically). 

The pathways with the most differentially expressed genes, the TCA cycle and the C5 pathway for porphyrin synthesis, are highlighted with a green back­

ground. A tentative diagram of the aerobic electron transport chain, consisting of NADH dehydrogenase/complex I (NDH-I), succinate dehydrogenase/fumarate 

reductase (SDH/FDR), cytochrome bd complex (CytBD), and ATP synthase (ATPase), is shown, as well as the predicted transmembrane transport systems for iron 

and iron siderophore with detected with higher abundance under aerobic condition RNA-seq and surfaceome analyses. Putative membrane spanning structures 

of nitrate and DMSO reductases possibly involved in anaerobic respiration are shown. Differentially abundant proteins (FDR 0.05) detected in surfaceome 

analysis are indicated using green/orange fonts.
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Among other genes encoding proteins predicted to be involved in lactate utiliza­
tion, RM25_RS01945, which encodes a putative FAD-dependent D-lactate dehydrogen­
ase, was expressed 3.8-fold higher under anaerobic conditions compared to aerobic 
conditions at sampling point III. These findings suggest that lactate metabolism is more 
active under anaerobic conditions. Multiple pathways are available for the conversion 
of pyruvate into acetyl-CoA. Two enzymes, the pyruvate dehydrogenase (PDH) complex 
and pyruvate ferredoxin oxidoreductase (PFOR), can perform this conversion. In this 
study, one of the two paralogs encoding pyruvate ferredoxin oxidoreductase, nifJ1 
(RM25_RS00920), displayed higher expression (2.8-fold) under anaerobic conditions in 
sample point III, whereas only one predicted component of pyruvate dehydrogenase 
complex showed significantly differential expression, namely, RM25_RS07455 (aceF), with 
twofold higher expression under aerobic conditions in sample point III (Table S1; Fig. 
4). The accumulation of pyruvate in the medium during aerobic and its absence under 
anaerobic conditions (Fig. 2D) indicate that pyruvate is metabolized more efficiently 
under anaerobic conditions, with the expression data suggesting that this could be due 
to increased PFOR activity.

Notably, the bkdA-bkdB-phdC gene cluster (RM25_RS01015, RM25_RS01020, 
RM25_RS01025), encoding the branched-chain α-ketoacid dehydrogenase complex 
(BCKDC), showed significantly higher expression levels (2.0–8.6-fold) under aerobic 
conditions at both sampling points (I and III). BCKDC is involved in the catabo­
lism of branched-chain amino acids (BCAA), which can produce malonic semialde­
hyde, a substrate of the acetyl-CoA-producing enzyme methylmalonate–semialdehyde 
dehydrogenase (MmsA). The mmsA gene (RM25_RS08965) was found to be expressed at 
a 5.3-fold higher level under aerobic conditions in sample point I compared to anaerobic 
conditions (Table S1; Fig. 4).

Propionate metabolism, TCA cycle, and respiratory complexes

The gene cluster RM25_RS08835 to RM25_RS08850 encodes the key enzyme, a 
multimeric transcarboxylase (EC 2.1.3.1), methylmalonyl-CoA carboxytransferase (MMC), 
of the propionate-forming Wood–Werkman cycle (53). Interestingly, this gene cluster 
was found to be constitutively expressed under the conditions investigated in this study 
(Table S1). This finding is consistent with that of a previous study by Brzuszkiewicz 
et al. (54), which also observed constitutive expression of the MMC genes at both 
logarithmic and stationary growth phases in the closely related bacterium Cutibacterium 
acnes. Additionally, it aligns with the study conducted by Dank et al. (13), where proteins 
involved in the Wood–Werkman cycle were found to be as abundant in propionate 
consumption as in lactate consumption phases in PFR.

The TCA cycle utilizes acetyl-CoA and converts NAD+ to NADH as part of its metabolic 
reactions. The genes encoding allosterically regulated TCA enzymes at critical control 
points, such as citrate synthase (gltA2_2, RM25_RS11475), isocitrate dehydrogenase (icd, 
RM25_RS03180), as well as α-ketoglutarate decarboxylase (kgd, RM25_RS05675) and 
dihydrolipoyl dehydrogenase (lpdC, RM25_RS05360) of α-ketoglutarate dehydrogenase 
complex, exhibited higher expression levels under aerobic conditions in at least one of 
the sampling points (I and III) (Table S1; Fig. 4). While previous research has demonstra­
ted the simultaneous activity of the Wood–Werkman and TCA cycles (50), the present 
results indicate that aerobic conditions promote a shift in the central carbon metabolic 
pathway toward TCA cycle activity, contributing to the utilization of acetyl-CoA and the 
generation of NADH (Fig. 4).

The fermentation of pyruvate by propionibacteria typically produces propionic 
and acetic acids, as well as significant amounts of other products such as succinate 
(55). The primary function of the succinate dehydrogenase (SDH) complex in bacte­
ria is to catalyze the oxidation of succinate to fumarate while transferring electrons 
to the electron transport chain. The genome of DSM20271 harbors two gene clus­
ters encoding the subunits of the SDH complexes. These clusters consist of three 
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genes each: RM25_RS06150, RM25_RS06155, and RM25_RS06160 and RM25_RS06655, 
RM25_RS06660, and RM25_RS06665, named sdh1 and sdh2, respectively.

The sdh gene clusters exhibited distinct patterns of gene expression under different 
atmospheric conditions. Specifically, the sdh1 cluster demonstrated a significantly higher 
expression level (2.8–3.4-fold increase) during anaerobic conditions (I and III samples). 
Conversely, at sampling point III, the RM25_RS06655 and RM25_RS06660 genes of the 
sdh2 cluster exhibited significantly higher expression levels (2.3- and 2.8-fold increase) 
under aerobic conditions (Table S1; Fig. 4). Based on the different expression patterns 
observed, we propose that the sdh2 cluster is responsible for encoding SDH, catalyzing 
the conversion of succinate to fumarate, and is involved in both the TCA cycle and 
aerobic respiration. In contrast, the sdh1 cluster encodes fumarate reductase, which 
reduces fumarate to succinate during anaerobic respiration. This is consistent with the 
accumulation of succinate in the medium under anaerobic conditions and its absence 
from the medium under aerobic conditions. These two sets of SDH/fumarate reductase 
complexes have been reported earlier in various studies on PFR (13, 16, 51), providing 
further support to our findings. Additionally, it has been suggested, but not yet explored, 
that in Acidipropionibacterium acidipropionici, the other SDH complex could function 
in anaerobic fermentation as fumarate reductase and another complex in aerobic 
fermentation as SDH (51).

The expression of the NADH dehydrogenase complex, encoded by the gene cluster 
RM25_RS02335 to RM25_RS02400, and the expression of the cytochrome-bd oxidase, 
encoded by genes RM25_RS00880 to RM25_RS12185, were not significantly influenced 
by atmospheric conditions. However, the atpACDGFH genes of cluster RM25_RS05560 
to RM25_RS05595, which encodes the ATP synthase enzyme complex, demonstrated 
higher expression levels under aerobic conditions, particularly in the later sampling 
point (III). This indicates that ATP synthesis is more efficient in the presence of oxygen. 
These findings align with those of the conducted study by Dank et al. (13), where they 
observed that the respiratory pathway remains consistently active under both anaerobic 
and microaerobic conditions.

The expressions of the NADH dehydrogenase complex, the cytochrome-bd oxidase, 
and the ATP synthase complex were found to be differentially affected by the growth 
phase. The gene cluster of the NADH dehydrogenase (RM25_RS02335 to RM25_RS02400) 
and the ATP synthase enzyme (RM25_RS05560 to RM25_RS05595) complexes showed 
downregulation at the onset of the stationary phase. In contrast, the cluster of 
cytochrome-bd oxidase (RM25_RS00880 to RM25_RS12185) was either constitutively 
expressed under both atmospheric conditions and, in the case of RM25_RS00880, 
exhibited a 2.5-fold increase in expression at the stationary phase under anaerobic 
conditions. Genes of cluster RM25_RS10135 to RM25_RS10150 encoding transmembrane 
respiratory nitrate reductase exhibited clear upregulation, up to 17-fold, under anaerobic 
conditions at sampling point I, indicating anaerobic respiration activity with nitrate as 
the electron acceptor (Table S1; Fig. 4).

Synthesis of B12 and heme

B12 and heme are tetrapyrrols that play crucial roles in various biological processes. B12 
serves as an essential coenzyme for enzymatic reactions, particularly in the metabolic 
pathways involved in amino acid and nucleotide synthesis (56). Heme, however, is 
involved in important cellular oxidative metabolic pathways, such as oxygen transpor­
tation, response to oxidative stress, and oxidative phosphorylation. Here, we observed 
a significant effect of atmospheric conditions on cobalamin production by DSM 20271 
in bioreactor cultivations. The cobalamin biosynthesis genes in PFR are mainly located 
in three clusters: RM25_RS02055 to RM25_RS02075, RM25_RS03590 to RM25_RS03625, 
and RM25_RS04745 to RM25_RS04770. Cluster RM25_RS02055 to RM25_RS02075 
forms the locus for cobalt transport, while RM25_RS03590 to RM25_RS03625 and 
RM25_RS04745 to RM25_RS04770 encode the assembly and activation of the corrin 
ring, respectively (16, 57). Additionally, there are single genes, such as RM25_RS02940 
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(bluB/cobT2), RM25_RS03660 (cobQ2), and RM25_RS05545 (cobA), involved in cobalamin 
biosynthesis. Under aerobic conditions during the later sampling point (III), the genes 
RM25_RS02070 (cbiN) and RM25_RS02075 (cbiM) encoding cobalt transport proteins 
were significantly upregulated (4.7- and 3.2-fold, respectively), while the expression of 
all the other B12 biosynthetic genes was not significantly affected by the atmospheric 
conditions. The regulatory mechanism of the B12 biosynthetic pathway is known to 
involve cobalamin riboswitches, predicted to be located upstream of RM25_RS03590 
(cbiL), RM25_RS04770 (cobD), and RM25_RS02075 (cbiM) (58, 59). Cobalamin riboswitch 
controls gene expression through transcriptional and/or translational modifications (60, 
61). Notably, the function of riboswitch upstream of cbiM was recently characterized 
in PFR strain P.UF1, which revealed control at the transcriptional level (58). Our results 
support this, indicating significantly differential transcription of the cbiM and cbiN genes 
under the conditions used. On the other hand, the differential production of B12 and 
the constitutive expression of other B12 genes under the studied conditions suggest 
regulation by mechanisms other than transcriptional control.

