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Abstract

Background Vitamin B, (VB;,) has a wide range of applications and high economic value. In this study, a new strain
with high VB, production potential, Ensifer adhaerens S305, was identified in sewage. Because E. adhaerens strains
have become the main strains for VB, production via fermentation in recent years, the directional modification

of the S305 strain to obtain a strain suitable for the industrial production of VB,, has great potential and commercial
value.

Results 765 rRNA and genome-wide phylogenetic tree analysis combined with average nucleotide identity (ANI)
analysis showed that the high-yielding VB, strain was a E. adhaerens strain and that its VB,, synthesis pathway
genes were highly similar to related genes of strains of this and other species, including E. adhaerens Casida A,
Pseudomonas denitrificans SC 510, and E. adhaerens Corn53. High-pressure liquid chromatography (HPLC) results
indicated that the VB, yields of the S305 strain were more than double those of the Casida A strain under differ-
ent medium components. Multiple genes with significantly upregulated and downregulated transcription were
identified by comparing the transcription intensity of different genes through transcriptome sequencing. KEGG
enrichment analysis of the porphyrin metabolism pathway identified 9 significantly upregulated and downregu-
lated differentially expressed genes (DEGs) in the VB, synthesis pathway, including 7 transcriptionally upregulated
genes (cobA, cobT, hemA, cobJ, cobN, cobR, and cobP) that were episomally overexpressed in the Casida A strain. The
results showed that the VB, , yield of the overexpressed strain was higher than that of the wild-type strain. Notably,
the strains overexpressing the cobA and cobT genes exhibited the most significant increases in VB, yield, i.e, 31.4%
and 24.8%, respectively. The VB, , yield of the S305 strain in shake-flask culture was improved from 176.6+8.21 mg/L
to 245.6+£4.36 mg/L by integrating the cobA and cobT genes into the strain.

Conclusion Phylogenetic tree and ANI analysis showed that the Ensifer and Sinorhizobium strains were quite differ-
ent at the genome level; the overexpression and integrated expression of significantly upregulated genes in the VB,
synthesis pathway could increase the yield of VB, ,, further improving the VB, , yield of the £. adhaerens S305 strain.

*Yongheng Liu and Wei Huang contributed equally to this work. Introduction

*Correspondence: Vitamin B}, (VB,,), also known as cobalamin, is the only
Jianyu Su metal-containing vitamin that is essential for vertebrates.
su_jy@nxu.edu.cn The main physiological effect of VB,, is the inhibition
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This vitamin is mainly used in medical treatments and
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as a feed or food additive. Due to its complex chemical
structure and extremely cumbersome production using
chemical synthesis methods, VB,, is produced by micro-
bial fermentation. Reportedly, the microorganisms that
produce VB, mainly include Propionibacterium freuden-
reichii (P. freudenreichii) [1], Pseudomonas denitrificans
(P denitrificans) [2], Ensifer adhaerens (E. adhaerens)
[3], and Sinorhizobium meliloti (S. meliloti) [4]. Among
them, Propionibacterium strains have been certified
as food-safe strains by the U.S. Food and Drug Admin-
istration (FDA) [5], and P denitrificans was the first
high-yielding strain used for genetic modification [6, 7].
However, the production of VB,, by Propionibacterium
is complex, yielding many byproducts, and the produc-
tion of VB,, by P. denitrificans requires a long cycle and
low bacterial density [8]. Compared with the above two
types of bacteria, E. adhaerens has a shorter production
cycle and fewer byproducts; therefore, it has become the
main strain for VB, production in recent years. Research
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on the production of VB, by E. adhaerens has only been
reported in recent years. HOAN THI VU et al. identi-
fied the VB,,-producing strain E. adhaerens CS8a. Gene
sequencing results showed that the strain has 22 cob
genes. Rhizobium strains (such as Rhizobium legumino-
sarum WSM2304) also have these cob genes; therefore,
it is speculated that Rhizobium and E. adhaerens have
the ability to biosynthesize VB, [9]. The European Food
Safety Authority (EFSA) evaluated the safety of E. adhae-
rens CICC 11008 s with regard to VB, production, and
the results indicated that E. adhaerens strains are safe
and reliable VB,, producers [10, 11].

As shown in Fig. 1, the biosynthesis of VB,, is very
complex, exhibiting a bicyclic pathway; there are approxi-
mately 30 enzymes involved in its de novo synthesis. Early
scholars divided the biosynthesis pathway of VB,, into
an anaerobic synthesis pathway (the blue circle on the
left side of Fig. 1) and an aerobic synthesis pathway (the
red circle on the right side of Fig. 1) on the basis of the
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Fig. 1 Biosynthetic metabolic pathway for VB, The green arrow in the figure represents a common pathway of VB,, synthesis, the red dashed

arrow represents feedback inhibition, the purple arrow and magenta arrow represent the two main metabolic pathway branches for VB, ,, the blue
circle represents the aerobic pathway, and the red circle represents the anaerobic pathway. The abbreviations and full names of some metabolites
in the figure are shown at the end of the article. The abbreviations in parentheses represent the enzymes in each step
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dependence of microorganisms on oxygen. Later, through
an in-depth comparative study of these two synthesis
pathways, the main difference between the two was iden-
tified as the chelation time of cobalt ions and the enzymes
that catalyse most reactions [12]. The pathway for syn-
thesizing 5-aminolevulinic acid from glutamic acid, ie.,
the C5 pathway, is a common pathway that exists in most
microorganisms, such as E. adhaerens, the object of this
study. The pathway for synthesizing 5-aminolevulinic acid
from glycine, i.e., the C4 pathway, mainly exists in some
bacteria in the class Alphaproteobacteria in the phylum
Proteobacteria [13, 14]. A new VB,,-producing strain
was discovered in this study. The strain was identified
by genome bioinformatics analysis and named E. adhae-
rens S305 (hereinafter referred to as the S305 strain).
High-pressure liquid chromatography (HPLC) was used
to preliminarily assess the VB;, production capacity of
the S305 strain and an E. adhaerens strain, E. adhaerens
Casida A (ATCC 33212, hereinafter referred to as the
Casida A strain). Considering the significant difference in
yield between the two strains, the transcription of the two
strains cultured under the same conditions for different
durations was compared and analysed through genome
and transcriptome sequencing. Episomal overexpression
of the key genes was preliminarily verified, and finally, the
yield of VB, from the S305 strain was greatly improved
through gene integration expression. Therefore, this study
provides a new reference for the classification of Ewusifer
and Sinorhizobium species and the genetic modification
of VB,,-producing strains.

Results

Basic morphology, genome characteristics,

and identification of the S305 strain

A total of 23 different bacterial strains were screened
from sewage. Compared with other strains, the S305

(See figure on next page.)
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strain was slightly red with a round, smooth, and sticky
gram-negative colony (Fig. 2A) and a microscopically
short rod-like shape (Fig. 2B) after being cultured
in No. 1 solid medium (Supplementary methods 1)
for 72 h. Analysis of the whole-genome sequencing
results showed that the genome of the S305 strain
(GenBank assembly accession GCA_029439625.1)
has a total length of 7,365,904 bp, a GC content of
62.34%, and two superlarge plasmids. The predicted
number of coding sequences (CDSs) in the chromo-
somal genome is 6906, and the average gene length is
928 bp, containing 62 tRNA genes, 15 rRNA genes,
53 ncRNA genes and 3 pseudogenes. NCBI genome
alignment showed that the sequence of the S305 strain
is similar to those of the Casida A strain (GenBank
assembly accession GCA_029674665.1) and the E.
adhaerens Corn53 strain (GenBank assembly accession
GCA_009883655.1). A comparison of basic genome
information showed that the three strains each had a
chromosome and 2 plasmids, with similar GC contents
in all three (Table S1). The results of a genome col-
linearity analysis showed that the genome sequences
of the S305 strain had better collinearity with those
of the Casida A strain than with those of other strains
and that the S305 strain had a higher level of homology
with the E. adhaerens strain (Fig. S1). A phylogenetic
tree was constructed using the 16S rRNA sequence
and whole-genome sequence of the S305 strain
(Fig. 2C, D). The results further indicated that S305
was a Ensifer species; in addition, the average nucle-
otide identity (ANI) analysis showed that the highest
ANTI value of the S305 and Casida A strains was 99.09%
(Fig. S2). An ANI value greater than 95% indicates that
the genetic relationship between two prokaryotes is
similar, and an ANI value less than 95% indicates that
the strains are different [15]; therefore, the S305 strain

