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form of vitamin  B12. Further analysis of vitamin  B12 
production capability of Terrabacter sp. DSM102553 
in M9 minimal medium and peptone-based media 
revealed that the highest yield of 2.65  µg of vita-
min  B12 per g dry cell weight was obtained in M9 
medium.
Conclusions The proposed strategy enabled identi-
fication of Terrabacter sp. DSM102553, whose rela-
tively high yields obtained in the minimal medium 
open new perspectives for the possible applica-
tion of the strain for biotechnological vitamin  B12 
production.

Keywords BluB/CobT2 · Cobalamin · LC–MS/
MS · Method validation · Pseudovitamin  B12 · 
Terrabacter sp. · Vitamin  B12

Introduction

Vegetarian and vegan diets have gained popularity 
as alternative ways of nutrition in large parts of the 
world in recent years. However, vegans are at a par-
ticular risk of vitamin  B12 deficiency since this vital 
nutrient naturally originates only from foods of ani-
mal origin or fortified foods fermented with bacteria 
(Chamlagain et al. 2017).

Vitamin  B12 (cobalamin) plays a crucial role 
for the human body since it is used as a cofac-
tor for two important enzymes, methylmalonyl-
CoA mutase and methionine synthase (Martens 
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et  al. 2002). Methionine synthase is known to be 
involved in DNA synthesis (Weyden et  al. 1973), 
while methylmalonyl-CoA mutase plays an impor-
tant role in branched amino acid and odd-chain fatty 
acid metabolism (Takahashi-Iñiguez et  al. 2012). 
Despite such essential requirement, the human 
metabolism is not capable of vitamin  B12 produc-
tion, which results in a need for products enriched 
with vitamin  B12. Due to the very complex chemi-
cal synthesis of vitamin  B12, microbial biosynthesis 
is applied for its commercial production (Martens 
et al. 2002). It is known for a long time that several 
bacteria belonging to different genera are able to 
synthesize vitamin  B12 (Perlman 1959), while other 
reports have also demonstrated high amounts of 
vitamin  B12 produced by cyanobacteria of the genus 
Spirulina (Berg et al. 1988). Nevertheless, the com-
mercially available Spirulina supplements mainly 
contain a corrinoid later identified as pseudovita-
min  B12 (Watanabe et al. 1999, 2001), a vitamin  B12 
analogue which cannot be utilized as cofactor by 
human enzymes. The structures of the vitamin  B12 
forms active in humans and the pseudovitamin  B12 
are very similar (Fig. 1).

The lower ligand of the cobalamin molecule is rep-
resented by 5,6-dimethylbenzimidazole (DMBI) in 
the active forms of vitamin  B12 or by adenine in pseu-
dovitamin  B12, respectively (Watanabe 2007). Due 
to the biological inactivity of pseudovitamin  B12 in 
humans, determination of the type of the synthesized 
cobalamin compound during the microbiological pro-
duction is very important (Chamlagain et al. 2017).

Besides Pseudomonas denitrificans, Propioni-
bacterium freudenreichii (previously designated as 
P. shermanii) is used for the industrial production of 
vitamin  B12 (Martens et al. 2002) due to the ability to 
nearly exclusively synthesize the active vitamin  B12 
(Deptula et al. 2017). The high levels of the produced 
active vitamin  B12 in P. freudenreichii were shown 
to be the result of the BluB/CobT2 fusion enzyme 
activity in this strain (Deptula et al. 2015). The study 
demonstrated that BluB enzyme is responsible for the 
formation of the lower ligand DMBI, while CobT2 
facilitates the activation and the subsequent incorpo-
ration of DMBI into the cobalamin molecule.

Based on the data reported by Deptula et al. 2015, 
we aimed to identify new, previously not described 
cobalamin-producing species by evaluation of bac-
terial strains containing a gene encoding the BluB/
CobT2 fusion enzyme. In addition, a sensitive and 
reliable LC–MS/MS method for the identification and 
quantification of vitamin  B12 was used to screen the 
identified candidates for cobalamin (here termed as 
the active form of vitamin  B12).