5-Aminolevulinic acid (ALA) is a precursor metabolite involved in the biosynthesis of 
tetrapyrrole compounds, which in PFR is synthesized via the C5 pathway (19, 62, 63). 
In this pathway, ALA is synthesized from glutamate through the coordinated actions 
of glutamyl-tRNA synthetase (encoded by gltX), glutamyl-tRNA reductase (encoded by 
hemA), and glutamate semialdehyde aminotransferase (HemL). HemB converts two ALA 
molecules into porphobilinogen (PBG), which is further polymerized into hydroxyme­
thylbilane (HMB) by HemC. This HMB is then transformed into uroporphyrinogen III, 
a crucial intermediate in heme and B12 synthesis, by uroporphyrinogen III synthase. 
Our study identified significant upregulation (2.2–3.2-fold) of ALA and uroporphyrino­
gen III synthesis genes, specifically hemA (RM25_RS08900), hemB (RM25_RS08870), and 
hemL2 (RM25_RS09040), under aerobic conditions during the later sampling point 
(III). However, the expression of genes involved in later steps of heme biosynthe­
sis, such as RM25_RS09440 encoding putative uroporphyrinogen III synthase, hemH 
(RM25_RS08875), hemY (RM25_RS08880), and hemE (RM25_RS12355), did not show 
significant differential expression in response to atmospheric conditions (Table S1; Fig. 
4). Furthermore, the expression of RM25_RS09440 was found to be affected by the 
growth stage and downregulated during the shift to the stationary phase under both 
atmospheric conditions.

Transport of iron and α-ketoglutarate are increased under aerobic conditions

The results of the GO enrichment analysis revealed a significant impact on “transmem­
brane transport.” To delve deeper into this observation, genes from DSM 20271 were 
filtered based on annotations related to “transport,” “import,” or “export,” resulting in 
208 genes potentially encoding transport functions. Within this pool of 208 genes, nine 
demonstrated more than a twofold upregulation under aerobic conditions at sampling 
point I, and 24 exhibited more than a twofold upregulation under aerobic conditions at 
sampling point III (Fig. 5). Conversely, among these 208 genes, 74 displayed more than 
a twofold upregulation under anaerobic conditions compared to aerobic conditions at 
sampling point I. Subsequently, at the later sampling point (III), 34 genes were observed 
to be upregulated under anaerobic conditions (Table S4).

Among the transport genes that exhibited upregulation during aerobic conditioning 
at sampling point I, three genes, feoAB and yfmC (RM25_RS09245, RM25_RS09250, and 
RM25_RS01195) are predicted to be involved in either iron uptake systems or sidero­
phore-mediated iron uptake systems (Table S1; Fig. 4). Iron plays a vital role as an 
essential component of electron transport chains and respiratory enzymes, such as 
cytochromes, as well as in the functioning of catalases and peroxidases, which protect 
reactive oxygen species (ROS). Additionally, the gene glpT (RM25_RS01240), encoding 
the glycerol-3-phosphate transporter, was upregulated by 2.6- and 4.1-fold under 
aerobic conditions at sampling points I and III, respectively. Furthermore, the kgtP_2 
gene (RM25_RS04570), encoding the α-ketoglutarate permease, was upregulated under 
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aerobic conditions. This permease facilitates the transport of α-ketoglutarate, a rate-
determining intermediate in the TCA cycle, as well as a precursor of glutamate and 
thereby of porphyrin synthesis via the C5 pathway, which has emerged as a “master 
regulator metabolite,” as reviewed by Huergo et al. (64). Four other predicted transport 
genes that were upregulated under aerobic conditions at sampling point I are associated 
with the transportation of different molecules, including cations (RM25_RS02225), 
lipoproteins (RM25_RS07080), myo-inositol (RM25_RS08970), and ions (RM25_RS12135).

Transfer of amino groups from aspartate/alanine to α-ketoglutarate is 
upregulated under aerobic conditions

While the majority of the amino acid metabolism-associated genes showed increased 
expression under anaerobic conditions (Table S1), the alaT gene (RM25_RS06515), 
coding for a putative alanine or aspartate transferase, exhibited over twice the expres­
sion under aerobic conditions compared to anaerobic conditions at both sampling 
points. This suggests that the enzyme activity, producing glutamate and either pyruvate 
or oxaloacetate, is more pronounced during aerobic growth. Among the anaerobically 
upregulated genes was gadB, which encodes glutamate decarboxylase, indicating a shift 
toward gamma-aminobutyric acid (GABA) production in the absence of oxygen (Fig. 4).

The surfaceome of PFR is influenced by the atmosphere

As proteins exposed at the bacterial cell surface (surfaceome) play multiple roles in 
sensing, responding, and adapting to changing atmospheric conditions, we complemen­
ted the transcriptome data with surfaceomics analysis. We conducted an additional 
bioreactor cultivation analysis with PFR and harvested the cells at the mid-logarithmic 
growth phase under both the anaerobic (at 12-hour timepoint) and aerobic (at 13-hour 
timepoint) conditions. The washed cells were then subjected to trypsin-shaving and 
label-free quantitative (LFQ) identification, as detailed in Fig. 1.

FIG 5 Genes associated with transport, import, or export that are upregulated (adjusted P-value ≤ 0.05) under aerobic conditions at Sampling Point I (SP_I) 

and/or Sampling Point III (SP_III) compared to anaerobic conditions. Genes exhibiting an upregulation fold change of ≥2.0 (log2FoldChange ≥ 1) are marked with 

an asterisk.
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Surface-proteins specific and common to aerobic and anaerobic conditions

A total of 965 cell surface proteins were identified, along with their predicted subcellular 
locations and motifs, as listed in Table S5. Eight and nineteen proteins were exclusively 
identified in aerobic and anaerobic conditions, respectively (Fig. 6A; Table S5). These 
unique proteins, which exhibited low raw intensity values, were mostly detected in 
two out of three replicates with single-matching peptides, resulting in low sequence 
coverage. In mass spectrometry-based proteomics, raw intensity values reflect protein 
abundance (65–69). This suggests that while these proteins are present in low quantities 
in PFR cells, they are still more abundant than their counterparts, which remained below 
the detection limit under the opposite condition. These included a 30-kDa hypothetical 
protein specific to the aerobic surfaceome (RM25_RS12870) and a 12-kDa hypothetical 
protein specific to the anaerobic surfaceome (RM25_RS12605), which were detected with 
the highest raw intensity values among the uniquely identified proteins.

Other detected unique proteins included the following: (i) an argininosuccinate lyase 
(ASL) (RM25_RS06485) contributing to arginine production and integration of nitrogen 
metabolism with other metabolic pathways; (ii) a cobalt ABC transporter ATPase subunit 
(RM25_RS02060) involved in B12 synthesis; (iii) glutamine amidotransferase PdxT 
(RM25_RS07020) involved in nucleotide, amino acid, and coenzyme production as well 
as overall nitrogen metabolism; and (iv) an NarG subunit (RM25_RS10125) of the nitrate 
reductase (NR) complex involved in anaerobic respiration. All these were specific to the 
anaerobic surfaceome. The gene coding for NarG was also significantly upregulated 
(Table S1) under anaerobic conditions, implying the importance of NR in anaerobic 
respiration. Conversely, cobalt-associated transporter genes were upregulated during 
aerobic growth (Fig. 5), while a cobalt transporter ATPase (RM25_RS02060) was more 
abundant under anaerobic conditions at the surfaceomic level. Nineteen unique IDs 
originated from the cytoplasm, and six were predicted to harbor signals/motifs anchor­
ing the protein to the cell wall or membrane (Table S5). Among the identified proteins, 
938 were present in both the aerobic and anaerobic surfaceomes (Fig. 6A). Of these, 85 
proteins were predicted to harbor a signal peptide (Sec/SPI, Sec/SPII, or Tat/SPI type), and 
79 proteins with 2–14 TMDs, directing the protein either out of the cells or into the cell 
membrane, respectively. Cytoplasmic proteins comprised the largest group (n = 634) (Fig 
6B), which aligns well with other studies showing that cytoplasmic proteins on the cell 
surface dominate over those anchored to the cell wall or membrane through motifs or 
domains (70–78). Several factors could explain the presence of predicted cytoplasmic 
proteins within the surfaceome: (i) destabilization of biological membranes caused by 
the trypsin treatment (75, 78, 79); (ii) controlled cell lysis (via autolysins, hydrolases, or 
phages) and normal cell turnover (80, 81); (iii) cellular remodeling and release of 
extracellular vesicles (EVs) (82, 83); and (iv) low environmental pH promoting adherence 
of cytoplasmic proteins to the cell wall structures (84).

Peptidoglycan-degrading enzymes are most abundant on PFR cell surfaces

High-abundance surface proteins can play a crucial role during physiological growth and 
interactions with the environment, so the proteins are listed according to their raw 
intensity values in Table S5 (from lines 28 to 957). Most of the proteins identified with the 
highest intensity values here have been previously detected in other surfaceome/
secretome studies on PFR (4, 85). The most abundant proteins included an LytG, an 
NlpC/P60 family peptidase, and a peptidoglycan hydrolase—RpfA, which were predicted 
to be secreted via the classical signal peptide-dependent pathway (Sec/SPI). Other 
abundant proteins included three cytoplasmic proteins, the chaperones GroL1_1, 
GroL1_2, and the elongation factor—EfTU, proposed to reach the cell surface through a 
non-classical, yet unidentified mechanism. Both RpfA and NlpC/P60 peptidase have been 
shown to contribute to peptidoglycan hydrolysis (86, 87). Thus, these enzymes could be 
involved in the controlled release of the chaperons and the elongation factor to the cell 
surface of PFR. These proteins belong to a group of typical cytosolic moonlighting 
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proteins with additional functions in many organisms (88). For example, GroL1 proteins 
could have contributed to adherence, sensing/signaling, antiadipogenic, and even iron-
binding activities, at the cell surface beyond their classical chaperone function within the 
cell, as demonstrated for PFR and other bacteria (89–92).

Condition-dependent protein abundance changes

Principal component analysis (PCA) of the LFQ intensities of each detected cell surface 
protein (Fig. 6A) explains over 70% of the total variation and indicates clear cluster­
ing of the aerobic and anaerobic surfaceomes. The biological replicates within each 
condition demonstrate a strong negative correlation in aerobic conditions and strong 
positive correlation in anaerobic conditions, indicating that PFR responds to oxygen level 
changes by altering the abundance of specific cell surface proteins, potentially through 
gene expression changes or modifications in protein secretion and stability.