Fig. 2 Basic growth morphology and molecular identification of the S305 strain. A Colony morphology of S305 on solid plates. B Microscopy
examination of the $305 strain with Gram staining. The image was obtained at 1000 x magnification (objective oil lens: 100x; eye piece:

10x magnification). C Phylogenetic evolutionary tree of the S305 16S rRNA constructed using the neighbour joining (NJ) method. The sequences
aligned were 765 rRNA (DQ911548.1) from Sinorhizobium sp. AFK-13; 16S rDNA (HQ288937.1) from Sinorhizobium sp. A1 (2011); 16S rRNA (KR819181.1)
from Ensifer adhaerens G85; 16S rRNA (JQ927221.1) from Sinorhizobium sp. ZJB1101; 165 rRNA (KC934865.1) from Ensifer adhaerens M28; 16S rRNA
(AF227753.1) from Sinorhizobium sp. C4; 165 rRNA (AF285962.1) from Sinorhizobium sp. S002; 16S rRNA (DQ786804.1) from Sinorhizobium fredii

SjzZ4; 165 rRNA (AJ505297.1) from Sinorhizobium sp. TJ170; 16S rRNA (JQ322555.1) from Sinorhizobium meliloti CHW10B; 16S rRNA (AJ012210.1)

from Sinorhizobium sp. BK1; 165 rRNA (MN083303.1) from Ensifer adhaerens HP1; 165 rRNA (MW800616.1) from Ensifer adhaerens S305; and 165 rRNA
(CP015880.1) from Ensifer adhaerens Casida A. The numbers on the branches represents the self-expansion value, the branch clustering and length
represent the phylogenetic relationships, and a "T" on the top right of the bacterial species name indicates that the strain is a representative

species of the genus. D Phylogenetic evolutionary tree based on the entire genome of S305 and other strains. The genome sequences aligned

were as follows: NZ_CP016450.1 from Sinorhizobium sp. RAC02; GCA_000697965.2 from Ensifer adhaerens Casida A; GCA_029439625.1 from Ensifer
adhaerens S305; NZ_SSBU01000001.11 from Ensifer adhaerens YX1:GCA_009883655.1 from Ensifer adhaerens Corn53; NZ_CP007236.1 from Ensifer
adhaerens OV14; NC_016812.1 from Sinorhizobium fredii HH103; NC_012587.1 from Sinorhizobium fredii NGR234; NZ_CP023063.1 from Sinorhizobium
sp. CCBAU 05631; GCA_000006965.1 from Sinorhizobium meliloti 1021; GCA_002197045.1 from Sinorhizobium meliloti RM41; GCA_000218265.1

from Sinorhizobium meliloti SM11; GOLD: Go0003237 from Rhizobium etli CIAT 652; GOLD: Go0000395 from Rhizobium etli CFN 42; GOLD: Go0001809
from Rhizobium leguminosarum bv trifoliif WSM1325; NZ_CP004143.1 from Pseudomonas denitrificans ATCC 13867. Branch clustering and length
represent phylogenetic relationships, and a "T" on the top right of the strain name indicates that the strain is a representative strain of the genus
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could be identified and was classified as E. adhaerens.
We named the strain E. adhaerens S305.

Comparison of the similarity of VB, , synthesis pathway
gene sequences between the S305 and Casida A strains
and detection of VB, production capacity

A total of 39 genes in the whole genome of the S305
strain are directly related to the synthesis of VB,,, of
which 30 genes are involved in the VB,, synthesis path-
way and 9 genes are involved in the branched meta-
bolic pathway (Table S2). The base sequence alignment
results showed that the S305 strain was highly similar
to Casida A, P. denitrificans SC 510, and Enusifer adhae-
rens Corn53 in terms of the genes related to the main
VB,, synthesis pathway (especially the genes with a cob
prefix), whereas the similarity of the cob genes between
the Ensifer and Sinorhizobium strains was quite differ-
ent from that between the strains of the Ensifer genus;
VB,, synthesis pathway-related genes generally exist
in strains of these two genera, and most of the gene
sequences have high similarity (Fig. 3A). This result
suggests that Ensifer and Sinorhizobium species can
generally synthesize VB,,, a finding that is consistent
with the results reported by HOAN THI VU et al. [9].
Interestingly, it has been reported that the VB, yield
of the P denitrificans SC510 strain can be improved
significantly by replacing these cob genes [6]; these
cob genes are highly similar to the cob gene sequences
of the S305 and Casida A strains, and the amino acid
sequences of their encoded proteins are also highly
similar (Table S3). It was preliminarily speculated that
the high sequence similarity of these genes with the
cob prefix may be one of the factors contributing to the
high VB,, yield; therefore, we purchased the Casida
A strain. To compare the VB,, yields of the S305 and
Casida A strains, the test strains were cultured in shake
flasks with different medium components, and the VB,
yield of the S305 strain was more than double that of
the Casida A strain (Fig. 3B). Therefore, we decided to
further compare and analyse the two strains at the gene
transcription level.

(See figure on next page.)
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Differences in the transcription of significantly

enriched genes between the S305 and Casida A strains
under the same culture conditions

The results of further analyses of gene transcription in
the two strains under the same culture conditions indi-
cated that the high-quality transcriptome sequencing
data of each sample exceeded 3.31 Gb, and the percent-
age of Q30 bases was greater than 93.8% (Table S4). The
high-quality fragments (clean reads) from each sample
were compared with the designated reference genomes,
and the similarity ranged from 98.87% to 99.46%, indicat-
ing that the accuracy of this sequencing was high. All sig-
nificantly upregulated and downregulated differentially
expressed genes (DEGs) between Casida A and S305 were
counted. In the S305 strain, using the Casida A strain
as the comparator, 211 significantly upregulated genes
and 90 significantly downregulated genes were identi-
fied after 12 h of treatment (Fig. 4A); 365 significantly
upregulated genes and 350 significantly downregulated
genes were identified after 24 h of treatment (Fig. 4B);
333 significantly upregulated genes and 524 significantly
downregulated genes were identified after 48 h of treat-
ment (Fig. 4C); and 445 significantly upregulated genes
and 319 significantly downregulated genes were identi-
fied after 72 h of treatment (Fig. 4D). KEGG pathway cor-
relation enrichment analysis further revealed that there
were many significantly upregulated genes in the glucose
metabolism and tricarboxylic acid cycle pathway, amino
acid metabolism, and porphyrin metabolism pathway, all
of which are closely related to VB,, synthesis (Fig. 4E, F).

Analysis of transcriptionally upregulated

and downregulated VB, , synthesis-related genes

in the test strain

In the S305 strain, with the Casida A strain as the com-
parator, 9 significantly upregulated and downregulated
genes in the VB, synthesis pathway were identified,
including 7 significantly upregulated genes (hemA, cobA,
cob], cobT, cobN, cobP, and cobR) and 2 significantly
downregulated genes (hemY and cysG) (Fig. 5A); the
expression levels of the genes are shown in Table S5. The
expression of the 9 genes was independently verified by

Fig. 3 Sequence alignment analysis of the VB, , synthesis pathway gene and preliminary determination of the VB, , yield in the S305 strain.