Materials and methods

Development of the method for vitamin B12 analysis

The sample analysis was performed with a triple 
quadrupole LCMS-8045 (Shimadzu, Germany) and 
the Lab Solutions Analysis Software (Shimadzu, Ger-
many) was used for data acquisition and analysis. A 

Fig. 1  Chemical structures 
of active vitamin  B12 (A) 
and pseudovitamin  B12 ana-
logue (B): The differences 
in the lower ligand structure 
leading to the characteristic 
fragmentation patterns are 
marked in red
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Luna® Omega 3  µm PS C18 100  Å Column (Phe-
nomenex, Germany) was operated with 0.1% for-
mic acid in water (solvent A) and 0.1% formic acid 
in acetonitrile (solvent B). All used solvents were 
LC/MS grade (Carl Roth, Germany). The follow-
ing LC time program was used: 0–3  min 18%–32% 
B, 3–3.1  min 32%–95% B, 3.1–4.1  min 95% B, 
4.1–4.3 min 95%–18% B, 4.3–7 min 18% B. The flow 
rate was 0.4  ml   min−1 and the column temperature 
was maintained at 40  °C. The MS analysis was car-
ried out in positive ion mode using electrospray ioni-
zation (ESI) under following parameters: nebulizing 
gas flow 3 l  min−1, drying gas flow 10 l  min−1, inter-
face temperature 300 °C, desolvation line temperature 
250 °C and heat block temperature 400 °C. The mass 
spectrometer was run in multiple reaction monitoring 
(MRM) mode, method parameters (collision energies, 
dwell times and exact m/z values) were optimized for 
the double-charged cyanocobalamin ion [M +  2H]2+ 
with 678.40 m/z and for the double-charged pseudo-
cobalamin ion [M +  2H]2+ with 672.75 m/z with  the 
software. The injection volume was 1  µl and the 
quantification of vitamin  B12 in the samples was per-
formed using a calibration curve obtained from a set 
of cyanocobalamin standards (Merck, Germany). 
Since pseudovitamin  B12 is not commercially availa-
ble as analytical standard, the cell extract of L. reuteri 
containing pseudovitamin  B12 was used as reference 
material.

Method validation

The instrumental detection limit (LOD) was deter-
mined as the lowest concentration of cyanocobala-
min standard corresponding to the first peak that 
can be integrated and distinguished from zero using 
the signal-to-noise (S/N) approach (S/N ratio ≥ 3). 
The limit of quantification (LOQ) was defined as the 
lowest concentration of cyanocobalamin that can be 
determined with an acceptable repeatability (rela-
tive standard deviation (RSD) between the samples 
under 10%) using the signal-to-noise (S/N) approach 
(S/N ratio ≥ 10). The linearity of the method was esti-
mated over the concentration range of 20–2000  nM 
of CNCbl, a set of 10 concentrations of the standard 
solution was used, each solution was injected in tripli-
cate. The determination coefficient  R2 was calculated 
to estimate the linearity. To evaluate the selectivity of 
the method, the chromatograms of vitamin  B12-free 

acetate buffer and E.  coli DSM18039 cell extracts 
were compared with the chromatograms the acetate 
buffer and E.  coli DSM18039 cell extracts spiked 
with cyanocobalamin standard.

Commercially available vitamin  B12 supplements 
were used for assessing the accuracy of the method. 
Five different samples containing various amounts of 
cyanocobalamin were spiked with a known amount of 
cyanocobalamin standard and the accuracy was esti-
mated through the recovery rates which were calcu-
lated as described by Campos-Gimnez et al. 2008:

where Cs is the concentration of vitamin  B12 found in 
the spiked sample, Cn is the concentration of vitamin 
 B12 in the native sample, and Ca is the concentration 
of cyanocobalamin added in the spiked sample.