A two-sample t-test (FDR 0.05) revealed that the LFQ intensities of 139 proteins 
significantly differed between the two growth conditions (Table S6). Among these, 88 
proteins were more abundant on the aerobic surfaceome, while 51 proteins were more 
abundant in anaerobic conditions. The most abundant proteins included RpfA peptido­
glycan hydrolase and the GroL1 chaperones, which were significantly more abundant in 
the aerobic surfaceome, while NlpC/P60 peptidase and the elongation factor: EfTu were 

FIG 6 Proteomic analysis of PFR DSM 20271T surfaceomes. (A) Venn diagram indicates uniquely and intersectively identified proteins in aerobic and anaerobic 

growth environments. (B) Subcellular localization of the identified surfaceomes (predicted by PSORTb v. 3.0.3). (C) The principal component analysis (PCA) plot 

of the LFQ intensities of the individual samples with three replicates. PCA identifies a correlation between the protein abundance profiles between aerobically 

(green) and anaerobically (orange) cultured bacterial cells. (D) Functional categorization of proteins that were either uniquely identified from aerobic (green) or 

anaerobic (orange) culture or differentially abundant between the two growth environments (predicted by eggNOG 5.0.0).
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more abundant in anaerobic conditions (Tables S5 and S6). The majority of the condi­
tion-dependent changes involved cytoplasmic proteins, many of which have reported 
secondary function outside of the cells, beyond their classical intracellular roles (90). The 
largest proportion of differentially abundant surface proteins (n = 139) were involved in 
translation, ribosomal structure, and biogenesis (Fig. 6D). This finding aligns with those 
of previous studies that emphasize the prominent role of this functional category at 
the bacterial cell surface (79, 93–96). This included r-proteins that were more abundant 
in aerobic surfaceome than the anaerobic one. Since their gene expression did not 
change between the tested conditions, the abundance difference at the cell surface is 
likely not due to differential gene expression. A similar observation has been made in 
Lacticaseibacillus rhamnosus GG, where an r-protein L2 (RPL2) showed bile-dependent 
abundance changes (95).

Possible explanations for condition-specific increase in the cytoplasmic protein 
abundance include the RpfA-mediated protein release and physicochemical changes at 
the cell surface, which promote the binding of r-proteins. These proteins, which showed 
oxygen-stimulated abundance increase (Tables S5 and S6), may also help bacteria adjust 
their cell surface hydrophobicity and charge in response to environmental changes (97, 
98). For example, r-proteins can enhance biofilm integrity in Gram-positive Staphylococ­
cus aureus due to their strong positive charge in acidic conditions (72). Given that 
r-proteins are positively charged at physiological pH (97), we suggest that external 
oxygen may alter the net charge or reduce the cell surface hydrophobicity (99–101) 
in PFR cells, enhancing the binding of cytoplasmic proteins, including r-proteins, under 
aerobic conditions. Studies have also demonstrated that drop in environmental pH 
promotes the binding of several cytoplasmic proteins to cell surface structures (84, 102).

Interestingly, studies on the EV proteins of different S. aureus strains indicate that 
36%–60% of the proteins are cytoplasmic (103). For PFR EVs, this figure is reported to 
exceed 70% (83), suggesting that the bacteria use both selective and passive sorting 
mechanisms, with high-abundance proteins more likely to be loaded into EVs (83, 103, 
104). Most of the r-proteins showing changes in abundance have been identified in EVs 
produced by PFR (5, 82, 83) and other bacteria (105–108), implying that the tryptic-shav­
ing conditions used in this study were able to capture these structures during their exit 
from the cells. Rodovalho et al. (5) proposed that PFR might increase EV production in 
response to environmental stress, supported by studies on L. reuteri DSM 17938, where 
oxygen stress influenced the number and protein concentration of EVs (107). Thus, we 
suggest that some cytoplasmic proteins are exported via a controlled process involving 
both EVs and cell lysis, as r-protein abundance changes were condition-dependent, while 
gene expression remained constant under the tested conditions.

Two of the most abundant cytoplasmic moonlightning proteins, the GroL chaper­
ones, showed an oxygen-stimulated increase in PFR (Tables S5 and S6). These chap­
erones have been reported to bind iron in other bacteria (109). This moonlighting 
function could benefit PFR in aerobic conditions, as iron is a key component of 
cytochromes and other proteins involved in the electron transport chain, crucial for 
energy production during aerobic respiration. Related proteins showing oxygen-depend­
ent increases included potential aerobic respiration proteins NuoC1 (RM25_RS02345) 
and Nqo4 (RM25_RS02350), FrdA2 (RM25_RS06660) and FrdB2 (RM25_RS06655), and 
CydA (RM25_RS00880) of NADH hydrogenase, succinate dehydrogenase (SDH), and 
cytochrome bd complexes, respectively, in addition to AtpF (RM25_RS05585) of ATP 
synthase (Table S5). In contrast, the DmsA (RM25_RS09695) and DmsB (RM25_RS09690) 
subunits of dimethyl sulfoxide (DMSO) reductase and the uniquely detected NarG of the 
NR complex were more abundant on the anaerobic surfaceomes (Tables S5 and S6; Fig. 
4). Genes encoding SDH were upregulated under aerobic, while narG was upregulated 
under anaerobic conditions (Table S1). These proteins are either classically anchored to 
the cell wall/membrane via specific motifs/domains (CydA, AtpF, and DmsA) or are part of 
a membrane-spanning protein complex (NuoC1, Nqo4, FrdA2, FrdB2, DmsB, and NarG), 
justifying comparisons of gene expression and protein abundance levels. Our findings 

Research Article mSystems

October 2024  Volume 9  Issue 10 10.1128/msystems.00615-2418

https://doi.org/10.1128/msystems.00615-24


suggest that in the presence of oxygen, aerobic respiration takes precedence for electron 
transfer-linked phosphorylation, whereas in its absence, alternative acceptors like nitrate 
and DMSO may be utilized.

Increasing availability of key compounds and metabolites can enhance aerobic 
growth of PFR

Omics data indicate that pathways involving iron and α-ketoglutarate transport and 
metabolism, as well as succinate metabolism, are more active in aerobic conditions. 
These data also suggest that alanine/aspartate transferase activity is increased when 
PFR is exposed to oxygen. Aspartate aminotransferase catalyzes the transamination 
of aspartate and α-ketoglutarate, forming glutamate and oxaloacetate, both of which 
are intermediate metabolites in the TCA cycle, alongside α-ketoglutarate and succi­
nate. Thus, it could be that increased availability of iron, aspartate, α-ketoglutarate, 
or succinate influences the aerobic growth of PFR. To test this, the colony formation 
of DSM 20271 together with another PFR type strain (DSM 4902) on YEL agar with 
and without FeSO4, aspartate, α-ketoglutarate, or succinate both under aerobic and 
anaerobic conditions was compared. Earlier studies reported an inability of PFR to form 
colonies under aerobic conditions (110, 111), whereas a recent study demonstrated 
that DSM 20271 thrives in the presence of oxygen (13), implying strain-dependent 
differences in cell response to oxygen. Our results revealed that under anaerobic 
conditions, 4 days after incubation at 30°C, colonies were formed equally by both 
strains. However, after 6 days of incubation under aerobic conditions, no visible separate 
colonies of DSM 4902 formed without supplementation, whereas miniscule colonies of 
DSM 20271 were observed (Fig. 7). Notably, the addition of FeSO4 and α-ketoglutarate 
significantly improved the colony-forming ability of DSM 4902, while aspartate and 
succinate had a lesser effect (Fig. 7). Moreover, DSM 20271 formed small colonies under 
aerobic conditions even without supplementation. The addition of FeSO4 and α-keto­
glutaric acid increased the size of DSM 20271 colonies under aerobic conditions (Fig. 

FIG 7 Colony formation of DSM 4902 (1) and DSM 20271 (2) under anaerobic (-O2) and aerobic (+O2) conditions on YEL agar plates with and without 

supplementation of FeSO4 (1 mM), aspartic acid (10 mM), α-ketoglutaric acid (1 mM), or succinic acid (1 mM) after 4 (anaerobic) or 6 (aerobic) days of incubation 

at 30°C. The images are representative of experiments repeated at least three times for each condition. YEL, yeast extract–lactate medium; a-KG, a-ketoglutarate; 

Asp, aspartic acid; SA, succinic acid.
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7). α-ketoglutarate and succinate are important intermediates in the TCA cycle, while 
aspartic acid can be metabolized in various ways, including conversion to another TCA 
intermediate, oxaloacetate. Thus, it is tempting to suggest that the addition of these 
metabolites in YEL enhances the flow of carbon and energy through the TCA cycle, 
thereby promoting growth and colony-forming ability under aerobic conditions. On the 
other hand, iron is crucial for various cellular processes, including electron transport 
in the respiratory chain. Thus, iron sulfate can help improve the efficiency of energy 
production by supporting the function of iron-containing enzymes in the bacterium’s 
electron transport chain.

FeSO4 controls the production of heme in the presence of oxygen

FeSO₄ supplementation was found to enhance the colony formation ability under 
aerobic conditions, potentially through increased heme production and the activity of 
heme-dependent enzymes (e.g., cytochromes, catalase, and peroxides). To further study 
the effect of oxygen on heme production and its connection to B12 production, DSM 
20271 was cultured in triplicate for 96 hours under microaerobic conditions, with and 
without 1 mM FeSO₄. Control cultures were propagated anaerobically.

Results revealed no impact on final cell densities with FeSO₄ supplementation (data 
not shown). However, under microaerobic conditions, the addition of FeSO₄ elevated 
heme production and reduced B12 production (Fig. 8). This suggests a shift in tetrapyr­
role synthesis toward heme in the presence of excess oxygen and iron, at the expense 
of B12 production. Superior B12 production under microaerobic conditions aligns with 
a previous report by Dank et al. (14) as well as our bioreactor results (Fig. S1B and 
F). Notably, the cobamide detected under microaerobic conditions is the B12 form, 
while both pseudo-B12 and B12 forms are produced under anaerobic conditions (Fig. 8). 
Acetate and succinate were present in all samples, while propionic acid was exclusive 
to anaerobic conditions, indicating potential differences in propionic acid metabolism 
under microaerobic conditions (13).