A Heatmap for comparison of gene sequence similarity between Ensifer adhaerens S305 (GenBank assembly accession GCA_029439625.1)

and other strains with VB, synthesis-related genes. The horizontal axis shows the strains £. adhaerens Casida A (GenBank assembly accession
GCA_029674665.1), E. adhaerens Corn53 (GenBank assembly accession GCA_009883655.1), Pseudomonas denitrificans SC 510 (European Patent
Number EP-0516647-B1), Sinorhizobium fredii NGR234 (NC_012587.1), E. adhaerens OV14 (GenBank assembly accession GCA_000583045.1),
Sinorhizobium fredii CCBAU 45436 (GenBank assembly accession GCA_003100575.1), and Sinorhizobium meliloti 1021 (GenBank assembly accession
GCA_000006965.1) from left to right, and the vertical axis shows the similarity of VB, , synthesis-related gene sequences (0-100%) from top

to bottom. The "white box" indicates that the gene sequence for the strain has not been found. B VB,, production by the 5305 and Casida A strains

in liquid shake flask culture with different fermentation media
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qPCR (Fig. 5B), and the verification results were consist-
ent with the transcriptomic data, further demonstrating
that the transcriptome sequencing data were reliable.

Effects of the episomal overexpression of significantly
upregulated genes and integrated expression on the VB,,
yield of the strain

To verify that the abovementioned significant DEGs
explained the high production of VB,, in the S305 strain,
the Casida A strain and the Casida A-pET28a-Gmr strain
carrying an empty overexpression plasmid were used as
controls to construct seven mutant strains overexpress-
ing the corresponding DEGs. HPLC results showed that
except for the Casida A-cobR/OP (75.9+4.31 mg/L) and
Casida A-cobP/OP (77.2+2.01 mg/L) strains, which
overexpressed the cobR and cobP genes, the VB, yield
improved in strains that overexpressed the other genes
(Fig. 6A). The Casida A-cobA/OP and Casida A-cobT/OP
strains overexpressing the cobA and cobT genes had the
most significant increases (yields of 96.2 +2.61 mg/L and
91.4+3.31 mg/L, respectively, i.e., 31.4% and 24.8% higher
than that of the wild-type strain (73.2+2.35 mg/L)). The
VB,, yields of the Casida A-cobJ/OP, Casida A-hemA/OP,
and Casida A-cobN/OP strains were 79.6+1.29 mg/L,
82.3+3.02 mg/L, and 80.2+4.29 mg/L, respectively, indi-
rectly indicating that the higher transcription of these
genes in the S305 strain compared with the Casida A
strain might be related to the significantly higher VB,,
yield. To further increase the yield of the S305 strain,
cobA and cobT, the two genes with the most significant
overexpression, were selected and overexpressed in the
S305 strain. Importantly, episomally expressed genes are
not conducive to fermentation production because of
self-resistance; additionally, the loss of target traits is pos-
sible due to loss of plasmids after multiple passages [16].
Therefore, the cobA and cobT genes were integrated into
the genome of the S305 strain by homologous recombi-
nation. Additionally, to ensure efficient gene expression,
the strong promoter ibpA screened from the S305 strain
was inserted upstream of the genes, and the integration
sites were gene0651 and gene1218, with no chromosomal
expression observed by transcriptome chromosomes.
The relative expression levels of cobA and cobT in the

(See figure on next page.)

Page 7 of 16

successfully integrated strains were measured by q-PCR.
The results showed that the relative expression of cobA
and cobT was higher in the integrated strains than in the
wild-type strains (Fig. S3), demonstrating that the inte-
gration was effective. The successfully integrated posi-
tive strains were cultured in shake flasks and assessed by
HPLC. The results showed that the VB, yield in the S305
strains with integration of the cobA or cobT gene alone
and in the S305 strains with integration of both the cobA
and cobT genes increased (Fig. 6B) in ascending order
of VB,, vield: S305-cobT/RC (208.9+5.92 mg/L) < S305-
cobA/RC (226.2+£3.20 mg/L) < S305-cobA + cobT/
RC (245.6+4.36 mg/L). This yield was significantly
higher than the highest reported yield of P denitrifi-
cans (214.4 mg/L) [17] and the highest reported yield of
P freudenreichii (206.0 mg/L) [18]. Therefore, further
improvement in the VB, yield of the S305 strain was
achieved.

Determination of the growth status of wild-type strains
and mutant strains with significantly enhanced VB,, yield
In addition, the growth of the above recombinant strains
Casida A, Casida A-pET28a-Gmr, Casida A-cobA/OP,
Casida A-cobT/OP, S305, S305-cobT/RC, S305-cobA/
RC and S305-cobA +cobT/RC was measured (Fig. 6C),
and the growth curves for the Casida A and Casida A
strains with episomally expressed genes were consist-
ent. Similarly, the growth curves for the S305 strain
and the recombinant S305 strain with integrated genes
were also consistent. However, the S305, $S305-cobT/RC,
$305-cobA/RC and S305-cobA +cobT/RC strains exhib-
ited higher maximum growth (ODy,) than the Casida A
strain and the strains with episomally expressed genes,
providing a potential explanation for why the VB,, yield
of the S305 strain was significantly higher than that of
the Casida A strain. In addition, the lag and logarithmic
phases of the growth curves for the Casida A-pET28a-
Gmr, Casida A-cobA/OP and Casida A-cobT/OP strains
were significantly prolonged, a finding that may be
related to the prolonged growth adaptation period of the
strains due to the replacement of the gentamicin resist-
ance gene with the recombinant plasmid. The above-
mentioned growth measurement results also indicate

Fig. 4 Enrichment analysis of significantly differentially expressed genes between the S305 strain and Casida A strain. A, B, C, D Volcano map

of enriched genes with significant transcriptional differences between the 5305 and Casida A strains during four cultivation periods (A-12 h, B-24 h,
C-48 h, and D-72 h) under the same culture conditions. The blue dots represent downregulated genes, and the red dots represent upregulated
genes (Padjust < 0.05, multiple change > 2). E KEGG pathway enrichment analysis of genes with significant differences in expression in the S305
strain compared to the Casida A strain. P value <0.001 is labelled as ***, P value <0.01 is labelled as **, and P value < 0.05 is labelled as *. The colour
gradient on the right side represents the P value. F The number of genes in metabolic pathways with significant differences in gene expression

in the S305 strain
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that episomal gene overexpression and integrated gene
expression had little effect on the growth of the wild-type
strain and demonstrate that the increase in the VB, yield
of strains with episomal or integrated gene expression
was not caused by an increase in growth.

Discussion

In 1980, Casida et al. discovered a bacterium that
preyed on Micrococcus luteus and named it E. adhaer-
ens Casida A in 1982 [19, 20]. The classification of Ensi-
fer and Sinorhizobium has always been controversial.
Some scholars believe that Eusifer should be classified
as Sinorhizobium [21-23], and some scholars insist that
all Sinorhizobium spp. should be renamed Ewnsifer spp.
According to the International Code of Nomenclature
of Bacteria [24], Ensifer is the first proposed synonym
[25]. In 2008, the Judicial Commission of the Interna-
tional Committee on Systematics of Prokaryotes officially
determined that Sinorhizobium and Enusifer are synonyms
and transferred all members of the genus Sinorhizobium
to the genus Ensifer [26]. However, this conclusion has
not been unanimously agreed upon by rhizobial taxono-
mists, and most rhizobial taxonomists still do not agree
with changing the name of Sinorhizobium. In this study,
the results of a phylogenetic tree analysis showed that
Sinorhizobium and Ensifer are closely related, but the
comparison of ANI values indirectly indicated that the
genome sequences of Sinorhizobium and Ensifer (Fig. S2)
are quite different. The ANI values of the genomes of 8
Sinorhizobium strains and the S305 strain were between
80 and 82% (Fig. S4). The ANI values of the genomes of 8
Ensifer strains and the S305 strain were almost all above
95% (Fig. S5), except for a relatively low ANI value for
the S305 strain and E. adhaerens OV14 strain (83.18%).
On this basis, we speculated that the E. adhaerens OV14
strain is more closely related to Sinorhizobium strains.
Hence, at the molecular level, Sinorhizobium and Ensifer
can be identified as two genera.