The within-day repeatability was evaluated in 
the range of 100–1000  nM by analysing five differ-
ent samples, each solution was injected in triplicate, 
while the intermediate reproducibility (between-day) 
was determined by analysing a calibration row of five 
different samples in the range of 100–1000 nM dur-
ing three consecutive days.

Sequence analysis

The BluB/CobT2 protein sequence [GenBank: 
CBL56167.1] from P.  freudenreichii was used for 
the identification of bacterial homologues by means 
of BLAST (National Center for Biotechnology Infor-
mation). The BLASTp tool was applied for the search 
in the protein sequence database excluding the genus 
Propionibacterium (taxid:1743), the maximum num-
ber of aligned sequences was set to 1000.

Strains and cultivation conditions

Lactobacillus reuteri DSM20016 used for pseudovi-
tamin  B12 purification, E. coli DSM18039 and all 
strains identified in this work as candidates for vita-
min  B12 production were obtained from DSMZ (Ger-
man Collection of Microorganisms and Cell Cul-
tures, Braunschweig, Germany). The cultivation of 
microorganisms was performed in the media recom-
mended by DSMZ for every specific strain: Terrabac-
ter sp. DSM102553 and Terrabacter sp. DSM102554 
in medium 513 (PP), Calidifontibacter indicus 

Cs − Cn

Ca
× 100
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DSM22967 and Raineyella antarctica DSM100494 
in medium 92, Yimella lutea DSM19828 in medium 
65, Blastococcus sp. DSM44272 in medium 714, E. 
coli DSM18039 in medium 381 and Lactobacillus 
reuteri DSM20016 in medium 11, respectively. A 
specific M9 minimal medium (Rüdiger and Schwab 
2019) and medium 513 with the doubled amount of 
all components (2xPP) were also used in the growth 
experiments with Terrabacter sp. DSM102553. 50 ml 
cultures were grown in 300 ml shaking flasks at 30 °C 
under aeration and shaking conditions.

Anaerobic cultivation was applied for the produc-
tion of pseudovitamin  B12 with L. reuteri DSM20016. 
Briefly, the pre-cultures were inoculated from the 
glycerol culture stocks (− 80 °C) in 50 mL medium 
and incubated in septum flasks anaerobically for 24 h 
at 30 °C.

Cultivation of bacterial strains in BioLector 
microbioreactor

The pre-cultures of the candidate strains were grown 
in respective media for 48 h and used for the inocula-
tion of 1 mL medium at the starting  OD600 of 0.1. The 
cultivation was carried out in a BioLector® MB sys-
tem (m2p-labs, Germany) in MTP-48 FlowerPlates® 
without pH optodes at 30  °C, 1000  rpm and 95% 
humidity. The growth of the cultures was monitored 
online by scattered light signal measurement with an 
excitation wavelength of 620 nm.

Vitamin B12 and pseudovitamin B12 extraction, 
purification and analysis

For the cobalamin extraction 25  ml of the cultures 
of the identified candidate strains were harvested by 
centrifugation at 315×g for 30  min after 5  days of 
cultivation, while the complete biomass of L. reu-
teri DSM20016 obtained after 24  h of cultivation 
was applied for the purification of pseudocobalamin. 
The cell pellets were resuspended in 10  ml of ace-
tate buffer (4.1  g sodium acetate  l−1 adjusted to pH 
4.5 with acetic acid) containing 100 µl of 1% KCN. 
After incubation in a water bath at 98 °C for 30 min 
the samples were cooled on ice for 30 min and cen-
trifuged again. Vitamin  B12 and pseudocobalamin 
were purified from the obtained supernatants using 
BAKERBOND spe™ C18 columns JB7020-03 (J. T. 
Baker) according to the manufacturer’s instructions. 

The extracts were then syringe sterile filtered 
(0.2 µm), dried at 60 °C under vacuum, resuspended 
in 100 µl of deionized  H2O and then used directly for 
the vitamin  B12 analysis with the above described 
LC–MS/MS method.