Conclusions

We investigated the metabolism and growth characteristics of PFR DSM 20271 under 
aerobic and anaerobic conditions. Our results showed enhanced biomass formation 

FIG 8 Effect of FeSO4 (1 mM) supplementation on the biosynthesis of heme (A), vitamin B12 (B), and accumulation of organic acids (C) when grown under 

microaerobic and anaerobic conditions in yeast extract–lactate medium supplemented with CoCl2 (5 mg/L). The values are means and standard deviations of 

three biological replicates. A significant difference between the treatments (P < 0.05) is indicated by an asterisk.
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under aerobic conditions. Additionally, lactate consumption was faster under anaero­
bic conditions, while propionate and acetate levels increased over time under anaero­
bic conditions but remained low under aerobic conditions. Cobamide synthesis was 
notably impacted by oxygen, with minimal B12 or pseudo-B12 production under aerobic 
conditions compared to anaerobic or microaerobic conditions. Genes related to iron and 
α-ketoglutarate transport and metabolism, succinate metabolism, and alanine/aspartate 
transferase activity were found upregulated under aerobic conditions, indicating energy 
production through respiration and classifying PFR as a facultative anaerobe. Surfaceome 
analyses revealed an oxygen-dependent increase in peptidoglycan-hydrolyzing enzymes 
(RpfA and LytG) along with several r-proteins and other cytoplasmic proteins. This 
suggests that PFR may utilize controlled cell lysis or vesiculation to release cytoplas­
mic moonlighting proteins, influenced by changes in cell surface structures or gene 
expression triggered by oxygen. Moreover, our study demonstrated that the growth 
of DSM 20271 under aerobic conditions could be enhanced by supplementation with 
FeSO4, aspartate, α-ketoglutarate, or succinate. Interestingly, FeSO4 supplementation 
also increased heme production at the expense of B12 production in the presence of 
oxygen, suggesting a negative effect of externally available iron on B12 synthesis in PFR.

Future research should include additional strains and experimental setups as the 
current bioreactor conditions limit the generalizability of the findings. The impact of 
oxygen and iron availability on metabolic pathways, such as heme and B12 production, 
should be studied in more detail to understand the effects of different environmental 
factors. Furthermore, integrating other omics approaches, such as total proteomics and 
metabolomics, could provide a more comprehensive understanding of the bacterium’s 
physiological responses.

In summary, our findings underscore the significant role of oxygen in the metabo­
lism and growth of P. freudenreichii DSM 20271. These insights have potential practical 
implications for improving cell mass in starter and probiotic culture production and 
increasing heme production by PFR, with possible applications in the development of 
nutritionally rich food products that serve as alternative protein sources.

ACKNOWLEDGMENTS

Funding for this study was provided by the University of Helsinki Doctoral School 
in Environmental, Food, and Biological Sciences. The study was also funded by Acad­
emy of Finland (project number 325784), Novo Nordisk Foundation (project number 
NNF20OC0065096), core Facilities programme of the South-Eastern Norway Regional 
Health Authority (TN), and Research Council of Norway INFRASTRUKTUR-programme 
(295910).

We also thank Finnish Food and Drink Industries’ Federation (ETL) for their support in 
funding the research.

The following core facilities are acknowledged for their services and support, which 
were essential for this work: Institute of Biotechnology, DNA Sequencing and Genomics, 
University of Helsinki, Proteomics Core Facility at Oslo University Hospital.

I.L.: Study design and experimental work – transcriptomics, acids, vitamin, cell counts, 
Writing – original draft. A.S.: Study design and experimental work – proteomics, Writing – 
original draft. P.D.: Experimental work – Bioinformatics, Writing – review. B.C.: Methodol­
ogy – Acid, vitamin & heme, Supplementation experiment, Writing – original draft. M.E.: 
Methodology – Acid and vitamin. P.A.: Writing – review. T.A.N.: Methodology – proteo­
mics, Writing – review, Funding acquisition. K.S.: Methodology – proteomics, Writing - 
review & editing. V.P.: Writing – review. P.V.: Conceptualization, Supervision, Methodology, 
Writing – original draft, review & editing, Funding acquisition

AUTHOR AFFILIATIONS

1Department of Food and Nutrition, University of Helsinki, Helsinki, Finland
2Department of Food Sciences, University of Copenhagen, Frederiksberg, Denmark

Research Article mSystems

October 2024  Volume 9  Issue 10 10.1128/msystems.00615-2421

https://doi.org/10.1128/msystems.00615-24


3Institute of Biotechnology, DNA Sequencing and Genomics Laboratory, University of 
Helsinki, Helsinki, Finland
4Department of Immunology, University of Oslo and Oslo University Hospital, Oslo, 
Norway
5Division of Pharmaceutical Chemistry and Technology, University of Helsinki, Helsinki, 
Finland

AUTHOR ORCIDs

Iida Loivamaa  http://orcid.org/0000-0003-1858-2283
Paulina Deptula  http://orcid.org/0000-0002-8854-3573
Bhawani Chamlagain  http://orcid.org/0000-0002-7939-6866
Petri Auvinen  http://orcid.org/0000-0002-3947-4778
Tuula A. Nyman  http://orcid.org/0000-0001-8787-5886
Kirsi Savijoki  http://orcid.org/0000-0001-5325-925X
Vieno Piironen  http://orcid.org/0000-0003-2831-3503
Pekka Varmanen  http://orcid.org/0000-0002-4508-3060

FUNDING

Funder Grant(s) Author(s)

Research Council of Finland (AKA) 325784 Pekka Varmanen

Novo Nordisk Fonden (NNF) NNF20OC0065096 Pekka Varmanen

Norges Forskningsråd (Forskningsrådet) 295910 Tuula A. Nyman

HY | Ympäristö-, elintarvike- ja biotieteellinen 
tutkijakoulu, Helsingin Yliopisto (YEB)

Iida Loivamaa

Annika Sillanpää

Ministry of Health and Care Services | Helse 
Sør-Øst RHF (sorost)

Tuula A. Nyman

AUTHOR CONTRIBUTIONS

Iida Loivamaa, Formal analysis, Investigation, Writing – original draft | Annika Sillanpää, 
Formal analysis, Investigation, Writing – original draft, Writing – review and editing 
| Paulina Deptula, Formal analysis, Investigation, Methodology, Writing – review and 
editing | Bhawani Chamlagain, Formal analysis, Investigation, Methodology, Writing 
– original draft, Writing – review and editing | Minnamari Edelmann, Formal analy­
sis, Methodology | Petri Auvinen, Resources, Writing – review and editing | Tuula A. 
Nyman, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, 
Resources, Supervision, Writing – review and editing | Kirsi Savijoki, Methodology, 
Supervision, Visualization, Writing – review and editing | Vieno Piironen, Resources, 
Supervision, Writing – review and editing | Pekka Varmanen, Conceptualization, Funding 
acquisition, Methodology, Project administration, Supervision, Writing – original draft, 
Writing – review and editing

DATA AVAILABILITY

The transcriptomics and proteomics data sets generated during and/or analyzed during 
the current study are available in the SRA database under the accession PRJNA872337 
and PRIDE repository with data set identifier PXD051703. The other data sets generated 
during and/or analyzed during the current study and not included in the article are 
available from the corresponding author on reasonable request.

ADDITIONAL FILES

The following material is available online.

Research Article mSystems

October 2024  Volume 9  Issue 10 10.1128/msystems.00615-2422

https://www.ncbi.nlm.nih.gov/sra/PRJNA872337
https://www.ebi.ac.uk/pride/archive/projects/PXD051703
https://doi.org/10.1128/msystems.00615-24
https://doi.org/10.1128/msystems.00615-24


Supplemental Material

Fig. S1 (mSystems00615-24-s0001.docx). Aerobic vs. microaerobic bioreactor growth 
experiments.
Additional experimental details (mSystems00615-24-s0002.docx). Validation of 
RNAseq data with ddPCR.
Captions (mSystems00615-24-s0003.docx). Captions for supplemental tables.
Table S1 (mSystems00615-24-s0004.xlsx). Results of RNA sequencing of the strain DSM 
20271 grown in bioreactors under anaerobic and aerobic atmospheres.
Table S2 (mSystems00615-24-s0005.xlsx). DEGs across sampling points I and III.
Table S3 (mSystems00615-24-s0006.xlsx). Results of GO category analysis.
Table S4 (mSystems00615-24-s0007.xlsx). Genes encoding transport proteins 
upregulated under anaerobic conditions.
Table S5 (mSystems00615-24-s0008.xlsx). List of all identified proteins.
Table S6 (mSystems00615-24-s0009.xlsx). List of proteins showing statistically 
significant protein abundance change between the aerobic and anaerobic surfaceomes.

REFERENCES

1. Thierry A, Deutsch SM, Falentin H, Dalmasso M, Cousin FJ, Jan G. 2011. 
New insights into physiology and metabolism of Propionibacterium 
freudenreichii. Int J Food Microbiol 149:19–27. https://doi.org/10.1016/j.
ijfoodmicro.2011.04.026

2. Dank A, Abee T, Smid EJ. 2023. Expanded metabolic diversity of 
Propionibacterium freudenreichii potentiates novel applications in food 
biotechnology. Curr Opin Food Sci 52:101048. https://doi.org/10.1016/j.
cofs.2023.101048

3. Thierry A, Maillard M-B, Richoux R, Kerjean J-R, Lortal S. 2005. 
Propionibacterium freudenreichii strains quantitatively affect production 
of volatile compounds in Swiss cheese. Lait 85:57–74. https://doi.org/
10.1051/lait:2004036

4. Le Maréchal C, Peton V, Plé C, Vroland C, Jardin J, Briard-Bion V, Durant 
G, Chuat V, Loux V, Foligné B, Deutsch SM, Falentin H, Jan G. 2015. 
Surface proteins of Propionibacterium freudenreichii are involved in its 
anti-inflammatory properties. J Proteomics 113:447–461. https://doi.
org/10.1016/j.jprot.2014.07.018

5. Rodovalho V de R, da Luz BSR, Rabah H, do Carmo FLR, Folador EL, 
Nicolas A, Jardin J, Briard-Bion V, Blottière H, Lapaque N, Jan G, Le Loir 
Y, de Carvalho Azevedo VA, Guédon E. 2020. Extracellular vesicles 
produced by the probiotic Propionibacterium freudenreichii CIRM-BIA 
129 mitigate inflammation by modulating the NF-κB pathway. Front 
Microbiol 11:1544. https://doi.org/10.3389/fmicb.2020.01544