The hemA gene is a key gene for the synthesis of 5-ami-
nolevulinic acid (ALA), an important precursor of VB,,
[27], and the cobA gene encodes the protein that con-
verts uroporphyrinogen III to protocorrin-2 for the
synthesis of the ring skeleton of VB, [28]. Experiments

(See figure on next page.)
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have shown that the overexpression of the hemA and
cobA genes can increase the yield of VB,, [29]. The cobT
gene is an important gene in the salvage pathway of VB,
synthesis. The protein encoded by this gene can synthe-
size VB, in two steps by catalysing the conversion of
5,6-dimethylbenzimidazole [30]; therefore, the signifi-
cantly upregulated transcription of the hemA, cobA, and
cobT genes in the S305 strain may be directly related
to the high VB, yield of this strain. In this study, the
yield of VB, improved significantly after the integrated
overexpression of the cobA and cobT genes in the S305
strain. cobJ, cobN, cobP, and cobR are all genes involved
in intermediate steps of VB;, synthesis, and the cob/ gene
sequence in the S305 strain varies greatly from that in the
Casida A strain (Table S3). The prediction of the protein
encoded by this gene also showed obvious structural var-
iation (Fig. S6). The cobN gene encodes a cobalt transport
and chelating protein that is very important for the inte-
gration of cobalt ions in the porphyrin ring in the centre
of the chemical structure of VB, [31]. The upregulation
of the transcription intensity of these genes may also
increase VB, yield. In addition, episomal overexpres-
sion of these genes increased the VB, yield of the Casida
A strain. hemY is a key gene for the synthesis of heme,
which is needed for the synthesize of protoporphyrin IX
from coproporphyrinogen III. Reportedly, the accumula-
tion of coproporphyrinogen III can inhibit the activity of
hemE, which in turn facilitates the conversion of uropor-
phyrinogen III to protocorrin-2, eventually leading to an
increase in VB,, yield [32]. Transcriptomic and qPCR
data showed that the transcription intensity of the hemY
gene of the Casida A strain was significantly higher than
that of the semY gene of the S305 strain, potentially lead-
ing to the accelerated conversion of coproporphyrinogen
III to protoporphyrin IX in the haem synthesis pathway
in the Casida A strain, thereby releasing the feedback
inhibition effect of coproporphyrinogen III on hemE,
resulting in increased shunting of uroporphyrinogen III
to haem synthesis and ultimately reducing the amount
of VB, synthesized. The cysG gene encodes siroheme
synthase, which is important in another branch of VB,
biosynthesis. The Casida A strain exhibited significantly
higher transcription of this gene than the S305 strain.
Because the metabolic branch is shunted to synthesize

Fig. 5 Significantly up- and downregulated genes in the VB, , synthesis pathway between the S305 strain and the Casida A strain. A Schematic
diagram of the VB, , synthesis pathway. The asterisk in the graph represents a significant change in the transcriptional intensity of the gene in strain
S305 relative to that in the Casida A strain. The up arrow represents upregulation, and the down arrow represents downregulation. P value <0.01

is indicated by **. B Relative expression of genes significantly differentially expressed in the VB, synthesis pathway between the S305 strain

and the Casida A strain. The transcription level of the cobP gene was highest at 48 h, with the highest relative expression of other genes occurring
at 12 h.The relative expression of genes was calculated using the 2-AAT relative quantification method
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more siroheme, VB, yield in the Casida A strain may be
lower, and the subsequent weakening of the hemY gene
and the knockout of the ¢ysG gene may further improve
VB,, vield in the S305 strain. In recent years, the rapid
development of synthetic biology has led to signifi-
cant breakthroughs in the biosynthesis of VB;,, which
has been fully synthesized in E. coli [33, 34]. However,
although the production of VB,, using E. coli fermenta-
tion has the advantage of a very short fermentation time,
the yield is still very low (approximately 0.67-1 mg/L),
and the safety of VB, production using E. coli also needs
to be further evaluated.

Conclusion

In this study, the S305 strain was identified at the
molecular level, and the genomes of Eunsifer and
Sinorhizobium strains were found to be significantly

different through genome comparisons. This study
experimentally measured the VB,, yield of E. adhae-
rens Casida A, which has never before been reported.
Although the VB,, synthesis pathway genes of the Ensi-
fer type strains are highly similar to the orthologues
from the reported recombinant strain P. denitrificans
SC 510, the HPLC results indirectly demonstrated
that the VB,, synthesis pathway genes (cob genes) with
highly similar nucleic acid and amino acid sequences
were not the reason for the high VB, yield of the S305
strain. Comparative transcriptomic analysis indicated
that some key genes in the VB,, synthesis pathway may
have unknown regulatory mechanisms under the same
culture conditions that caused the VB, yield of the
S$305 strain to be significantly higher than that of the
Casida A strain. Episomal overexpression in the Casida
A strain and integrated expression in the S305 strain
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also confirmed that the overexpression of these genes
could improve VB, yield.

These results provide guidance for screening
VB,,-producing strains for yield improvements. The bio-
chemical metabolic pathway mechanism for VB,, is very
clear. In recent decades, researchers in China and abroad
have carried out studies on the yield optimization, purifi-
cation and application of various VB,,-producing strains,
but there is still a lack of systematic studies on the high-
yield expression regulation mechanisms for VB,,. In
conclusion, it is necessary to establish a relatively stable
expression analysis platform and expression and knock-
out system for VB, synthesis-related genes on the basis
of comparative omics of strains with high and low VB,,
yields to explore the key genes involved in VB,, synthesis,
to analyse the detailed mechanism of VB,, synthesis and
to provide an accurate and effective high-yield strategy
for VB,,-producing strains.

Materials and methods
Test strains and plasmids
For the strains and plasmids used in this study (Table S6).

Test strain culture

The test strains were cultured, activated, and preserved
on activated medium. The components of the activated
medium were bovine heart extract powder (10 g/L),
casein peptone (10 g/L), and sodium chloride (5 g/L). The
medium had a pH value of 7.0. After culturing at 28 C
for 36 h, vigorously growing colonies were isolated and
observed.

VB,,-producing strains were cultured in liquid shake
flasks (500 mL conical flasks, 200 mL medium per bot-
tle). See Supplementary Methods 1 for the components
of the fermentation medium. The strains in which each
gene was episomally expressed and the strains in which
each gene was integrated and expressed were cultured in
No. 3 medium (Supplementary methods 1). The strains
in which genes were episomally expressed were cultured
with 50 pg/mL gentamicin, the strains in which the cobA
gene was integrated and expressed were cultured with
25 pg/mL chloramphenicol, the strains in which cobT was
integrated and expressed were cultured with 50 ug/mL
apramycin, and the strains in which cobA and cobT were
integrated and expressed were cultured with 25 ug/mL
chloramphenicol and 50 pg/mL apramycin. The incuba-
tion temperature was 28 °C, and the flasks were shaken
for 120 h prior to HPLC analysis.

Fermentation sample processing and VB,, detection

The strain fermentation medium was autoclaved for
30 min. After treatment, the samples were centrifuged
at 12,000 r/min for 5 min, and the supernatant was

Page 12 of 16

filtered through a 0.22-pm filter prior to HPLC analy-
sis. Hydroxocobalamin was accurately weighed and dis-
solved in ultrapure water to prepare a 100 mg/L standard
(note: VB,, produced by bacterial fermentation is mainly
adenosylcobalamin; adenosylcobalamin is unstable and
can be converted to hydroxocobalamin when exposed
to light, and therefore, the standard used was hydroxo-
cobalamin). Standards with concentrations of 10, 25, 50,
and 100 mg/L were prepared for the analysis; each sam-
ple was measured three times, and the average value was
used to prepare a standard curve. A WATERS 2695 high-
performance liquid chromatography system coupled with
a W2998 UV detector and a chromatographic column
(GL InerSustain C18, 5 pM, 4.6 mm X 250 mm) was used.
The settings were as follows: column temperature, 30 °C;
injection volume, 10 pl; detection wavelength, 351 nm;
flow rate, 1 mL/min; mobile phase A, acetonitrile; and
mobile phase B, sodium acetate buffer (pH 3.6). The elu-
tion conditions were as follows: from 0 to 5 min, 10%
acetonitrile gradient elution; from 5 to 10 min, 10-30%
acetonitrile gradient elution.

