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Lettuce fortification through vitamin B,>-
producing bacteria - proof of concept study
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Abstract

BACKGROUND: Vitamin B;, (cobalamin) can be produced de novo only by certain bacteria and archaea. It plays a crucial role in
the health of animals and humans, which obtain it only through diet, mainly from animal products. This study aimed to identify
endophytic bacterial strains capable of synthesizing vitamin B, and enriching edible plants with it as a potential solution for
vitamin B, deficiency in vegetarians, vegans, and people with poor diets.

RESULTS: An in silico genome analysis was performed on 66 bacterial genomes, including the reference strain Pseudomonas
denitrificans ATCC 13867, a known vitamin B;, producer. The genomes were analyzed using the Rapid Annotations using Sub-
systems Technology (RAST) server and the MetaCyc database to verify the presence and completeness of the vitamin B;, met-
abolic pathway. The ability of the strains to produce vitamin B;, was confirmed with a high-performance liquid
chromatography with diode-array detection (HPLC-DAD) analysis of pure culture extracts. Eleven strains produced detectable
amounts of vitamin B, under tested conditions. The best performing candidates were further tested for their efficacy in pro-
ducing vitamin B, in lettuce grown under sterile conditions on Murashige and Skoog (MS) medium with or without CoCl, sup-
plementation. Methylobacterium sp. strain P1-11 produced detectable amounts of vitamin B,, in planta: 1.654 and 2.559 pg per
g of dry weight without and with CoCl, supplementation, respectively.

CONCLUSION: This is the first time a bacterial endophyte was used to produce vitamin B, in planta, suggesting that bacterial
endophytes could be utilized to enhance the nutraceutical values of plant-based foods.

© 2025 The Author(s). Journal of the Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of
Chemical Industry.

Supporting information may be found in the online version of this article.

Keywords: cobalamin; vitamin B;, metabolic pathway; biofortification; beneficial endophytes; Methylobacterium
|

INTRODUCTION (abnormal blood cell growth), and prolonged deficiency can lead
to nerve degeneration and irreversible neurological damage.’
Some prokaryotes can produce vitamin B;, de novo by aerobic
or anaerobic metabolic pathways, while some prokaryotes and
eukaryotes can take up extracellular cobinamide and convert it
to adenosylcobalamin.' ¥ The genes/enzymes of the prokaryotic
aerobic and anaerobic pathways are defined as cob/Cob and cbi/

Vitamin B, or cobalamin (Cbl), exists in different analogue forms
belonging to a family of complex cofactors' (Supporting Informa-
tion, Fig. S1).

Vitamin B, is essential to mammals because it is a cofactor for
two enzymes: methionine synthase, crucial for the synthesis of
purines and pyrimidines,? and methylmalonyl-CoA mutase
(MCM), which is involved in the degradation of some amino acids,
odd-chain fatty acids, and cholesterol.> Vitamin B, is therefore
required for the development, myelination, and normal function- * Correspor{dencei -to: P Sara, Depc-thme'n't of Life Scien'ces, Uni\{ersity c?fA/l‘odena
ing of the central nervous system, normal red blood cell forma- and Reggio Emilia, 42122, Reggio Emilia, Italy, E-mail: sara.pipponzi@ait.ac.at
tion, and methyl group translocation in DNA Synthesis.4’5 The  Present address: Institute for Plant Health, Laimburg Research Centre, Laim-
Recommended Dietary Allowance (RDA) for adults is 2.4 pg.° burg 6, Auer (Ora), 39040, South Tyrol, Italy

Although vitamin B;, deficiency is rare in healthy humans,’ it
may develop due to several causes, such as pernicious anemia®

and other gastrointestinal problems, or a strict vegetarian diet.”'°
Vitamin B, deficiency can lead to megaloblastic anemia b Center for Health & Bioresources, Bioresources Unit, AT Austrian Institute of
Technology, Tulln, Austria
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Cbi, respectively. Many enzymes in the two pathways are homo-
logues or orthologues, but some are pathway specific. The two
metabolic pathways are distinguished based on the timing of
cobalt insertion and the oxygen requirement;'> however, in the
final stage, the two pathways combine again and continue to be
fulfilled by structurally similar enzymes'® (Fig. 1).