6. Wolffenbuttel BHR, Wouters H, Heiner-Fokkema MR, van der Klauw MM. 
2019. The many faces of cobalamin (vitamin B12) deficiency. Mayo Clin 
Proc Innov Qual Outcomes 3:200–214. https://doi.org/10.1016/j.
mayocpiqo.2019.03.002

7. Obeid R, Heil SG, Verhoeven MMA, van den Heuvel E, de Groot L, Eussen 
S. 2019. Vitamin B12 intake from animal foods, biomarkers, and health 
aspects. Front Nutr 6:93. https://doi.org/10.3389/fnut.2019.00093

8. Roessner CA, Huang K-X, Warren MJ, Raux E, Scott AI. 2002. Isolation 
and characterization of 14 additional genes specifying the anaerobic 
biosynthesis of cobalamin (vitamin B12) in Propionibacterium 
freudenreichii (P. shermanii). Microbiol (Reading) 148:1845–1853. https:/
/doi.org/10.1099/00221287-148-6-1845

9. Deptula P, Kylli P, Chamlagain B, Holm L, Kostiainen R, Piironen V, 
Savijoki K, Varmanen P. 2015. BluB/CobT2 fusion enzyme activity 
reveals mechanisms responsible for production of active form of 
vitamin B12 by Propionibacterium freudenreichii. Microb Cell Fact 14:186. 
https://doi.org/10.1186/s12934-015-0363-9

10. Kruk M, Varmanen P, Edelmann M, Chamlagain B, Trząskowska M. 2024. 
Food by-product valorisation in nutrients through spent brewer's yeast 
bioprocessing with Propionibacterium freudenreichii. J Clean Prod 
434:140102. https://doi.org/10.1016/j.jclepro.2023.140102

11. Piwowarek K, Lipińska E, Hać-Szymańczuk E, Kolotylo V, Kieliszek M. 
2022. Use of apple pomace, glycerine, and potato wastewater for the 
production of propionic acid and vitamin B12. Appl Microbiol 

Biotechnol 106:5433–5448. 
https://doi.org/10.1007/s00253-022-12076-w

12. Xie C, Coda R, Chamlagain B, Edelmann M, Varmanen P, Piironen V, 
Katina K. 2021. Fermentation of cereal, pseudo-cereal and legume 
materials with Propionibacterium freudenreichii and Levilactobacillus 
brevis for vitamin B12 fortification. LWT 137:110431. https://doi.org/10.
1016/j.lwt.2020.110431

13. Dank A, van Mastrigt O, Boeren S, Lillevang SK, Abee T, Smid EJ. 2021. 
Propionibacterium freudenreichii thrives in microaerobic conditions by 
complete oxidation of lactate to CO2. Environ Microbiol 23:3116–3129. 
https://doi.org/10.1111/1462-2920.15532

14. Dank A, Biel G, Abee T, Smid EJ. 2022. Microaerobic metabolism of 
lactate and propionate enhances vitamin B12 production in Propioni­
bacterium freudenreichii. Microb Cell Fact 21:225. https://doi.org/10.
1186/s12934-022-01945-8

15. Koskinen P, Deptula P, Smolander OP, Tamene F, Kammonen J, Savijoki 
K, Paulin L, Piironen V, Auvinen P, Varmanen P. 2015. Complete genome 
sequence of Propionibacterium freudenreichii DSM 20271T. Stand 
Genomic Sci 10:83. https://doi.org/10.1186/s40793-015-0082-1

16. Falentin H, Deutsch SM, Jan G, Loux V, Thierry A, Parayre S, Maillard MB, 
Dherbécourt J, Cousin FJ, Jardin J, Siguier P, Couloux A, Barbe V, 
Vacherie B, Wincker P, Gibrat JF, Gaillardin C, Lortal S. 2010. The 
complete genome of Propionibacterium freudenreichii CIRM-BIA1, a 
hardy actinobacterium with food and probiotic applications. PLoS One 
5:e11748. https://doi.org/10.1371/journal.pone.0011748

17. Deptula P, Laine PK, Roberts RJ, Smolander O-P, Vihinen H, Piironen V, 
Paulin L, Jokitalo E, Savijoki K, Auvinen P, Varmanen P. 2017. De novo 
assembly of genomes from long sequence reads reveals uncharted 
territories of Propionibacterium freudenreichii. BMC Genomics 18:790. 
https://doi.org/10.1186/s12864-017-4165-9

18. Zhang J, Cui Z, Zhu Y, Zhu Z, Qi Q, Wang Q. 2022. Recent advances in 
microbial production of high-value compounds in the tetrapyrrole 
biosynthesis pathway. Biotechnol Adv 55:107904. https://doi.org/10.
1016/j.biotechadv.2021.107904

19. Piao Y, Kiatpapan P, Yamashita M, Murooka Y. 2004. Effects of 
expression of hemA and hemB genes on production of porphyrin in 
Propionibacterium freudenreichii. Appl Environ Microbiol 70:7561–7566. 
https://doi.org/10.1128/AEM.70.12.7561-7566.2004

20. Pizarro F, Olivares M, Hertrampf E, Mazariegos DI, Arredondo M. 2003. 
Heme-iron absorption is saturable by heme-iron dose in women. J Nutr 
133:2214–2217. https://doi.org/10.1093/jn/133.7.2214

21. He J, Evans NM, Liu H, Shao S. 2020. A review of research on plant-
based meat alternatives: driving forces, history, manufacturing, and 
consumer attitudes. Compr Rev Food Sci Food Saf 19:2639–2656. https:
//doi.org/10.1111/1541-4337.12610

22. Ishaq A, Irfan S, Sameen A, Khalid N. 2022. Plant-based meat analogs: a 
review with reference to formulation and gastrointestinal fate. Curr Res 
Food Sci 5:973–983. https://doi.org/10.1016/j.crfs.2022.06.001

Research Article mSystems

October 2024  Volume 9  Issue 10 10.1128/msystems.00615-2423

https://doi.org/10.1016/j.ijfoodmicro.2011.04.026
https://doi.org/10.1016/j.cofs.2023.101048
https://doi.org/10.1051/lait:2004036
https://doi.org/10.1016/j.jprot.2014.07.018
https://doi.org/10.3389/fmicb.2020.01544
https://doi.org/10.1016/j.mayocpiqo.2019.03.002
https://doi.org/10.3389/fnut.2019.00093
https://doi.org/10.1099/00221287-148-6-1845
https://doi.org/10.1186/s12934-015-0363-9
https://doi.org/10.1016/j.jclepro.2023.140102
https://doi.org/10.1007/s00253-022-12076-w
https://doi.org/10.1016/j.lwt.2020.110431
https://doi.org/10.1111/1462-2920.15532
https://doi.org/10.1186/s12934-022-01945-8
https://doi.org/10.1186/s40793-015-0082-1
https://doi.org/10.1371/journal.pone.0011748
https://doi.org/10.1186/s12864-017-4165-9
https://doi.org/10.1016/j.biotechadv.2021.107904
https://doi.org/10.1128/AEM.70.12.7561-7566.2004
https://doi.org/10.1093/jn/133.7.2214
https://doi.org/10.1111/1541-4337.12610
https://doi.org/10.1016/j.crfs.2022.06.001
https://doi.org/10.1128/msystems.00615-24


23. Ko YJ, Kim M, You SK, Shin SK, Chang J, Choi HJ, Jeong W-Y, Lee M-E, 
Hwang D-H, Han SO. 2021. Animal-free heme production for artificial 
meat in Corynebacterium glutamicum via systems metabolic and 
membrane engineering. Metab Eng 66:217–228. https://doi.org/10.
1016/j.ymben.2021.04.013

24. Garcia-Ochoa F, Gomez E. 2009. Bioreactor scale-up and oxygen 
transfer rate in microbial processes: an overview. Biotechnol Adv 
27:153–176. https://doi.org/10.1016/j.biotechadv.2008.10.006

25. Love MI, Huber W, Anders S. 2014. Moderated estimation of fold 
change and dispersion for RNA-seq data with DESeq2. Genome Biol 
15:550. https://doi.org/10.1186/s13059-014-0550-8

26. Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, Davis 
AP, Dolinski K, Dwight SS, Eppig JT, Harris MA, Hill DP, Issel-Tarver L, 
Kasarskis A, Lewis S, Matese JC, Richardson JE, Ringwald M, Rubin GM, 
Sherlock G. 2000. Gene ontology: tool for the unification of biology. Nat 
Genet 25:25–29. https://doi.org/10.1038/75556

27. Törönen P, Holm L. 2022. PANNZER-A practical tool for protein function 
prediction. Protein Sci 31:118–128. https://doi.org/10.1002/pro.4193

28. Wu T, Hu E, Xu S, Chen M, Guo P, Dai Z, Feng T, Zhou L, Tang W, Zhan L, 
Fu X, Liu S, Bo X, Yu G. 2021. clusterProfiler 4.0: a universal enrichment 
tool for interpreting omics data. Innovation (Camb) 2:100141. https://
doi.org/10.1016/j.xinn.2021.100141

29. Yu G, Wang LG, Han Y, He QY. 2012. clusterProfiler: an R package for 
comparing biological themes among gene clusters. OMICS 16:284–287. 
https://doi.org/10.1089/omi.2011.0118

30. Chamlagain B, Edelmann M, Kariluoto S, Ollilainen V, Piironen V. 2015. 
Ultra-high performance liquid chromatographic and mass spectromet­
ric analysis of active vitamin B12 in cells of Propionibacterium and 
fermented cereal matrices. Food Chem 166:630–638. https://doi.org/10.
1016/j.foodchem.2014.06.068

31. Yang S, Wang A, Li J, Shao Y, Sun F, Li S, Cao K, Liu H, Xiong P, Gao Z. 
2023. Improved biosynthesis of heme in Bacillus subtilis through 
metabolic engineering assisted fed-batch fermentation. Microb Cell 
Fact 22:102. https://doi.org/10.1186/s12934-023-02077-3

32. Chamlagain B, Deptula P, Edelmann M, Kariluoto S, Grattepanche F, 
Lacroix C, Varmanen P, Piironen V. 2016. Effect of the lower ligand 
precursors on vitamin B12 production by food-grade Propionibacteria. 
LWT Food Sci Technol 72:117–124. https://doi.org/10.1016/j.lwt.2016.
04.023

33. Savijoki K, Miettinen I, Nyman TA, Kortesoja M, Hanski L, Varmanen P, 
Fallarero A. 2020. Growth mode and physiological state of cells prior to 
biofilm formation affect immune evasion and persistence of 
Staphylococcus aureus. Microorganisms 8:106. https://doi.org/10.3390/
microorganisms8010106