Results and discussion

LC–MS/MS method development and validation

Since the widely used microbiological assay is not 
able to differentiate between active forms of vitamin 
 B12 and its analogues (Chamlagain et  al. 2015), the 
first objective of this study was to develop a suitable 
LC–MS/MS method for vitamin  B12 analysis. The 
parent and fragment ion masses of m/z 678.40, m/z 
146.95 and m/z 359.10, which were identified in the 
spectrum of the active cobalamin have already been 
demonstrated in previous reports on LC–MS/MS-
based methods for vitamin  B12 determination (Lu 
et al. 2008; Luo et al. 2006; Schwertner et al. 2012; 
Szterk et al. 2012; Lee et al. 2015; Zironi et al. 2014). 
The demonstrated LOQ was comparable with that of 
the method described by Yi et  al. 2012 which was 
also based on the tandem triple quadrupole mass 
spectrometry in MRM mode. In comparison to pre-
viously described LC–MS/MS methods by Schwert-
ner et al. 2012, Lee et al. 2015, Szterk et al. 2012, the 
method reported in this study provides a faster ana-
lytical procedure and can, therefore, enable a higher 
sample throughput. Moreover, only few micrograms 
of cell material were sufficient for the successful  B12 
analysis with the developed method, while earlier 
reported LCMS/MS-based methods applied 15–30 g 
of sample material for vitamin  B12 purification for 
subsequent analysis (Szterk et  al. 2012; Luo et  al. 
2006).

The method was linear within the tested range over 
10 calibration levels with  R2 = 0.9997. The selectiv-
ity of the method was evaluated by comparing the 
chromatograms of the buffer and vitamin  B12-free E. 
coli MG1655 cell matrix blanks with the same sam-
ples spiked with cyanocobalamin standard. The com-
parison of the blank samples with the spiked samples 
showed a high selectivity of the method, since no 
peaks with the fragmentation pattern and the reten-
tion time corresponding to cyanocobalamin were 
detected in the controls whereas all spiked samples 
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demonstrated cobalamin peaks. Although an uniden-
tified peak was observed in the chromatogram of the 
cell extract of E. coli DSM18039 (Supplementary 
Fig.  1), the fragment signals with m/z 456.75 and 
m/z 359.10 characteristic for cyanocobalamin were 
not detected. This allows to exclude that the observed 
peak corresponds to CNCbl and is rather evidence for 
a substance with the same precursor ion mass as cya-
nocobalamin but another chemical structure.

The accuracy of the method was determined 
through recovery by spiking of five different commer-
cially available vitamin  B12 supplements with known 
amounts of CNCbl standard. The average recovery 
was estimated in technical triplicates by determina-
tion of the peak areas of the samples before and after 
spiking. The method demonstrated high accuracy, 
since the average recovery from spiked samples was 
between 94.4% and 103.4% (Supplementary Table 1), 
which was comparable with the previously reported 
LC–MS/MS-based methods for vitamin  B12 determi-
nation (Lu et al. 2008; Luo et al. 2006).

The within-day repeatability was evaluated in 
the range of 100–1000  nM by analyzing five differ-
ent samples, measured as technical triplicates. The 
relative standard deviation in the repeatability experi-
ment was less than 4%. The intermediate precision 
(between-day or day-by-day) was determined by ana-
lyzing calibration series of five different samples in 
the range of 100–1000 nM during three consecutive 
days. The RSD in the intermediate reproducibility 
was below 4%.

Identification of strains containing a bluB/cobT2 
fusion gene

Activity of the fusion enzyme BluB/CobT2, which 
produces and directly activates DMBI, is the main 
mechanism responsible for the high levels of active 
vitamin  B12 in P. freudenreichii cells, which has 
been shown in an earlier study (Deptula et al. 2015). 
Furthermore, the metabolite channeling feature of 
fusion enzymes can contribute to high flux through 
a biosynthetic pathway by protection of reactive 
intermediates and provision of high local substrate 
concentration (Kummer et  al. 2021). Therefore, we 
aimed at the investigation of microorganisms with a 
bluB/cobT2 fusion gene for their vitamin  B12 produc-
tion capabilities.