Vitamin B;,-synthesizing microorganisms are the source of B,
compounds in food. For example, ruminants acquire this essential
nutrient through a symbiotic relationship with the microflora
inside their stomachs. Consequently, ruminants' meat, milk and,
most of all, liver are good sources of vitamin By, for humans."”
In aquatic environments, phytoplankton acquires vitamin B,
through a symbiotic relationship with bacteria. Then, it becomes
food for fish and bivalves, which are also a rich source of vitamin
B, for humans.'®'® Edible mushroom:s like black trumpet (Crater-
ellus cornucopioides) and golden chanterelle (Cantharellus cibar-
ius) contain considerable amounts of vitamin B;,: 0.0109-
0.0265 pg g~ of dry weight, despite not being able to synthesize

Superpathway L-threonine biosynthesis

L-threonine O-phosphate

CobD/CobC
EC4.1.1.81
Presentin 33/65 genomes

(R)-1-amino-2-propanol O-2-phosphate

it.2>2" The vitamin By, in mushrooms is likely to derive from bac-
teria, as some suggested from a recent study.*?

Plants neither synthesize nor require vitamin B,;*> for this rea-
son, plant-based food is not a source of vitamin B;,.2***> However,
due to the symbiosis between plants and certain vitamin B,- syn-
thesizing bacteria, it can be found in some plants.?® One of these
bacteria is nitrogen-fixing actinobacterium Frankia alani, which
forms endophytic nodules in woody trees and shrubs.?’” Actinorhi-
zal plants, such as sea buckthorn (Hippophae rhamnoides), couch
grass (Elymus repens), elecampane (Inula helenium) or black mus-
tard (Brassica nigra), can contain considerable amounts of vitamin
B1,. For example, vitamin B;, concentration in sea buckthorn can
reach up t0 0.37 ug g~' dry weight.>®

Plant growth-promoting bacteria (PGPBs) are exploited in agri-
culture for their ability to improve the quality and growth of their
host plants. Beneficial endophytes can stimulate plant growth in
multiple ways, either through direct contribution or indirect sup-
port. Direct contributions include the provision of nutrients

Aerobic/Anaerobic pathway

cob(l)yrinic acid a,c-diamide

CobO/CobA

EC2.5.1.17

Presentin 23/65 genomes v

Adenosylcobyrinic acid a,c-diamide
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EC6.3.5.10
Presentin 34/65 genomes

v
Adenosylcobyric acid
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EC6.3.1.10

Presentin 34/65 genomes
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EC2.4.2.21
Presentin 34/65 genomes

a-ribazole 5’-phosphate

Adenosylcobinamide phosphate
CobU/CobP/CobY

EC2.7.7.62

Presentin 34/65 genomes

Adenosylcobalamide-GDP
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EC2.7.8.26
Presentin 34/65 genomes 1

Adenosylcobalamin 5’-phosphate
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v
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Figure 1. Segment of vitamin B;, metabolic pathway, from cob(ll)yrinic acid a,c-diamide to adenosylcobalamin, including the last eight enzymes shared
between the aerobic and anaerobic pathways. The number of carrier strains (according to RAST analysis) is indicated for each gene.
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(e.g., Np-fixation) and support in their uptake (e.g., synthesis of
enzymes, peptides or siderophores) or the production of phyto-
hormones.?®? Endophytes can also indirectly enhance the toler-
ance against abiotic stresses?® and the antagonism to pathogenic
organisms by activating mechanisms such as competition for
nutrients, production of antibiotics, siderophores, or hydrolytic
enzymes.>*

Beneficial endophytes can also play a role in biofortification
strategies that aim to enhance the bioavailable concentration of
nutrients and micronutrients in edible portions of food crops
through agronomic interventions or genetic selections.>>>¢ Bene-
ficial endophytes can help plants in the acquisition of mineral ele-
ments, or they can improve the biosynthesis of secondary
metabolites. Biofortification through microorganisms is important
because it is an effective and environmentally friendly approach
to overcoming nutrient deficiency by growing food crops, espe-
cially staple food crops such as cereals, with higher levels of bio-
available nutrients and minerals.”