Whole-genome sequencing and functional annotation

of the test strains

The TIANGEN whole-genome DNA extraction kit was
used to extract the genomic DNA of the test strains. Puri-
fied DNA samples were sent to the ONT platform of
Majorbio (Shanghai, China) for Nanopore whole-genome
sequencing (third-generation whole-genome sequenc-
ing), and the whole-genome sequences of the test strains
S$305 and Casida A were obtained. Protein-encoding
genes, repeats, and noncoding RNAs were predicted for
the whole-genome DNA sequence of the test strains. The
amino acid sequences of the genes were aligned with those
in the GO (Gene Ontology), KEGG (Kyoto Encyclopedia
of Genes and Genomes), and COG (Cluster of Ortholo-
gous Groups of Proteins) databases, and the gene and
protein sequences were functionally annotated. Mauve
software was used to compare the whole-genome DNA
sequences of the test strains with the genome sequences
of other similar strains published in the NCBI database to
determine the collinearity of the genomes (Version 2.4.0,
http://darlinglab.org/mauve/mauve.html) [35].

Phylogenetic analysis of 16S rRNA and whole-genome
sequences and ANI value analysis

Using the 16S rRNA sequence of the tested strain S305
as a reference, a phylogenetic tree was constructed using
MEGAS5 software based on the neighbour joining (NJ)
method by comparison against the NCBI nucleic acid
database [36]. Using the whole-genome sequence of the
S305 strain as a reference, the sequencing results were
compared with the NCBI database to predict similar
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strains, and the Fasta format genome sequences were
downloaded. The whole-genome tree building software
CVTree3.0 was used to construct a phylogenetic tree
(Version 3.0, http://cvtree.net/v3/cvtree/index.html)
[37]. Online ANI calculator software was used for whole-
genome ANI analysis of strains (http://enve-omics.ce.
gatech.edu/ani/index) [38]).

Transcriptome sequencing and data analysis

The test strains were cultured in No. 3 medium in shake
flasks. Ten millilitres of medium was obtained after cul-
ture for 12 h, 24 h, 48 h, and 72 h and centrifuged at 4 °C.
The pellet was then transferred to a 1.5-ml sterile cryo-
preservation tube (repeated 3 times) and sent to Major-
bio (Shanghai, China) for 2*150 bp/300 bp sequencing
on an Illumina HiSeq sequencing platform. To ensure
the reliability of subsequent results, the quality-con-
trolled raw data, namely, clean data (reads), were com-
pared with the reference genomes to obtain mapped data
(reads) for subsequent analysis. Unqualified reads in the
raw data were filtered out, and the clean reads obtained
were used for subsequent analyses. RSEM software was
used to quantitatively analyse the expression levels of the
genes, and the quantitative index was FPKM (fragments
per kilobase per million reads); that is, in every million
sequences, each gene was measured in one thousand
bases, and the number of reads was aligned. After obtain-
ing the read counts of genes, differential expression
analysis of genes between samples was performed, and
p-adjust<0.05 and |log2FC|>1 were used as the thresh-
olds for identifying DEGs between samples. Functional
enrichment analysis was performed on the gene set, and
KEGG pathway enrichment analysis was performed on
the genes in the gene set using R script.

Determination of relative gene expression

At similar stages of growth, a Tiangen RNA prep Pure kit
was used to extract the total RNA from the two strains,
and cDNA was synthesized using a reverse transcription
kit (Takara Biological Company). Primer 5.0 software
was used to design primers for the key enzyme-encod-
ing genes of the VB,, synthesis pathway and the internal
reference gene 16S rRNA for the two strains of bacteria.
The qPCR primer sequences are shown in Table S7 and
were synthesized by Shanghai Sangon Biological Com-
pany. 165 rDNA was used as the internal reference gene.
The reaction volume was 20 pL, and the reaction condi-
tions were as follows: predenaturation at 95 °C for 30 s
and 40 cycles of denaturation at 95 °C for 5 s and exten-
sion at the appropriate Tm (annealing temperature of the
corresponding gene) for 30 s. The cycle threshold was
recorded. The relative expression level of each gene was
calculated using the 2-AAT relative quantitative method.
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Episomal overexpression plasmid construction

and transformation

Primers were designed (Table S7), and the construction
of the overexpression plasmids for all target genes was
basically the same as that for the cobT gene, described
below. The cobT gene was amplified using the Casida
A strain genome as the template and cobT-28a-F and
cobT-28a-R as the primers. The sequence fragment
(783 bp) containing the gentamicin resistance gene was
amplified using the pJQ200SK plasmid as the template
and Gm-28a-F and Gm-28a-R as the primers. Back-
bone plasmid fragment 1 (719 bp) was amplified using
the pET-28a plasmid as the template and P-28a-1F and
P-28a-1R as the primers. Backbone plasmid fragment 2
(3798 bp) was amplified using P-28a-2F and P-28a-2R as
primers. The above fragments were assembled by OE-
PCR to obtain the pET28a-Gmr-cobT plasmid (Fig. S7).
Other gene overexpression plasmid construction steps
are described in Supplementary Methods 2. The suc-
cessfully constructed overexpression plasmid was trans-
formed into Top10 competent cells; the cells were spread
onto a plate containing 50 ug/ml gentamicin and cultured
overnight at 37 °C. Monoclonal strains were placed into
gentamicin-containing LB liquid medium in shake flasks
and cultured overnight at 37 °C. Plasmids were extracted
with a Tiangen DP103 TIANprep Mini Plasmid Kit and
then transformed into Casida A competent cells, which
were cultured on a plate containing 50 pg/ml gentamy-
cin at 28 °C for 36 h, after which monoclonal strains were
selected. The successfully overexpressed positive clones
were named Casida A-cobA/OP, Casida A-cobT/OP,
Casida A-hemA/OP, Casida A-cobJ/OP, Casida A-cobN/
OP, Casida A-cobR/OP, and Casida A-cobP/OP.

Integrated expression plasmid construction

and transformation

Primers were designed (Table S7), and the construction of
all integrated expression plasmids was basically the same
as that for the cobT gene, described below. Using the S305
strain genome as the template, the cobT gene fragment
(1017 bp) was amplified with the primers cobT-200SK-
F and cobT-200SK-R, the fragment (724 bp) contain-
ing the upstream homology arm (600 bp) was amplified
with the primers UP-T200SK-F and UP-T200SK-R, the
fragment (118 bp) containing the strong promoter ibpA
was amplified with the primers pibpA-T200SK-F and
pibpA-T200SK-R, and the fragment (498 bp) containing
the downstream homology arm (467 bp) was amplified
with the primers Down-T200SK-F and Down-T200SK-R.
The gene sequence (1009 bp) containing the apramycin
resistance gene (Apr) was amplified using the pCRISPo-
myces-2 plasmid as the template and the primers
Apr-200SK-F and Apr-200SK-R. The backbone plasmid


http://cvtree.net/v3/cvtree/index.html
http://enve-omics.ce.gatech.edu/ani/index
http://enve-omics.ce.gatech.edu/ani/index