The results of a respective BLAST search were 
analyzed and the sequences showing an identity of 
more than 50% to the BluB/CobT sequence from 
P. freudenreichii were chosen. From the resulting list 
of 338 sequences identified at the time of the inves-
tigation, we randomly selected six non-pathogenic 
organisms (risk group 1) for further analysis (Sup-
plementary Table 2). The identified candidate strains 
C. indicus DSM22967, R. antarctica DSM100494, 
Y. lutea DSM19828, Blastococcus sp. DSM4427 and 
also Terrabacter sp. DSM102553 and Terrabacter sp. 
DSM102554 for the selected Terrabacter sp. were 
obtained from DSMZ.

Determination of vitamin B12 and pseudovitamin 
B12 synthesis by the selected strains

To investigate the ability of the identified strains to 
produce cobalamins, the cell extracts were analyzed 
with the developed LC–MS/MS method and com-
pared with cyanocobalamin and pseudocobalamin 
reference compounds. Since various microorgan-
isms can produce different  B12 analogues, where 
DMBI is replaced by other benzimidazoles, purines 
or phenolic compounds (Crofts et  al. 2013), we 
aimed to identify only those producing the active 
vitamin  B12. As the active and inactive forms differ 
in their respective ligands (Fig.  1), their fragmenta-
tion patterns are characteristic and can be used do 
differentiate between the two forms. The spectrum 
of the cyanocobalamin reference compound dem-
onstrated a parent ion with m/z 678.40 and frag-
ment signals with m/z 146.95 [DMBI +  H]+ and m/z 
359.10 [DMBI + sugar +  PO3 +  H]+, while a par-
ent ion with m/z 672.75 and fragment signals with 
m/z 136.05 [adenine +  H]+ and m/z 348.05 [ade-
nine + sugar +  PO3 +  H]+ were detected in the spec-
trum of the pseudovitamin  B12 (Fig. 2). These results 
correlate with the data reported in previous studies 
(Chamlagain et al. 2017; Bernhardt et al. 2019).

Among the selected strains, cobalamins were 
detected in the extracts of Y. lutea, C. indicus and Ter-
rabacter sp. DSM102553 (Fig. 2), while LC–MS/MS 
analysis of Terrabacter sp. DSM102554, R. antarc-
tica DSM100494 and Blastococcus sp. DSM44272 
revealed no production of the active cobalamin 
(Supplementary Fig.  2). Nevertheless, further inves-
tigations can be performed to analyze, whether the 
mentioned microorganisms can produce vitamin  B12 
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Fig. 2  Identification of 
the active and inactive 
cobalamin forms in the 
cell extracts of the selected 
producing strains. Shown 
are TICs (total ion currents) 
and traces corresponding to 
the fragment ions originat-
ing from the identified par-
ent mass obtained from the 
cyanocobalamin reference 
compound, cell extracts 
of the selected strains and 
of the pseudocobalamin 
produced by L. reuteri 
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under certain other conditions or in other cultivation 
media. For example, supplementation with  FMNH2 
necessary for the formation of DMBI (Deptula et al. 
2015) might facilitate synthesis of the vitamin  B12. 
The lack of cobalamin production in Terrabacter sp. 
DSM102554, R. antarctica DSM100494 and Blas-
tococcus sp. DSM44272 might be due to the pres-
ence of an incomplete biosynthetic way or to tran-
scriptional repression of vitamin  B12 synthesis gene 
expression. In future research, these strains can be 
examined for the presence of the other genes of the 
vitamin  B12 synthesis pathway and the expression 
levels of the corresponding genes can be analyzed.