34. Almagro Armenteros JJ, Tsirigos KD, Sønderby CK, Petersen TN, Winther 
O, Brunak S, von Heijne G, Nielsen H. 2019. SignalP 5.0 improves signal 
peptide predictions using deep neural networks. Nat Biotechnol 
37:420–423. https://doi.org/10.1038/s41587-019-0036-z

35. Bendtsen JD, Kiemer L, Fausbøll A, Brunak S. 2005. Non-classical protein 
secretion in bacteria. BMC Microbiol 5:58. https://doi.org/10.1186/1471-
2180-5-58

36. Juncker AS, Willenbrock H, Von Heijne G, Brunak S, Nielsen H, Krogh A. 
2003. Prediction of lipoprotein signal peptides in Gram-negative 
bacteria. Protein Sci 12:1652–1662. https://doi.org/10.1110/ps.0303703

37. Rahman O, Cummings SP, Harrington DJ, Sutcliffe IC. 2008. Methods for 
the bioinformatic identification of bacterial lipoproteins encoded in the 
genomes of Gram-positive bacteria. World J Microbiol Biotechnol 
24:2377–2382. https://doi.org/10.1007/s11274-008-9795-2

38. Bendtsen JD, Nielsen H, Widdick D, Palmer T, Brunak S. 2005. Prediction 
of twin-arginine signal peptides. BMC Bioinformatics 6:167. https://doi.
org/10.1186/1471-2105-6-167

39. Yu NY, Wagner JR, Laird MR, Melli G, Rey S, Lo R, Dao P, Sahinalp SC, 
Ester M, Foster LJ, Brinkman FSL. 2010. PSORTb 3.0: improved protein 
subcellular localization prediction with refined localization subcatego­
ries and predictive capabilities for all prokaryotes. Bioinformatics 
26:1608–1615. https://doi.org/10.1093/bioinformatics/btq249

40. Krogh A, Larsson B, von Heijne G, Sonnhammer EL. 2001. Predicting 
transmembrane protein topology with a hidden Markov model: 
application to complete genomes. J Mol Biol 305:567–580. https://doi.
org/10.1006/jmbi.2000.4315

41. Sonnhammer EL, von Heijne G, Krogh A. 1998. A hidden Markov model 
for predicting transmembrane helices in protein sequences. Proc Int 
Conf Intell Syst Mol Biol 6:175–182.

42. Huerta-Cepas J, Szklarczyk D, Heller D, Hernández-Plaza A, Forslund SK, 
Cook H, Mende DR, Letunic I, Rattei T, Jensen LJ, von Mering C, Bork P. 
2019. eggNOG 5.0: a hierarchical, functionally and phylogenetically 
annotated orthology resource based on 5090 organisms and 2502 
viruses. Nucleic Acids Res 47:D309–D314. https://doi.org/10.1093/nar/
gky1085

43. Rice P, Longden I, Bleasby A. 2000. EMBOSS: the European molecular 
biology open software suite. Trends Genet 16:276–277. https://doi.org/
10.1016/s0168-9525(00)02024-2

44. Tyanova S, Temu T, Sinitcyn P, Carlson A, Hein MY, Geiger T, Mann M, 
Cox J. 2016. The Perseus computational platform for comprehensive 
analysis of (prote)omics data. Nat Methods 13:731–740. https://doi.org/
10.1038/nmeth.3901

45. Perez-Riverol Y, Bai J, Bandla C, García-Seisdedos D, Hewapathirana S, 
Kamatchinathan S, Kundu DJ, Prakash A, Frericks-Zipper A, Eisenacher 
M, Walzer M, Wang S, Brazma A, Vizcaíno JA. 2022. The PRIDE database 
resources in 2022: a hub for mass spectrometry-based proteomics 
evidences. Nucleic Acids Res 50:D543–D552. https://doi.org/10.1093/
nar/gkab1038

46. Crow VL. 1986. Utilization of lactate isomers by Propionibacterium 
freudenreichii subsp. shermanii: regulatory role for intracellular 
pyruvate. Appl Environ Microbiol 52:352–358. https://doi.org/10.1128/
aem.52.2.352-358.1986

47. Hartman T, Weinrick B, Vilchèze C, Berney M, Tufariello J, Cook GM, 
Jacobs Jr WR. 2014. Succinate dehydrogenase is the regulator of 
respiration in Mycobacterium tuberculosis. PLoS Pathog 10:e1004510. 
https://doi.org/10.1371/journal.ppat.1004510

48. Chai Y, Kolter R, Losick R. 2009. A widely conserved gene cluster 
required for lactate utilization in Bacillus subtilis and its involvement in 
biofilm formation. J Bacteriol 191:2423–2430. https://doi.org/10.1128/
JB.01464-08

49. Hwang WC, Bakolitsa C, Punta M, Coggill PC, Bateman A, Axelrod HL, 
Rawlings ND, Sedova M, Peterson SN, Eberhardt RY, Aravind L, Pascual 
J, Godzik A. 2013. LUD, a new protein domain associated with lactate 
utilization. BMC Bioinformatics 14:1–9. https://doi.org/10.1186/1471-
2105-14-341

50. Deborde C, Boyaval P. 2000. Interactions between pyruvate and lactate 
metabolism in Propionibacterium freudenreichii subsp.shermanii: in vivo 
13C nuclear magnetic resonance studies. Appl Environ Microbiol 
66:2012–2020. https://doi.org/10.1128/AEM.66.5.2012-2020.2000

51. Parizzi LP, Grassi MCB, Llerena LA, Carazzolle MF, Queiroz VL, Lunardi I, 
Zeidler AF, Teixeira P, Mieczkowski P, Rincones J, Pereira GAG. 2012. The 
genome sequence of Propionibacterium acidipropionici provides 
insights into its biotechnological and industrial potential. BMC 
Genomics 13:562. https://doi.org/10.1186/1471-2164-13-562

52. Aburjaile FF, Rohmer M, Parrinello H, Maillard M-B, Beaucher E, Henry G, 
Nicolas A, Madec M-N, Thierry A, Parayre S, Deutsch S-M, Cocaign-
Bousquet M, Miyoshi A, Azevedo V, Le Loir Y, Falentin H. 2016. 
Adaptation of Propionibacterium freudenreichii to long-term survival 
under gradual nutritional shortage. BMC Genomics 17:1007. https://doi.
org/10.1186/s12864-016-3367-x

53. Wood HG. 1981. Metabolic cycles in the fermentation by propionic acid 
bacteria. Curr Top Cell Regul 18:255–287. https://doi.org/10.1016/b978-
0-12-152818-8.50021-9

54. Brzuszkiewicz E, Weiner J, Wollherr A, Thürmer A, Hüpeden J, Lomholt 
HB, Kilian M, Gottschalk G, Daniel R, Mollenkopf HJ, Meyer TF, 
Brüggemann H. 2011. Comparative genomics and transcriptomics of 
Propionibacterium acnes. PLoS One 6:e21581. https://doi.org/10.1371/
journal.pone.0021581

55. LeaverFW, Wood HG, StjernholmR. 1955. The fermentation of three 
carbon substrates by Clostridium propionicum and Propionibacterium. J 
Bacteriol 70:521–530. https://doi.org/10.1128/jb.70.5.521-530.1955

56. Banerjee R, Gouda H, Pillay S. 2021. Redox-linked coordination 
chemistry directs vitamin B12 trafficking. Acc Chem Res 54:2003–2013. 
https://doi.org/10.1021/acs.accounts.1c00083

57. Deptula P. 2017. A multifaceted study of Propionibacterium freudenrei­
chii, the food-grade producer of active vitamin B12 PhD thesis, 
University of Helsinki, Helsinki, Finland

Research Article mSystems

October 2024  Volume 9  Issue 10 10.1128/msystems.00615-2424

https://doi.org/10.1016/j.ymben.2021.04.013
https://doi.org/10.1016/j.biotechadv.2008.10.006
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1038/75556
https://doi.org/10.1002/pro.4193
https://doi.org/10.1016/j.xinn.2021.100141
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1016/j.foodchem.2014.06.068
https://doi.org/10.1186/s12934-023-02077-3
https://doi.org/10.1016/j.lwt.2016.04.023
https://doi.org/10.3390/microorganisms8010106
https://doi.org/10.1038/s41587-019-0036-z
https://doi.org/10.1186/1471-2180-5-58
https://doi.org/10.1110/ps.0303703
https://doi.org/10.1007/s11274-008-9795-2
https://doi.org/10.1186/1471-2105-6-167
https://doi.org/10.1093/bioinformatics/btq249
https://doi.org/10.1006/jmbi.2000.4315
https://doi.org/10.1093/nar/gky1085
https://doi.org/10.1016/s0168-9525(00)02024-2
https://doi.org/10.1038/nmeth.3901
https://doi.org/10.1093/nar/gkab1038
https://doi.org/10.1128/aem.52.2.352-358.1986
https://doi.org/10.1371/journal.ppat.1004510
https://doi.org/10.1128/JB.01464-08
https://doi.org/10.1186/1471-2105-14-341
https://doi.org/10.1128/AEM.66.5.2012-2020.2000
https://doi.org/10.1186/1471-2164-13-562
https://doi.org/10.1186/s12864-016-3367-x
https://doi.org/10.1016/b978-0-12-152818-8.50021-9
https://doi.org/10.1371/journal.pone.0021581
https://doi.org/10.1128/jb.70.5.521-530.1955
https://doi.org/10.1021/acs.accounts.1c00083
https://doi.org/10.1128/msystems.00615-24


58. Li J, Ge Y, ZadehM, Curtiss III R, MohamadzadehM. 2020. Regulating 
vitamin B12 biosynthesis via the cbiMCbl riboswitch in Propionibacte­
rium strain UF1. Proc Natl Acad Sci U S A 117:602–609. https://doi.org/
10.1073/pnas.1916576116

59. Vitreschak AG, Rodionov DA, Mironov AA, Gelfand MS. 2003. Regulation 
of the vitamin B12 metabolism and transport in bacteria by a conserved 
RNA structural element. RNA 9:1084–1097. https://doi.org/10.1261/rna.
5710303

60. Mellin JR, Koutero M, Dar D, Nahori M-A, Sorek R, Cossart P. 2014. 
Sequestration of a two-component response regulator by a riboswitch-
regulated noncoding RNA. Science 345:940–943. https://doi.org/10.
1126/science.1255083