Numerous cases of biofortification targeting mineral elements
most commonly lacking in human diets can be found in the liter-
ature.*®*° However, minerals are not the only nutrients that can
be targeted through biofortification. In plant-endophyte interac-
tions, significant changes in the secondary metabolism of the
symbionts frequently occur. For example, Khanna et al*'
observed that Pseudomonas aeruginosa and Burkholderia gladioli
elevated the levels of phenolic compounds, osmolytes (carbohy-
drates, reducing sugars, trehalose, glycine betaine and proline)
and low molecular weight organic acids (fumaric acid, malic acid,
succinic acid, and citric acid) in Solanum lycopersicum seedlings
subjected to cadmium (Cd) stress.

Liu et al.*? identified 14 bacterial endophytes capable of increas-
ing the accumulation of five Amaryllidaceae alkaloids (narcicla-
sine, lycorine, galanthamine, lycoramine, and tazettine) in
leaves, bulbs or roots of Lycoris radiata plants. The endophytic
bacteria Luteibacter spp., isolated from the tea plant, can produce
theanine, playing an important role in tea quality.** Furthermore,
the vitamin content of plants can also increase through the pres-
ence and activity of endophytes, as evidenced by the almost dou-
bled amount of vitamin C found in strawberry fruits produced by
plants inoculated with Phyllobacterium sp. PEPV15 in comparison
with the fruits of uninoculated plants.**

The aim of this study was to identify, through genome and bio-
chemical analysis, endophytic bacterial strains able to synthesize
vitamin B, de novo and attest whether these strains can be
exploited to enrich edible plants with this essential nutrient.

MATERIALS AND METHODS

Genome sequencing and assembly

A subset of 65 endophytic strains from the bioresources strain col-
lection of the Austrian Institute of Technology (AIT), for which
whole genome sequences were available, was selected for this
proof-of-concept study (Supporting Information, Table S1).

The genome sequencing of selected strains was carried out
using the lllumina NextSeq 500/550 Mid Output v2 Kit (lllumina
Inc,, USA) on the lllumina NextSeq 500 system. The draft genomes
were assembled using Evogene Clustering and Assembly Toolbox
(EvoCAT), a component of Evogene's MicroBoost Al platform
(https://evogene.com/micro-boost/).

The quality of the assembled genomic contigs was evaluated
with the Quality Assessment Tool for Genome Assemblies
(QUAST)* v5.2. Genome completeness and contamination were

assessed using CheckM*® v1.2.2. Accurate taxonomic classifica-
tion was assigned with GTDB-Tk*” v2.3.2, with the R214 GTDB*
release serving as the reference database.

Genome annotation and feature detection

The presence of genes involved in the vitamin B;, biosynthetic
pathway was investigated using two strategies: first, a Basic Local
Alignment Search Tool (BLAST) search of the genomic contigs was
performed, aligning them to the reference set of vitamin B,
genes;'® second, genome annotation was conducted, followed
by an inspection of the annotated features. Specifically, the
assembled contigs were aligned locally using BLAST+* v2.14.0
against a database of genes associated with vitamin B;, produc-
tion. Hits with at least 70% coverage of the gene sequence length
and 80% nucleotide identity>® were considered a match.

For the gene search following genome annotation, two comple-
mentary methods were employed: Bakta®' v1.8.2 (full database
v5.0) and the Rapid Annotation using Subsystems Technology
(RAST)>2 annotation server. The genome of Pseudomonas denitrifi-
cans ATCC 13867 (GCA_000349845.1), a vitamin B;, producer
used for industrial production,®® was also included in the analysis.

The MetaCyc>* Metabolic Pathway Database and the informa-
tion on the vitamin B;, metabolic pathway'® were used to com-
pare the genes detected by RAST in the different genomes with
the enzymes involved in the vitamin B;, metabolic pathway. Con-
sidering that the aerobic and the anaerobic metabolic pathway
for vitamin B, synthesis have the last eight enzymes in common,
from the cob(l)yrinic acid a,c-diamide to the
adenosylcobalamin,'® the presence of shared genes was investi-
gated. Strains were then selected for further analysis based on
the presence and completeness of these genes.