Liu et al. BMC Biotechnology (2023) 23:53

fragment (5551 bp) containing the sucrose lethal gene
and the gentamicin resistance gene was amplified using
the pJQ200SK plasmid as the template and the primers
P-200SK-F and P-200SK-R. The above fragments were
assembled by OE-PCR to obtain the pSK-cobT-Apr plas-
mid (Fig. S7). The construction steps for the cobA inte-
grated expression recombinant plasmid pSK-cobA-Cmr
are shown in Supplementary methods 2. The integrated
expression plasmid was transformed into ToplO com-
petent cells, which were spread onto a plate containing
50 pg/ml gentamicin and cultured at 37 °C overnight.
Monoclonal strains were placed into gentamicin-con-
taining LB liquid culture medium in shake flasks and
cultured at 37 °C overnight. A Tiangen DP103 TIANprep
Mini Plasmid Kit was used to extract plasmids, which
were transformed into S305 competent cells. Specifically,
200 ng of plasmid was added to competent cells; the cells
were shaken gently and then placed on ice for 30 min,
after which they were heat shocked at 42 °C for 90 s and
again placed on ice for 3 min. LB medium (600 mL) at
28 °C was added to the cells, which were incubated at 150
r/min for 1 h and then spread on Gmr (50 pg/ml)+Apr
(50 pg/ml) LB solid medium and cultured at 28 °C until
single colonies formed. The primary recombinant bacte-
ria were screened for bacterial resistance to antibiotics on
LB plates, and single clones were picked for subculture
for a second homologous recombination. The screened
primary recombination-positive single clones were
transferred into Gmr (50 pg/ml)+Apr (50 pg/ml)+15%
sucrose liquid medium for three passages at 28 °C, and 1
pL of the bacterial solution was diluted 100-fold, streaked
on an Apr (50 pg/ml) +15% sucrose plate and cultured at
28 °C until single colonies formed. A single colony with
good growth was picked for PCR using the primers cobT-
0651-F and cobT-0651-R to identify the recombinant
mutant strain, and the successfully identified mutant
strain was named S305-cobA/RC. The transformation of
the S305 strain with the pSK-cobT-Apr plasmid was per-
formed as described in the previous section; however, the
screening antibiotic apramycin (50 pg/ml) was replaced
with the screening antibiotic chloramphenicol (25 pg/
ml). The recombinant mutant strains were identified by
PCR using the primers cobA-1218-F and cobA-1218-R,
and the successfully identified mutant strain was named
S305-cobT/RC. Finally, the pSK-cobT-Apr plasmid was
transformed into the S305-cobA/RC mutant strain for
screening and identification, and the successfully identi-
fied mutant strain was named S305-cobA + cobT/RC.

Determination of the growth status of recombinant strains
The wild-type Casida A strain, the overexpression
mutants Casida A-cobA/OP, Casida A-cobT/OP, Casida
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A-hemA/OP, Casida A-cobJ/OP, Casida A-cobN/OP,
Casida A-cobR/OP, and Casida A-cobP/OP, and the inte-
grated expression mutants S305-cobA/RC, S305-cobT/
RC, and S305-cobA +cobT/RC were separately inocu-
lated in 100 mL of activated culture with corresponding
antibiotics at an inoculum dose of 2% and cultured at
28 °C and 150 r/min for 24 h (logarithmic growth phase);
the bacteria were then transferred to 100 mL of No. 3
medium with corresponding antibiotics and cultured at
28 °C and 150 r/min for 168 h. Samples were taken every
12 h, and absorbance was measured after 3 serial tenfold
dilutions (the wild-type strain was used as the control).
The obtained data were analysed to draw growth curves
for the strains.

Abbreviations

PCn Precorrin-n

Co-PCn Cobalt-precorrin-n

HBA Hydrogenobyrinic acid

HBAD Hydrogenobyrinic acid-a,c-diamide
CBAD(Il) Cob(Ihyrinic acid-a,c-diamide
CBAD(l) Cob(lyrinic acid-a,c-diamide
AdoCby Adenosylcobyric acid

AdoCbam Adenosylcobinamide

AdoCbi-P Adenosylcobinamide-phosphate
AdoCbi-GDP  Adenosylcobinamide-GDP
AdoCbl-P Adenosylcobalamin-5"-phosphate
AdoCbl Adenosylcobalamin

DMBI 5,6-Dimethylbenzimidazole

R-5"-P a-Ribazole 5”-phosphate

APP (R)-1-amino-2-propanol-O-2-phosphate
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the tested strain S305 and other strains. Figure S3. Relative expression

of cobA and cobT genes in strain S305 and other recombinant strains.
Figure S4. Comparison and Analysis of the Genome ANI between S305
and Other Sinorhizobium Strains. Figure S5. Comparison and Analysis

of the Genome ANI between S305 and Other Ensifer Strains. Figure

S6. Prediction of three-dimensional model for protein encoding genes
related to B, synthesis between S305 strain and Casida A strain. Figure
S7. Schematic diagram of free overexpression plasmids and constructing
recombinant plasmids, Take the plasmid pET28a-cobT-Gmr as an example
A.The skeleton plasmid pET28a and the pET28a-cobT-Gmr overexpressed
plasmid, and the kanamycin resistance of the original plasmid pET28a
was replaced with gentamicin resistance. B. The plasmids of pSK-cobT-Apr
and pSK —cobA-Cmr for integrated expression. Supplementary Methods
1. Supplementary Methods 2.

Additional file 2: Table S1. Comparison of genomic basic information
between S305 and Casida A, Ensifer adhaerens Corn53 strains. Table S2.
Ensifer adhaerens S305 genome sequencing genes and protein associa-
tion annotations of VB12 synthesis related genes. Table S3. Similarity

of amino acid sequences of the protein encoding the VB12 synthesis
pathway gene between 5305 and Casida A strain. Table S4. Quality con-
trol data statistics. Table S5. Significant expression of genes in the VB12
synthesis pathway of S305 and Casida A strain. Table Sé6. List of the strains
and plasmids used in this study. Table S7. Primers used in this study.



https://doi.org/10.1186/s12896-023-00824-3
https://doi.org/10.1186/s12896-023-00824-3

Liu et al. BMC Biotechnology (2023) 23:53

Acknowledgements

The authors thanks to Shanghai Meiji Biomedical Technology Co,, Ltd. for
providing genome and Transcriptome sequencing guidance and help in this
work.

Authors’ contributions

YHL, JYS conceived and designed the research. YHL and WH conducted
experiments. YHL, WH and QW performed some strains construction and VB12
detection. CLM and YYC performed strains cultivation. YHL, WH contributed

to manuscript writing and figures making. All authors critically viewed, edited
and approved the manuscript. All authors read and approved the final manu-
script. YHL and WH contributed equally to this work.

Funding
This work was supported by the Key Research & Development Program of
Ningxia 2021BEG02003.

Availability of data and materials

All data generated or analyzed during this study will be available from the first
author (Yongheng Liu, 13519512834@139.com) for anyone who wishes to
access the data.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 9 September 2023 Accepted: 24 November 2023
Published online: 11 December 2023

References

1. Wang P, Zhang Z, Jiao Y, Wang Y. Improved propionic acid and
5,6-dimethylbenzimidazole control strategy for vitamin B12 fermentation
by Propionibacterium freudenreichii. J Biotechnol. 2015;193(JAN):123-9.
https://doi.org/10.1016/j.jbiotec.2014.11.019.

2. LiKT,YangY, Cheng X. Revealing the Promoting Effect of Betaine on
Vitamin B12 Biosynthetic Pathway of Pseudomonas denitrificans by Using
a Proteomics Analysis. Curr Pharm Biotechnol. 2022;23(3):466-75. https://
doi.org/10.2174/1389201022666210531120935.

3. ZhaoT, Cheng K, Cao YH, Ouwehand AC, Jiao CF, Yao S. Identification and
Antibiotic Resistance Assessment of Ensifer adhaerens YX1, a Vitamin
B12 producing Strain Used as a Food and Feed Additive. J Food Sci.
2019;84(10):2925-31. https://doi.org/10.1111/1750-3841.14804.