61. Polaski JT, Holmstrom ED, Nesbitt DJ, Batey RT. 2016. Mechanistic 
insights into cofactor-dependent coupling of RNA folding and mRNA 
transcription/translation by a cobalamin riboswitch. Cell Rep 15:1100–
1110. https://doi.org/10.1016/j.celrep.2016.03.087

62. Fang H, Kang J, Zhang D. 2017. Microbial production of vitamin B12: a 
review and future perspectives. Microb Cell Fact 16:15. https://doi.org/
10.1186/s12934-017-0631-y

63. Martens JH, Barg H, Warren MJ, Jahn D. 2002. Microbial production of 
vitamin B12. Appl Microbiol Biotechnol 58:275–285. https://doi.org/10.
1007/s00253-001-0902-7

64. Huergo LF, Dixon R. 2015. The emergence of 2-oxoglutarate as a master 
regulator metabolite. Microbiol Mol Biol Rev 79:419–435. https://doi.
org/10.1128/MMBR.00038-15

65. Aebersold R, Mann M. 2003. Mass spectrometry-based proteomics. 
Nature 422:198–207. https://doi.org/10.1038/nature01511

66. Cox J, Mann M. 2008. MaxQuant enables high peptide identification 
rates, individualized p.p.b.-range mass accuracies and proteome-wide 
protein quantification. Nat Biotechnol 26:1367–1372. https://doi.org/
10.1038/nbt.1511

67. Domon B, Aebersold R. 2006. Mass spectrometry and protein analysis. 
Science 312:212–217. https://doi.org/10.1126/science.1124619

68. Liebler DC, Zimmerman LJ. 2013. Targeted quantitation of proteins by 
mass spectrometry. Biochemistry 52:3797–3806. https://doi.org/10.
1021/bi400110b

69. Schwanhäusser B, Busse D, Li N, Dittmar G, Schuchhardt J, Wolf J, Chen 
W, Selbach M. 2011. Global quantification of mammalian gene 
expression control. Nature 473:337–342. https://doi.org/10.1038/
nature10098

70. Ebner P, Prax M, Nega M, Koch I, Dube L, Yu W, Rinker J, Popella P, 
Flötenmeyer M, Götz F. 2015. Excretion of cytoplasmic proteins (ECP) in 
Staphylococcus aureus. Mol Microbiol 97:775–789. https://doi.org/10.
1111/mmi.13065

71. Espino E, Koskenniemi K, Mato-Rodriguez L, Nyman TA, Reunanen J, 
Koponen J, Öhman T, Siljamäki P, Alatossava T, Varmanen P, Savijoki K. 
2015. Uncovering surface-exposed antigens of Lactobacillus rhamnosus 
by cell shaving proteomics and two-dimensional immunoblotting. J 
Proteome Res 14:1010–1024. https://doi.org/10.1021/pr501041a

72. Graf AC, Leonard A, Schäuble M, Rieckmann LM, Hoyer J, Maass S, Lalk 
M, Becher D, Pané-Farré J, Riedel K. 2019. Virulence factors produced by 
Staphylococcus aureus biofilms have a moonlighting function 
contributing to biofilm integrity. Mol Cell Proteomics 18:1036–1053. 
https://doi.org/10.1074/mcp.RA118.001120

73. Götz F, Yu W, Dube L, Prax M, Ebner P. 2015. Excretion of cytosolic 
proteins (ECP) in bacteria. Int J Med Microbiol 305:230–237. https://doi.
org/10.1016/j.ijmm.2014.12.021

74. Hammarén MM, Luukinen H, Sillanpää A, Remans K, Lapouge K, 
Custódio T, Löw C, Myllymäki H, Montonen T, Seeger M. 2023. In vitro 
and ex vivo proteomics of Mycobacterium marinum biofilms and the 
development of biofilm-binding synthetic nanobodies. mSystems 
8:e01073-22. https://doi.org/10.1128/msystems.01073-22

75. Olaya-Abril A, Jiménez-Munguía I, Gómez-Gascón L, Rodríguez-Ortega 
MJ. 2014. Surfomics: shaving live organisms for a fast proteomic 
identification of surface proteins. J Proteomics 97:164–176. https://doi.
org/10.1016/j.jprot.2013.03.035

76. Savijoki K, Myllymäki H, Luukinen H, Paulamäki L, Vanha-Aho L-M, 
Svorjova A, Miettinen I, Fallarero A, Ihalainen TO, Yli-Kauhaluoma J, 
Nyman TA, Parikka M. 2021. Surface-shaving proteomics of Mycobacte­
rium marinum identifies biofilm subtype-specific changes affecting 

virulence, tolerance, and persistence. mSystems 6:e0050021. https://
doi.org/10.1128/mSystems.00500-21

77. Savijoki K, Nyman TA, Kainulainen V, Miettinen I, Siljamäki P, Fallarero A, 
Sandholm J, Satokari R, Varmanen P. 2019. Growth mode and carbon 
source impact the surfaceome dynamics of Lactobacillus rhamnosus 
GG. Front Microbiol 10:1272. https://doi.org/10.3389/fmicb.2019.01272

78. Siciliano RA, Lippolis R, Mazzeo MF. 2019. Proteomics for the investiga­
tion of surface-exposed proteins in probiotics. Front Nutr 6:52. https://
doi.org/10.3389/fnut.2019.00052

79. Tjalsma H, Lambooy L, Hermans PW, Swinkels DW. 2008. Shedding & 
shaving: disclosure of proteomic expressions on a bacterial face. 
Proteomics 8:1415–1428. https://doi.org/10.1002/pmic.200700550

80. Ebner P, Rinker J, Götz F. 2016. Excretion of cytoplasmic proteins in 
Staphylococcus is most likely not due to cell lysis. Curr Genet 62:19–23. 
https://doi.org/10.1007/s00294-015-0504-z

81. Olaya-Abril A, Gómez-Gascón L, Jiménez-Munguía I, Obando I, 
Rodríguez-Ortega MJ. 2012. Another turn of the screw in shaving 
Gram-positive bacteria: optimization of proteomics surface protein 
identification in Streptococcus pneumoniae. J Proteomics 75:3733–3746. 
https://doi.org/10.1016/j.jprot.2012.04.037

82. de Rezende Rodovalho V, da Luz BSR, Nicolas A, do Carmo FLR, Jardin J, 
Briard-Bion V, Jan G, Le Loir Y, de Carvalho Azevedo VA, Guedon E. 
2021. Environmental conditions modulate the protein content and 
immunomodulatory activity of extracellular vesicles produced by the 
probiotic Propionibacterium freudenreichii. Appl Environ Microbiol 
87:e02263-20. https://doi.org/10.1128/AEM.02263-20

83. Rodovalho V de R, da Luz BSR, Nicolas A, Jardin J, Briard-Bion V, Folador 
EL, Santos AR, Jan G, Loir YL, Azevedo V de C, Guédon É. 2023. Different 
culture media and purification methods unveil the core proteome of 
Propionibacterium freudenreichii-derived extracellular vesicles. Microlife 
4:uqad029. https://doi.org/10.1093/femsml/uqad029

84. Foulston L, Elsholz AKW, DeFrancesco AS, Losick R. 2014. The 
extracellular matrix of Staphylococcus aureus biofilms comprises 
cytoplasmic proteins that associate with the cell surface in response to 
decreasing pH. mBio 5:e01667-14. https://doi.org/10.1128/mBio.01667-
14

85. Frohnmeyer E, Deptula P, Nyman TA, Laine PKS, Vihinen H, Paulin L, 
Auvinen P, Jokitalo E, Piironen V, Varmanen P, Savijoki K. 2018. 
Secretome profiling of Propionibacterium freudenreichii reveals highly 
variable responses even among the closely related strains. Microb 
Biotechnol 11:510–526. https://doi.org/10.1111/1751-7915.13254

86. Griffin ME, Klupt S, Espinosa J, Hang HC. 2023. Peptidoglycan NlpC/P60 
peptidases in bacterial physiology and host interactions. Cell Chem Biol 
30:436–456. https://doi.org/10.1016/j.chembiol.2022.11.001

87. Kana BD, Gordhan BG, Downing KJ, Sung N, Vostroktunova G, 
Machowski EE, Tsenova L, Young M, Kaprelyants A, Kaplan G, Mizrahi V. 
2008. The resuscitation-promoting factors of Mycobacterium 
tuberculosis are required for virulence and resuscitation from dormancy 
but are collectively dispensable for growth in vitro. Mol Microbiol 
67:672–684. https://doi.org/10.1111/j.1365-2958.2007.06078.x

88. Amblee V, Jeffery CJ. 2015. Physical features of intracellular proteins 
that moonlight on the cell surface. PLoS One 10:e0130575. https://doi.
org/10.1371/journal.pone.0130575

89. An M, Lim Y-H. 2023. Surface-exposed chaperonin 60 derived from 
Propionibacterium freudenreichii MJ2 inhibits adipogenesis by 
decreasing the expression of C/EBPα/PPARγ. Sci Rep 13:19251. https://
doi.org/10.1038/s41598-023-46436-x

90. Chen C, Liu H, Zabad S, Rivera N, Rowin E, Hassan M, Gomez De Jesus 
SM, Llinás Santos PS, Kravchenko K, Mikhova M, Ketterer S, Shen A, 
Shen S, Navas E, Horan B, Raudsepp J, Jeffery C. 2021. MoonProt 3.0: an 
update of the moonlighting proteins database. Nucleic Acids Res 
49:D368–D372. https://doi.org/10.1093/nar/gkaa1101

91. Granato D, Bergonzelli GE, Pridmore RD, Marvin L, Rouvet M, Corthésy-
Theulaz IE. 2004. Cell surface-associated elongation factor Tu mediates 
the attachment of Lactobacillus johnsonii NCC533 (La1) to human 
intestinal cells and mucins. Infect Immun 72:2160–2169. https://doi.
org/10.1128/IAI.72.4.2160-2169.2004

92. N’Diaye AR, Borrel V, Racine P-J, Clamens T, Depayras S, Maillot O, 
Schaack B, Chevalier S, Lesouhaitier O, Feuilloley MGJ. 2019. Mecha­
nism of action of the moonlighting protein EfTu as a Substance P 