In the case of the three producing strains, the 
active form was prevalent in their cell extracts, since 
the characteristic retention time and fragmentation 
pattern observed for the cyanocobalamin standard 
were also detected in the cell extracts of these exam-
ined candidates. Moreover, the retention time and 
fragmentation pattern of the second minor peak iden-
tified in the chromatogram of Y. lutea demonstrated 
production of low amounts of pseudovitamin  B12. 
Additionally, an unidentified peak was detected in 
the chromatogram of C. indicus, while no other com-
pounds except the active vitamin  B12 were detected 
for Terrabacter sp. DSM102553.

Growth comparison of vitamin B12‑producing 
strains in complex media

To get a first impression of the growth behavior of the 
vitamin  B12-producing strains, their growth curves in 
respective complex media recommended by DSMZ 
were determined. As Fig.  3 shows, remarkable dif-
ferences in the growth behaviour of the investigated 
strains could be observed. The cultures of C. indi-
cus demonstrated a lag-phase of approx. 20 h, which 
was followed by the exponential growth phase after 
which a linear biomass accumulation continued. The 
growth of Y. lutea under the tested conditions was 
characterized by a prolonged lag-phase if compared 
to C. indicus and Terrabacter sp. DSM102553 and 
the maximum scattered light signal of approx. 25 a. 
u. after 80 h. Among three tested strains, Terrabacter 
sp. DSM102553 demonstrated the highest maximum 
scattered light signal of 42 a. u. already after 25 h of 
cultivation.

Since the same media were applied for the pre-
cultures and main cultivation experiment, which was 

started at the same  OD600 for all strains, these dif-
ferences cannot be explained by the adaptation of 
the cells to growth in new cultivation medium but 
are rather due to characteristic features of each spe-
cific strain. Therefore, the above demonstrated ability 
to accumulate higher biomass during a shorter time 
period indicates that Terrabacter sp. DSM102553 is 
the most appropriate strain for vitamin  B12 produc-
tion among the identified candidates under the tested 
conditions.

Moreover, since no pseudovitamin  B12 or uniden-
tified peaks were detected in the chromatograms of 
Terrabacter sp. DSM102553 extracts (Fig.  2), the 
strain was selected for further investigation.

Production of active vitamin B12 with Terrabacter 
sp. DSM102553 in different media

In order to improve cell density and thereby volu-
metric vitamin  B12 productivity of Terrabacter sp. 
DSM102553, we tested two-fold concentrated PP 
medium. However, as peptones are one of the most 
expensive components of microbial media, we aimed 
to find a suitable cheap minimal medium. For this pur-
pose, precultures grown in the standard PP medium 
were inoculated in PP, 2xPP and M9 medium and 
the growth of Terrabacter sp. DSM102553 was com-
pared. As shown in Fig. 4a, the maximal cell density 

Fig. 3  Comparison of Y. lutea, C. indicus and Terrabacter 
sp. DSM102553 growth curves. Respective complex media 
recommended by DSMZ were used (medium 65 for Y.  lutea, 
medium 92 for C. indicus, medium 513 for Terrabacter sp. 
DSM102553). The data points represent the mean values and 
standard deviations of three biological replicates
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in 2xPP and M9 medium was about 1.5 times higher 
in comparison to PP. Although a prolonged lag phase 
was observed in M9 medium, the maximum cell den-
sity in M9 medium was comparable with that reached 
in 2xPP. Our further investigations have also shown 
that biotin and thiamin have no influence on the 
growth of the strain (Supplementary Fig. 3), which is 
why they were excluded from the medium composi-
tion in the vitamin  B12 quantification experiments.