Bacterial strains cultivation

Putative vitamin B, producers from the Bioresources strain col-
lection and a reference strain, Pseudomonas denitrificans ATCC
13867, were used in this study (Supporting Information,
Table S1). Cryopreserved bacterial stocks were transferred to
10% Tryptic Soy Agar (TSA, Merck) medium diluted and incubated
at 27 °C for 48 h. Afterwards, a single colony of each strain was
sub-cultured in Luria-Bertani Broth (LB Broth, Merck) supplemen-
ted with 0.018 g L™" cobalt chloride (CoCl,) to provide cobalt,
which is a constitutive element of vitamin B;> synthesis.'® The
pH was adjusted to 6.5 before sterilization (121 °C, 15 min).
The bacterial cultures were incubated in the dark for 48 h at 27 °©
Cand at 180 rpm.

Bacterial vitamin B, extraction and analysis

Vitamin B;; present in bacterial cells was extracted as described
by Chamlagain et al.>® Briefly, for each bacterial strain, 1 g of bac-
terial cell pellet was resuspended in 10 mL of extraction buffer
(8.3 mM sodium hydroxide, 20.7 mM acetic acid, pH 4.5). Subse-
quently, 100 pL of 10 gL ~' potassium cyanide (KCN) solution
was added to convert all vitamin B;, analogues to the more stable
cyanocobalamin. The suspension was mixed using Vortex for 30 s
and extracted in a boiling water bath for 30 min, then, the sample
was cooled in an ice bath for 10 min and centrifuged at 6000 g for
10 min. The supernatant was collected in a fresh tube, and the
residual pellet was mixed using Vortex once again with a 5 mL
extraction buffer (pH 6.2, adjusted from the pH 4.5 extraction
buffer with 30 g L ~' sodium hydroxide) and centrifuged using
the same conditions. The supernatants were combined and fil-
tered through Whatman filter paper (Grade 1: 11 um, VWR). The
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volume was adjusted to 20 mL with pH 6.2 extraction buffer and
filtered again with a syringe filter (RC 0.45 pm, Macherey-Nagel).
The entire extraction process was performed under subdued light
conditions to protect the vitamin B, from light degradation.

The analysis of vitamin B;, content in the bacterial cells extract
was performed with a high-performance liquid chromatography
with diode-array detection (HPLC-DAD) (Agilent 1100 series, Agi-
lent Technologies Inc., Santa Clara, California, U.S) consisting of a
solvent degasser G1379A, a quaternary pump G1311A, an auto-
sampler G1313A, and a thermostated column compartment
G1316A. A Waters 2996 (Waters Corporation, Milford, Massachu-
setts, U.S) photodiode-array detector (DAD) was used for detec-
tion at 361 nm and full spectra were recorded in the range 330-
390 nm with detection every 2 nm. Chromatographic separation
was achieved using an Agilent ZORBAX Eclipse Plus C-18 analyti-
cal column (5 pm, 4.6 mm x 150 mm i.d.). Equipment control,
data acquisition and integration were performed with Agilent
Chem Station HPLC software.

The mobile phase consisted of a mixture of water acidified with
0.25 mL L™ trifluoroacetic acid (pH 2.6) and acetonitrile. The ini-
tial setting was 100% water for 0.21 min, which was linearly
decreased to 85% water over 2.59 min and then decreased fur-
ther to 75% over the next 2.4 min. After that, the percentage of
water was increased linearly to 90% over 0.24 min and then again
to 100% in the next 1.36 min. These conditions were maintained
for 4.2 min. The total runtime was 11 min. The flow rate was set
to 1 mL min™", the injection volume was 50 pL, and each sample
was injected twice. The experiment was carried out at 30 °C.

Vitamin B, in cells extracts was quantified with an external cal-
ibration curve obtained by injecting a set of cyanocobalamin
(Merck, Darmstadt, Germany) standards eluted pH 6.2 vitamin
Bi, extraction buffer with concentrations of 0, 0.1, 0.2, 0.3, 0.5,
0.75, 1, 1.5 ng pL™". The vitamin B;, content in each sample was
quantified with the calibration curve after measuring the area
integrated from the peaks with a retention time
(RT) corresponding to the RT of the vitamin B;,.

Plant trial settings

The three best in vitro vitamin B;, producers, possessing all eight
metabolic pathway genes considered (Pseudomonas sp. 1489,
Methylobacterium sp. P1-11 and Aneurinibacillus migulanus
C8BA17), and the reference strain Pseudomonas denitrificans ATCC
13867 were selected to evaluate their efficacy in producing vita-
min B in lettuce plants.