Research Article mSystems

October 2024  Volume 9  Issue 10 10.1128/msystems.00615-2425

https://doi.org/10.1073/pnas.1916576116
https://doi.org/10.1261/rna.5710303
https://doi.org/10.1126/science.1255083
https://doi.org/10.1016/j.celrep.2016.03.087
https://doi.org/10.1186/s12934-017-0631-y
https://doi.org/10.1007/s00253-001-0902-7
https://doi.org/10.1128/MMBR.00038-15
https://doi.org/10.1038/nature01511
https://doi.org/10.1038/nbt.1511
https://doi.org/10.1126/science.1124619
https://doi.org/10.1021/bi400110b
https://doi.org/10.1038/nature10098
https://doi.org/10.1111/mmi.13065
https://doi.org/10.1021/pr501041a
https://doi.org/10.1074/mcp.RA118.001120
https://doi.org/10.1016/j.ijmm.2014.12.021
https://doi.org/10.1128/msystems.01073-22
https://doi.org/10.1016/j.jprot.2013.03.035
https://doi.org/10.1128/mSystems.00500-21
https://doi.org/10.3389/fmicb.2019.01272
https://doi.org/10.3389/fnut.2019.00052
https://doi.org/10.1002/pmic.200700550
https://doi.org/10.1007/s00294-015-0504-z
https://doi.org/10.1016/j.jprot.2012.04.037
https://doi.org/10.1128/AEM.02263-20
https://doi.org/10.1093/femsml/uqad029
https://doi.org/10.1128/mBio.01667-14
https://doi.org/10.1111/1751-7915.13254
https://doi.org/10.1016/j.chembiol.2022.11.001
https://doi.org/10.1111/j.1365-2958.2007.06078.x
https://doi.org/10.1371/journal.pone.0130575
https://doi.org/10.1038/s41598-023-46436-x
https://doi.org/10.1093/nar/gkaa1101
https://doi.org/10.1128/IAI.72.4.2160-2169.2004
https://doi.org/10.1128/msystems.00615-24


sensor in Bacillus cereus. Sci Rep 9:1304. 
https://doi.org/10.1038/s41598-018-37506-6

93. Berlec A, Zadravec P, Jevnikar Z, Štrukelj B. 2011. Identification of 
candidate carrier proteins for surface display on Lactococcus lactis by 
theoretical and experimental analyses of the surface proteome. Appl 
Environ Microbiol 77:1292–1300. https://doi.org/10.1128/AEM.02102-
10

94. Celebioglu HU, Svensson B. 2017. Exo- and surface proteomes of the 
probiotic bacterium Lactobacillus acidophilus NCFM. Proteomics 
17:1700019. https://doi.org/10.1002/pmic.201700019

95. Koskenniemi K, Laakso K, Koponen J, Kankainen M, Greco D, Auvinen P, 
Savijoki K, Nyman TA, Surakka A, Salusjärvi T, de Vos WM, Tynkkynen S, 
Kalkkinen N, Varmanen P. 2011. Proteomics and transcriptomics 
characterization of bile stress response in probiotic Lactobacillus 
rhamnosus GG. Mol Cell Proteomics 10:M110. https://doi.org/10.1074/
mcp.M110.002741

96. Wang W, Jeffery CJ. 2016. An analysis of surface proteomics results 
reveals novel candidates for intracellular/surface moonlighting proteins 
in bacteria. Mol Biosyst 12:1420–1431. https://doi.org/10.1039/
c5mb00550g

97. Fedyukina DV, Jennaro TS, Cavagnero S. 2014. Charge segregation and 
low hydrophobicity are key features of ribosomal proteins from 
different organisms. J Biol Chem 289:6740–6750. https://doi.org/10.
1074/jbc.M113.507707

98. Krasowska A, Sigler K. 2014. How microorganisms use hydrophobicity 
and what does this mean for human needs?Front Cell Infect Microbiol 
4:112. https://doi.org/10.3389/fcimb.2014.00112

99. Castro FD, Sedman J, Ismail AA, Asadishad B, Tufenkji N. 2010. Effect of 
dissolved oxygen on two bacterial pathogens examined using ATR-FTIR 
spectroscopy, microelectrophoresis, and potentiometric titration. 
Environ Sci Technol 44:4136–4141. https://doi.org/10.1021/es903692u

100. Palmgren R, Jorand F, Nielsen PH, Block JC. 1998. Influence of oxygen 
limitation on the cell surface properties of bacteria from activated 
sludge. Water Sci Technol 37:349–352. https://doi.org/10.2166/wst.
1998.0663

101. Wang J, Karki C, Xiao Y, Li L. 2020. Electrostatics of prokaryotic 
ribosome and its biological implication. Biophys J 118:1205–1212. 
https://doi.org/10.1016/j.bpj.2020.01.014

102. Kainulainen V, Korhonen TK. 2014. Dancing to another tune—adhesive 
moonlighting proteins in bacteria. Biol (Basel) 3:178–204. https://doi.
org/10.3390/biology3010178

103. Tartaglia NR, Nicolas A, Rodovalho V de R, Luz B da, Briard-Bion V, 
Krupova Z, Thierry A, Coste F, Burel A, Martin P, Jardin J, Azevedo V, Le 
Loir Y, Guédon E. 2020. Extracellular vesicles produced by human and 
animal Staphylococcus aureus strains share a highly conserved core 
proteome. Sci Rep 10:8467. https://doi.org/10.1038/s41598-020-64952-
y

104. Jeon H, Oh MH, Jun SH, Kim SI, Choi CW, Kwon HI, Na SH, Kim YJ, 
Nicholas A, Selasi GN, Lee JC. 2016. Variation among Staphylococcus 
aureus membrane vesicle proteomes affects cytotoxicity of host cells. 
Microb Pathog 93:185–193. https://doi.org/10.1016/j.micpath.2016.02.
014

105. Codemo M, Muschiol S, Iovino F, Nannapaneni P, Plant L, Wai SN, 
Henriques-Normark B. 2018. Immunomodulatory effects of pneumo­
coccal extracellular vesicles on cellular and humoral host defenses. 
mBio 9:10–1128. https://doi.org/10.1128/mBio.00559-18

106. Lee E-Y, Choi D-Y, Kim D-K, Kim J-W, Park JO, Kim S, Kim S-H, Desiderio 
DM, Kim Y-K, Kim K-P, Gho YS. 2009. Gram-positive bacteria produce 
membrane vesicles: proteomics-based characterization of Staphylococ­
cus aureus-derived membrane vesicles. Proteomics 9:5425–5436. https:/
/doi.org/10.1002/pmic.200900338

107. Pang Y, Ermann Lundberg L, Mata Forsberg M, Ahl D, Bysell H, Pallin A, 
Sverremark-Ekström E, Karlsson R, Jonsson H, Roos S. 2022. Extracellular 
membrane vesicles from Limosilactobacillus reuteri strengthen the 
intestinal epithelial integrity, modulate cytokine responses and 
antagonize activation of TRPV1. Front Microbiol 13:1032202. https://
doi.org/10.3389/fmicb.2022.1032202

108. Rivera J, Cordero RJB, Nakouzi AS, Frases S, Nicola A, Casadevall A. 2010. 
Bacillus anthracis produces membrane-derived vesicles containing 
biologically active toxins. Proc Natl Acad Sci U S A 107:19002–19007. 
https://doi.org/10.1073/pnas.1008843107

109. González-López MA, Velázquez-Guadarrama N, Romero-Espejel ME, 
Olivares-Trejo J de J. 2013. Helicobacter pylori secretes the chaperonin 
GroEL (HSP60), which binds iron. FEBS Lett 587:1823–1828. https://doi.
org/10.1016/j.febslet.2013.04.048

110. de Vries W, Wijck-Kapteijn WM, Stouthamer AH. 1972. Influence of 
oxygen on growth, cytochrome synthesis and fermentation pattern in 
propionic acid bacteria. J Gen Microbiol 71:515–524. https://doi.org/10.
1099/00221287-71-3-515

111. Ye K, Shijo M, Jin S, Shimizu K. 1996. Efficient production of vitamin B12 
from propionic acid bacteria under periodic variation of dissolved 
oxygen concentration. J Ferment Bioeng 82:484–491. https://doi.org/
10.1016/S0922-338X(97)86988-7

Research Article mSystems

October 2024  Volume 9  Issue 10 10.1128/msystems.00615-2426

https://doi.org/10.1038/s41598-018-37506-6
https://doi.org/10.1128/AEM.02102-10
https://doi.org/10.1002/pmic.201700019
https://doi.org/10.1074/mcp.M110.002741
https://doi.org/10.1039/c5mb00550g
https://doi.org/10.1074/jbc.M113.507707
https://doi.org/10.3389/fcimb.2014.00112
https://doi.org/10.1021/es903692u
https://doi.org/10.2166/wst.1998.0663
https://doi.org/10.1016/j.bpj.2020.01.014
https://doi.org/10.3390/biology3010178
https://doi.org/10.1038/s41598-020-64952-y
https://doi.org/10.1016/j.micpath.2016.02.014
https://doi.org/10.1128/mBio.00559-18
https://doi.org/10.1002/pmic.200900338
https://doi.org/10.3389/fmicb.2022.1032202
https://doi.org/10.1073/pnas.1008843107
https://doi.org/10.1016/j.febslet.2013.04.048
https://doi.org/10.1099/00221287-71-3-515
https://doi.org/10.1016/S0922-338X(97)86988-7
https://doi.org/10.1128/msystems.00615-24

	Aerobic adaptation and metabolic dynamics of Propionibacterium freudenreichii DSM 20271: insights from comparative transcriptomics and surfaceome analysis
	MATERIALS AND METHODS
	Culture conditions
	Cell density and viable cell count
	Fermentation in bioreactors and sampling
	RNA extraction and purification
	RNA sequencing and data analysis
	UHPLC analysis of vitamin B12 and pseudo-B12
	HPLC method to analyze acids and glucose
	Quantitative heme analysis
	Colony forming ability using spot-plating assay
	Surfaceome analyses

	RESULTS AND DISCUSSION
	Oxygen affects biomass, lactate metabolism, and formation of organic acids, B12, and pseudo-B12
	Transcriptomics of DSM 20271 under anaerobic and aerobic conditions
	Gene ontology (GO) enrichment analysis
	Lactate metabolism
	Propionate metabolism, TCA cycle, and respiratory complexes
	Synthesis of B12 and heme
	Transport of iron and α-ketoglutarate are increased under aerobic conditions
	Transfer of amino groups from aspartate/alanine to α-ketoglutarate is upregulated under aerobic conditions
	The surfaceome of PFR is influenced by the atmosphere
	Conclusions