4. DongH, LiS, Fang H, Xia M, Zheng P, Zhang D, Sun J. A newly isolated
and identified vitamin B12 producing strain: Sinorhizobium meliloti
320. Bioprocess Biosyst Eng. 2016;39:1527-37. https://doi.org/10.1007/
500449-016-1628-3.

5. Piwowarek K, Lipinska E, Hac-Szymanczuk E. Propionibacterium spp.-
source of propionic acid, vitamin B12, and other metabolites important
for the industry. Appl Microbiol Biotechnol. 2018;102(2):515-38. https://
doi.org/10.1007/500253-017-8616-7.

6. Blanche F, Cameron B, Crouzet J, Debussche L, Levy-Schil S, Thibaut D.
Rhone- Poulenc Biochimie. Eur Patent. 1998;81:0516647.

7. Blanche F, Cameron B, Crouzet J. VitaminB12: how the problem of its
biosynthesis was solved. Angew Chem Int Ed Engl. 2010;34(4):383-411.
https://doi.org/10.1002/anie.199503831.

8. Fang H, Kang J, Zhang D. Microbial production of vitamin B12: a review
and future perspectives. Microbial Cell Factories. 2017;16(1):1-15.
https://doi.org/10.1186/512934-017-0631-y.

20

21

22.

23.

24.

25

Page 150f 16

ThiVuH, Itoh H, Ishii S. Identification and Phylogenetic Characteriza-
tion of Cobalamin Biosynthetic Genes of Ensifer adhaerens. Microbes
Environ. 2013;28(1):153-5. https://doi.org/10.1264/jsme2.ME12069.

. EFSA Panel on Additives and Products or Substances used in Animal

Feed (FEEDAP). Scientific Opinion on safety and efficacy of vitamin
B12 (cyanocobalamin) produced by Ensifer adhaerens when used as
a feed additive for all animal species based on a dossier submitted by
Lohamnn Animal Health. EFSA J. 2015;13(5):4112-30. https://doi.org/
10.2903/j.efsa.2015.4112.

. EFSA Panel on Additives and Products or Substances used in Animal

Feed (FEEDAP), Bampidis V, Azimonti G, de Lourdes Bastos M, Chris-
tensen H, Dusemund B, Durjava MF, Kouba M, Lépez-Alonso M, Lopez
Puente S, Marcon F, Mayo B, Pechova A, Petkova M, Ramos F, Sanz Y,
Villa RE, Woutersen R, Cocconcelli PS, Glandorf B, Herman L, Prieto
Maradona M, Saarela M, Anguita M, Galobart J, Holczknecht O, Manini
P, Pizzo F, Tarrés-Call J, Pettenati E. Safety of vitamin B12 (in the form of
cyanocobalamin) produced by Ensifer adhaerensCNCM-I 5541 for all
animal species. EFSA J. 2020;18(12):6335. https://doi.org/10.2903/j.efsa.
Scott Al, Roessner CA. Biosynthesis of cobalamin (vitamin B12).
Biochem Soc Trans. 2002;30(4):613-20. https://doi.org/10.1042/bst03
00613.

Jahn D, Verkamp E. So™ll D Glutamyl-transfer RNA: a precursor of
heme and chlorophyll biosynthesis. Trends Biochem Sciences.
1992;17(6):215-8. https://doi.org/10.1016/0968-0004(92)90380-R.
Roth JR, Lawrence JG, Rubenfield M. Characterization of the cobala-
min (vitamin B12) biosynthetic genes of Salmonella typhimurium. J
Bacteriol. 1993;175(11):3303-16. https://doi.org/10.1128/jb.175.11.
3303-3316.

Arahal DR. Whole-Genome Analyses: Average Nucleotide Identity. Meth-
ods Microbiol. 2004;41:103-22. https://doi.org/10.1016/bs.mim.2014.07.
002.

Xu JZ, Zhang WG. "Strategies used for genetically modifying bacterial
genome: site-directed mutagenesis, gene inactivation, and gene over-
expression. J Zhejiang Univ-Sci B (Biomed & Biotechnol). 2016;17(2):83—
99. https://doi.org/10.1631/jzus.B1500187.

Li KT, et al. An effective and simplified pH-stat control strategy for the
industrial fermentation of vitamin B12 by Pseudomonas denitrificans.
Bioprocess Biosyst Eng. 2008;31:605-10. https://doi.org/10.1007/
500449-008-0209-5.

Vly B, Ni Z, Aa E. Tetrapyrroles: diversity, biosynthesis, and biotechnology
(review) Appl. Biochem Microbiol. 1998,34:1-18.

Casida LE. Bacterial predators of Micrococcus luteus in soil. Appl Environ
Microbiol. 1980;39:1035-41. https://doi.org/10.1128/aem.39.5.1035-1041.
Casida LE Jr. Ensifer adhaerens gen. nov., sp. Nov.: a bacterial predator of
bacteria in soil. Int J Syst Evol Microbiol. 1982;32:339-45. https://doi.org/
10.1099/00207713-32-3-339.

Germida JJ, Casida LE. Ensifer adhaerens predatory activity against other
bacteria in soil, as monitored by indirect phage analysis. Appl Environ
Microbiol. 1983;45(4):1380-8. https://doi.org/10.1128/aem.45.4.1380-
1388.1983.

Merabet C, Martens M, Mahdhi M, Zakhia F, Sy A, Le Roux C, Domergue O,
Coopman R, Bekki A, Mars M, Willems A, de Lajudie P. Multilous sequence
analysis of root nodule isolates from Lotus arabicus (Senegal), Lotus
creticus, Argyrolobium uniflorum and Medicago sativa (Tunisia) and
description of Ensifer numidicus sp. nov. and Ensifer garamanticus sp.
nov. Int J Syst Evol Microbiol. 2010;60:664-74. https://doi.org/10.1099/
ij5.0.012088-0.

Willems A, Fernandez-Lopez M, Munoz-Adelantado E, Goris J, De Vos P,
Martinez-Romero E, Toro N, Gillis M. Description of new Ensifer strains
from nodules and proposal to transfer Ensifer adhaerens Casida 1982 to
Sinorhizobium as Sinorhizobium adhaerens comb. nov. Request for an
Opinion. Int J Syst Evol Microbiol. 2003;53:1207-17. https://doi.org/10.
1099/ij5.0.02264-0.

Lapage SP, Sneath PHA, Lessel EF, Skerman VBD, Seeliger HPR, Clark WA,
editors. International Code of Nomenclature of Bacteria. American Soci-
ety of Microbiology, Washington, USA 1990. Bookshelf ID: NBK8817.
Young JM, Kuykendall LD, Martinez-Romero E, Kerr A, Sawada H. Classifi-
cation and nomenclature of Agrobacterium and Rhizobium - A reply to
Farrand et al. Int J Syst Evol Microbiol. 2003;53:1689-95. https://doi.org/
10.1099/ij5.0.02762-0.


https://doi.org/10.1016/j.jbiotec.2014.11.019
https://doi.org/10.2174/1389201022666210531120935
https://doi.org/10.2174/1389201022666210531120935
https://doi.org/10.1111/1750-3841.14804
https://doi.org/10.1007/s00449-016-1628-3
https://doi.org/10.1007/s00449-016-1628-3
https://doi.org/10.1007/s00253-017-8616-7
https://doi.org/10.1007/s00253-017-8616-7
https://doi.org/10.1002/anie.199503831
https://doi.org/10.1186/s12934-017-0631-y
https://doi.org/10.1264/jsme2.ME12069
https://doi.org/10.2903/j.efsa.2015.4112
https://doi.org/10.2903/j.efsa.2015.4112
https://doi.org/10.2903/j.efsa
https://doi.org/10.1042/bst0300613
https://doi.org/10.1042/bst0300613
https://doi.org/10.1016/0968-0004(92)90380-R
https://doi.org/10.1128/jb.175.11.3303-3316
https://doi.org/10.1128/jb.175.11.3303-3316
https://doi.org/10.1016/bs.mim.2014.07.002
https://doi.org/10.1016/bs.mim.2014.07.002
https://doi.org/10.1631/jzus.B1500187
https://doi.org/10.1007/s00449-008-0209-5
https://doi.org/10.1007/s00449-008-0209-5
https://doi.org/10.1128/aem.39.5.1035-1041
https://doi.org/10.1099/00207713-32-3-339
https://doi.org/10.1099/00207713-32-3-339
https://doi.org/10.1128/aem.45.4.1380-1388.1983
https://doi.org/10.1128/aem.45.4.1380-1388.1983
https://doi.org/10.1099/ijs.0.012088-0
https://doi.org/10.1099/ijs.0.012088-0
https://doi.org/10.1099/ijs.0.02264-0
https://doi.org/10.1099/ijs.0.02264-0
https://doi.org/10.1099/ijs.0.02762-0
https://doi.org/10.1099/ijs.0.02762-0

Liu et al. BMC Biotechnology

26.