The strains were grown in the dark for 48 h at 27 °C and
180 rpm in LB Broth enriched with 0.018 g L™ of CoCl,, and then
the cell suspensions were centrifuged and resuspendedin9 g L™
sodium chloride (NaCl) to obtain an ODggq of 1.

The seeds of the lettuce cultivar ‘Chiara’ (ISI Sementi S.p.a.,
Fidenza, Italy) were surface sterilized by stirring for 2 min in
700 mL L™ ethanol, for 5 minin 50 mL L™" hypochlorite and then
five times in sterile MilliQ water for 1 min. The seeds were left to
dry on filter paper under sterile conditions for 30 min and subse-
quently soaked separately for 2 h in the bacterial cell suspensions
or 9 g L™" NaCl solution for the negative control.

After incubation, the seeds were sowed in 80 mL glass culture
tubes previously filled with 15 mL of Murashige and Skoog
(MS) medium (10 g sucrose, 8 g Duchefa Daishin Agar, 1 L MilliQ
water, pH 5.8) or MS medium supplemented with 0.018 g L' of
CoCl,. The tubes were placed in Plant Growth Chamber SE-
41E2T5 (Percival Scientific Inc, Perry, Florida, U.S) with 14/10 h
light/dark and 24 and 20 °C, respectively. Light intensity was

650 pmol m™2 5" and the light spectrum was 360 nm-780 nm.
For each treatment, two replicate sets of 18 plants were prepared.
After 25 days, the epiphytic part of 10 plants for each replicate
was weighted as a pool and immediately frozen in liquid nitrogen,
then freeze-dried with lyophilizer Alpha 2-4 LSCplus (Christ,
Osterode am Harz, Germany). After 5 days, the pools of plants
were weighted again and milled into a fine powder with a Mixer
Mill MM 400 (Retsch, Korneuburg, Austria). The remaining eight
plants were used for bacterial isolation in order to confirm the
bacterial colonization of plants. The fresh and dry weights of
the epigean parts of lettuce plants were measured as a pool for
each replicate and statistically analyzed separately according to
the growth medium used (either MS medium or MS medium sup-
plemented with CoCl,), obtaining four independent groups of
values: fresh weights of plants grown on MS medium, fresh
weights of plants grown on MS medium supplemented with
cobalt chloride, dry weights of plants grown on MS medium,
and dry weights of plants grown on MS medium supplemented
with cobalt chloride. Within each group, a one-way analysis of var-
iance (ANOVA) was performed on two replicates using RStudio
version 4.1.1, followed by two post-hoc tests to determine signif-
icant differences: Dunnett's test to compare each treatment with
the control and Tukey's honest significant difference (HSD) test
to compare all treatments with each other.

Genome annotation

The potential plant growth-promoting traits (PGPT) of the bacte-
rial strain that showed a positive effect on lettuce growth (Methy-
lobacterium sp. P1-11) were investigated computationally. The
genomic protein sequences obtained with Bakta®' from
the genome of Methylobacterium sp. P1-11 were queried through-
out the PLaBAse (PLant-associated BActeria)>® database, applying
the PGPT-Pred tool, which uses BlastP+HMMER approach against
the PGPT Ontology.

Plant vitamin B,, extraction and analysis

Vitamin B, was extracted from plants as described by Chamla-
gain et al.>® with some modifications. Briefly, for each replicate,
0.1 g of freeze-dried and milled plant material was resuspended
in 10 mL of extraction buffer (8.3 mM sodium hydroxide,
20.7 mM acetic acid, pH 4.5) supplemented with 10 g L™' pepsin
and 5 g L™ diastase. Subsequently, 100 pL of 10 g L™' KCN was
added. The suspension was sonicated (Sonorex Super RK 255 H,
Bandelin, Berlin, Germany) for 15 min at room temperature,
shaken at 37 °C and 200 rpm for 2 h (Digital Orbital Shaker, Hea-
throw Scientific, Veron Hills, Illinois, U.S) and extracted in a boiling
water bath for 30 min. It was subsequently cooled in an ice bath
for 10 min and centrifuged at 6000 g for 10 min. The supernatant
was filtrated through Whatman filter paper (Grade 1: 11 pm, VWR),
and the volume was adjusted to 10 mL with the extraction buffer
and then filtered again using a syringe filter (RC 0.45 pm,
Macherey-Nagel, Diiren, Germany).