The analysis of vitamin  B12 production was per-
formed in PP, 2xPP and M9 medium after 100 h of 
cultivation as higher amounts of produced cobalamin 
at later growth stages have already been reported for 
P. freudenreichii (Deptula et  al. 2017). Among the 
three media, the highest vitamin  B12 production level 
was observed in M9 medium (Fig. 4b). The amounts 
of 2.65  µg of vitamin  B12 per g dry cell weight 
(DCW) obtained with this medium were two-fold and 
five-fold higher than those produced in PP or 2xPP 
medium, respectively. In comparison to PP medium, 
faster growth and higher cell density, but lower 
vitamin  B12 concentrations were observed in 2xPP 
medium, which shows that under these conditions the 
production of vitamin  B12 was not linked to biomass 
formation in Terrabacter sp. DSM102553.

By using the presence of bluB/cobT2 fusion genes 
as a potential indicator for efficient production of 
active vitamin  B12, we were able to identify strains 
which produce vitamin  B12 under aerobic conditions. 

Since oxygen is necessary for DMBI formation and 
active vitamin  B12 synthesis in P. freudenreichii 
(Deptula et  al. 2015), a two-step cultivation includ-
ing aerobic and anaerobic stages is applied for vita-
min  B12 production with these microaerophilic strains 
(Chamlagain et al. 2015, 2017; Deptula et al. 2017). 
The omission of the anaerobic cultivation step can be 
an attractive advantage since it makes the synthesis 
procedure more easy-to-handle and time-effective. So 
far, the vitamin  B12 contents reported in this manu-
script cannot compete with the values of approx. 
6–15 µg per g wet cell mass reported for P. freuden-
reichii (Deptula et  al. 2017) in a comparable cul-
tivation in shaking flasks, but the achieved levels 
obtained with minimal medium are promising. Future 
optimization steps can involve further medium opti-
mization, for example via supplementation of DMBI 
(Chamlagain et al. 2016) or cobalt (Mohammed et al. 
2014) as well as identification of mutants with higher 
productivity.

Conclusions

Our strategy for the identification of new vita-
min  B12 producing microorganisms resulted in 
the description of bacteria with the ability to pro-
duce active vitamin  B12 under aerobic conditions. 

Fig. 4  Growth and vitamin  B12 production capability of Ter-
rabacter sp. DSM102553 in different media A Growth curves 
of Terrabacter sp. DSM102553 in PP, 2xPP and M9 medium. 

B Vitamin  B12 content in cells cultured in PP, 2xPP and M9 
medium. The data points represent the mean values and stand-
ard deviations of three biological replicates



571Biotechnol Lett (2023) 45:563–572 

1 3
Vol.: (0123456789)

Cobalamin analysis was performed with a sensitive 
optimized LC–MS/MS method with a wide concen-
tration range developed in this study which not only 
allows vitamin  B12 quantification, but also enables 
clear discrimination between its active and inactive 
form and simplifies selective screening processes 
for potential producers. The identified ability of 
Terrabacter sp. DSM102553 to synthesize active 
cobalamin in the minimal medium demonstrated in 
our work opens new opportunities for further opti-
mization of the newly identified strain and its pos-
sible application for biotechnological vitamin  B12 
synthesis in a fairly simple aerobic manner.

Supporting information Supplementary Fig. 1—Selectivity 
of the method to cyanocobalamin in the presence of theacetate 
buffer and cell matrix. Figure shows the chromatograms cor-
responding to (A) bufferblank, (B) buffer spiked with CNCbl 
standard, (C) cell matrix blank obtained from the nonproduc-
ing strain E. coli DSM18039 and (D) cell matrix spiked with 
CNCbl standard.

Supplementary Fig. 2—LC-MS/MS chromatograms of the 
cyanocobalamin referencecompound and the cell extracts of R. 
antarctica DSM100494, Blastococcus sp. DSM44272 andTer-
rabacter sp. DSM102554. Shown are representative LC-MS/
MS chromatograms of thecyanocobalamin reference compound 
and of the cell extracts of the selected strains.

Supplementary Fig.  3—Growth curves of Terrabacter sp. 
DSM102553 in M9 medium withlowered concentrations of 
biotin and thiamin or without biotin and thiamin supplemen-
tation.The data points represent the mean values and standard 
deviations of three biological replicates. 
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