27

28

29

30

31.

32.

33.

34

35.

36

37.

38.

(2023) 23:53

Judicial Commission of the International Committee on Systematics of
Prokaryotes. The genus name Sinorhizobium Chen et al. 1988 is a later
synonym of Ensifer Casida 1982 and is not conserved over the latter
genus name, and the species name ‘Sinorhizobium adhaerens’is not val-
idly published. Opinion 84. Int J Syst Evol Microbiol. 2008;58:1973. https://
doi.org/10.1099/ij5.0.2008/005991-0.

Bolt EL, Kryszak L, Zeilstra-Ryalls J, Shoolingin-Jordan PM, Warren MJ.
Characterization of the Rhodobacter sphaeroides 5-aminolaevulinic
acid synthase isoenzymes, HemA and HemT, isolated from recombinant
Escherichia coli. Eur J Biochem. 1999;265:290-9. https://doi.org/10.1046/].
1432-1327.1999.00730.x.

Raux E, Schubert HL, Roper JM, Wilson KS, Warren MJ. Vitamin
B12:insights into biosynthesis's Mount Improbable. Bioorg Chem.
1999;27:100-18. https://doi.org/10.1006/bi00.1998.1125.

Piao Y, Yamashita M, Kawaraichi N, Asegawa R, Ono H, Murooka Y.
Production of vitamin B12 in genetically engineered Propionibacterium
freudenreichii. J Biosci Bioeng. 2004,98(3):167-73. https://doi.org/10.
1016/51389-1723(04)00261-0.

Cheong CG, Jorge C, Escalante-Semerena JC, Rayment I. The three-
dimensional structures of nicotinate mononucleotide:5,6- dimeth-
ylbenzimidazole phosphoribosyltransferase (CobT) from Salmonella
typhimurium complexed with 5,6-dimethybenzimidazole and its
reaction products determined to 19 A resolution. Biochemistry.
1999;38(49):16125-35. https://doi.org/10.1021/bi991752c.

Debussche L, Couder M, Thibaut D, Cameron B, Crouzet J, Blanche F.
Assay, purification, and characterization of cobaltochelatase, a unique
complex enzyme catalyzing cobalt insertion in hydrogenobyrinic acid a,
c-diamide during coenzyme B12 biosynthesis in Pseudomonas denitrifi-
cans. J Bacteriol. 1992;174(22):7445-51. https://doi.org/10.1128/jb.174.22.
7445-7451.

Biedendieck R, Malten M, Barg H, Bunk B, Martens JH, Deery E, Leech H,
Warren MJ, Jahn D. Metabolic engineering of cobalamin (vitamin B12)
production in Bacillus megaterium. Microb Biotechnol. 2010;3(1):24-37.
https://doi.org/10.1111/j.1751-7915.2009.00125.x.

Fang H, Li D, Kang J, Jiang P, Sun J, Zhang D. Metabolic engineering of
Escherichia coli for de novo biosynthesis of vitamin B12. Nat Commun.
2018;9(1):4917. https://doi.org/10.1038/541467-018-07412-6.

Li D, Fang H, Gai Y, et al. Metabolic engineering and optimization of

the fermentation medium for vitamin B12 production in Escherichia
coli. Bioprocess Biosyst Eng. 2020;43:1735-45. https://doi.org/10.1007/
500449-020-02355-z.

Craven M, Mau B, Darling A, Perna N. Multiple alignment of rearranged
genomes. Computational Systems Bioinformatics Conference, 2004. CSB
2004. Proceedings. 2004 IEEE. IEEE. https://doi.org/10.1109/CSB.2004.
1332564

Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S. MEGAS:
molecular evolutionary genetics analysis using maximum likelihood,
evolutionary distance, and maximum parsimony methods. Mol Biol Evol.
2021;28(10):2731-9. https://doi.org/10.1093/molbev/msri121.

Zuo G, Hao B. Cvtree3 web server for whole-genome-based and
alignment-free prokaryotic phylogeny and taxonomy. Genom Proteomics
Bioinform. 2015;13(5):321-31. https://doi.org/10.1016/j.gpb.2015.08.004.
Rodriguez-R LM, Konstantinidis KT. Bypassing cultivation to identify
bacterial species. Microbe. 2014;9(3):111-8. https://doi.org/10.1128/micro
be9.111.1.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 16 of 16

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1099/ijs.0.2008/005991-0
https://doi.org/10.1099/ijs.0.2008/005991-0
https://doi.org/10.1046/j.1432-1327.1999.00730.x
https://doi.org/10.1046/j.1432-1327.1999.00730.x
https://doi.org/10.1006/bioo.1998.1125
https://doi.org/10.1016/S1389-1723(04)00261-0
https://doi.org/10.1016/S1389-1723(04)00261-0
https://doi.org/10.1021/bi991752c
https://doi.org/10.1128/jb.174.22.7445-7451
https://doi.org/10.1128/jb.174.22.7445-7451
https://doi.org/10.1111/j.1751-7915.2009.00125.x
https://doi.org/10.1038/s41467-018-07412-6
https://doi.org/10.1007/s00449-020-02355-z
https://doi.org/10.1007/s00449-020-02355-z
https://doi.org/10.1109/CSB.2004.1332564
https://doi.org/10.1109/CSB.2004.1332564
https://doi.org/10.1093/molbev/msr121
https://doi.org/10.1016/j.gpb.2015.08.004
https://doi.org/10.1128/microbe.9.111.1
https://doi.org/10.1128/microbe.9.111.1

	Research on the targeted improvement of the yield of a new VB12-producing strain, Ensifer adhaerens S305, based on genomic and transcriptomic analysis
	Abstract 
	Background 
	Results 
	Conclusion 

	Introduction
	Results
	Basic morphology, genome characteristics, and identification of the S305 strain
	Comparison of the similarity of VB12 synthesis pathway gene sequences between the S305 and Casida A strains and detection of VB12 production capacity
	Differences in the transcription of significantly enriched genes between the S305 and Casida A strains under the same culture conditions
	Analysis of transcriptionally upregulated and downregulated VB12 synthesis-related genes in the test strain
	Effects of the episomal overexpression of significantly upregulated genes and integrated expression on the VB12 yield of the strain
	Determination of the growth status of wild-type strains and mutant strains with significantly enhanced VB12 yield

	Discussion
	Conclusion
	Materials and methods
	Test strains and plasmids
	Test strain culture
	Fermentation sample processing and VB12 detection
	Whole-genome sequencing and functional annotation of the test strains
	Phylogenetic analysis of 16S rRNA and whole-genome sequences and ANI value analysis
	Transcriptome sequencing and data analysis
	Determination of relative gene expression
	Episomal overexpression plasmid construction and transformation
	Integrated expression plasmid construction and transformation
	Determination of the growth status of recombinant strains

	Anchor 27
	Acknowledgements
	References