In order to concentrate and purify the vitamin B,,, the plant
extracts of the two replicates for each treatment and growth
medium were pooled and cleansed using an Easi-Extract Vitamin
B;> immunoaffinity column (R-Biopharm, Pfungstadt, Deutsch-
land) according to the manufacturer's instructions. Briefly, the
buffer in the immunoaffinity column was drained, after which
20 mL of plant extract for each treatment (10 mL from each of
the two replicates) was passed through the column. The column
was washed with 10 mL of MilliQ water and dried by passing air.
Vitamin B;, was then eluted with 3 mL of methanol. The eluate

wileyonlinelibrary.com/jsfa

© 2025 The Author(s).

J Sci Food Agric 2025

Journal of the Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

8518017 SUOWILIOD 3AIER1D) 3|qedlidde 8y Aq peusenob afe ssppiLe YO ‘@SN JO S3|ni Joj ARIg1T8UIUO /8|1 UO (SUORIPUOD-PUR-SWLBY W00 A3 | 1M AReIq U [UO//SARY) SUORIPUOD Pue S8 | 34} 83S *[SZ02/T0/0E] U0 ARIqITaUIIUO A8|IM "BUSPOIN AISRAIUN AQ SE0YT BJS[/200T 0T/10p/W00" A3 1M Afeuq | putu0'S [euno|10s//:Sdny Lol papeojumoq ‘0 ‘0T00L60T


http://wileyonlinelibrary.com/jsfa

Bacterial vitamin B, lettuce fortification

@)
SClL

where science
meets business

WWW.S0Ci.org

was evaporated overnight at 65 °C, and the residue was reconsti-
tuted in 300 pL of MilliQ water acidified with 0.25 mL L™ trifluor-
oacetic acid (pH 2.6).

The analysis of vitamin B, content in the plant extract was per-
formed with the same method used for bacterial cells with few
modifications. For each replicate, the volume was 100 pL and
was injected twice. The cyanocobalamin standards were eluted
in MilliQ water acidified with 0.25 mL L™ trifluoroacetic acid
(pH 2.6), and the concentrations for setting the calibration curve
were 0, 0.01, 0.02, 0.03, 0.05, 0.1, 0.2, and 0.3 ng pL_1.

Colonization assessment

A cultivation-based approach was used to confirm the coloniza-
tion of lettuce plants by vitamin B;,-producing endophytic bacte-
ria. For each replicate, including the negative control, the
seedlings were removed gently from the MS medium and surface
sterilized by stirring them for 1 min in 700 mL L™ ethanol, fol-
lowed by 2 min in 20 mL L™" hypochlorite and they were rinsed
three times in sterile MilliQ water for 1T min. At the end of the sur-
face sterilization process, 100 pL of the water used for the third
rinse was inoculated on tryptic soy agar (TSA) media to confirm
the absence of bacteria on the plant surface. Then, 1 g of plant
material and 9 mL of 9 g L™ NaCl were mixed and homogenized
with an Ultra-Turrax homogenizer for 1 min. Each extract was
diluted 1:100, and 100 pL were inoculated on TSA media and on
TSA media supplemented with Pseudomonas CFC Selective Sup-
plement (Merk), which were incubated at 27 °C for 48 h. Ten col-
onies presenting a similar morphology to the original strain used
for seed treatment were selected for each replicate and grown
overnight in tryptic soy broth (TSB) (Merck) medium. Subse-
quently, DNA isolation was performed using Nexttec 17*P DNA
Isolation Kit for bacteria following manufacturer instructions.

The intergenic spacer (IGS region) of the rRNA gene was ampli-
fied using the primers pHr (5'- TGCGGCTGGATCACCTCCTT-3') and
P23SRO1 (5'- GGCTGCTTCTAAGCCAAC-3')./

Each amplification reaction was conducted in a final volume of
50 pL containing 1x Reaction Buffer BD (Solis BioDyne, Tartu,
Estonia), 2.5 mM MgCl, (Solis BioDyne), 0.2 mM dNTPs (Thermo
Scientific, Waltham, Massachusetts, U.S), 0.3 mM of each primer,
2 U FIREPol DNA Polymerase (Solis BioDyne) and 4 pL of gDNA.
The thermal cycling parameters were as follows: an initial denatur-
ation step at 94 °C for 5 min, followed by 30 cycles of 45 s at 95 °
C, 60 s at 54 °C and 2 min at 72 °C, and a final step of 10 min at
72 °C. The amplified DNA fragments were analyzed in 10 g L™
agarose gels and visualized under UV light using DNA Marker
Lambda/Hind Il (A&A Biotechnology, Gdansk, Poland) as a
reference.

Aliquots of 5 pL of PCR products were individually subjected
to restriction fragment length polymorphism (RFLP) analysis
without further purification. The digestion was performed for
3h at 37 °C in a final volume of 15 pL containing 1x Tango
buffer (Thermo Scientific) and 5 U of restriction endonuclease
Alul or Hhal (Thermo Scientific) with recognizing sequences 5'-
AG|CT-3' and 5-GCG|C-3’ respectively. The restriction frag-
ments were separated by electrophoresis on 25 g L™' agarose
gels and visualized under UV light using GeneRuler DNA Ladder
Mix (Thermo Scientific) as a reference. The RFLP patterns
obtained from bacteria isolated from lettuce were compared
with those obtained from the parent strains. Thus, it was possi-
ble to establish whether the microorganisms belonged to the
same strain.

RESULTS

Genome annotation and feature detection

The RAST server was used to annotate 65 genomes of endophytes
from the AIT strain collection and the Pseudomonas denitrificans
ATCC 13867 reference genome. After the annotation, the pres-
ence and completeness of the vitamin B;; metabolic pathway
were evaluated for each genome. It was observed that 34 strains,
including the ATCC 13867, had the vitamin B;, metabolic path-
way in their genome with different degrees of completeness.
These 34 strains were selected for further testing. Of the eight
genes considered (Fig. 1), 22 strains had all of them, including
the reference strain ATCC 13867; seven strains had seven genes,
and five strains had six genes. No genes were detected in the
remaining strains. The least frequent gene was the corrinoid ade-
nosyltransferase (EC 2.5.1.17), which is present in only
23 genomes. The gene encoding adenosylcobalamin-5-P phos-
phatase (EC 3.1.3.73), the last enzyme of the pathway that trans-
forms the adenosylcobalamin 5'-phosphate into
adenosylcobalamin, was present in 29 genomes. The enzyme
threonine-phosphate decarboxylase (EC 4.1.1.81) was found in
33 genomes, whereas the other five genes (EC 6.3.5.10, EC
6.3.1.10, EC 2.7.7.62, EC 2.4.2.21, EC 2.7.8.26) were present in
34 genomes.

The Bakta annotation tool was subsequently used to integrate
and refine the analysis performed with RAST. In particular, this
approach allowed the detection of the gene EC 2.5.1.17 in nine
additional strains of the 34 selected based on the RAST analysis,
increasing the number of strains carrying this gene from 23 to
32. The genes EC 3.1.3.73 and EC 4.1.1.81 were not found in any
additional strains.

Bacterial vitamin B, analysis

The vitamin B;, production of the 34 strains selected based on the
preliminary RAST analysis was tested by HPLC-DAD analysis of
the extracts obtained from pure bacterial cultures grown on LB
broth supplemented with 0.018 g L™' CoCl, (Table 1). It was possi-
ble to detect and quantify vitamin B;, in 11 of the 34 strains tested.
Production ranged from 1.067 to 6.438 pg of vitamin B;, per g of
bacterial cells. The reference strain, Pseudomonas denitrificans ATCC
13867, was the least productive under tested conditions. For all
identified peaks, the 330-390 nm spectra corresponded to that of
the standard (Fig. 2(A)), confirming the specificity of the detected
signal. The 11 producing strains belong to seven different genera,
and in all of them, except for Paenibacillus amylolyticus 2136, the
final eight genes of the metabolic pathway were detected using
RAST-based analysis. Subsequent refinement of the genome analy-
sis with the Bakta annotation tool revealed the presence of eight
analyzed genes in all producing strains.

Plant growth and vitamin B, content

The three best vitamin B;, producers in vitro (Pseudomonas
sp. 1489, Methylobacterium sp. P1-11 and Aneurinibacillus migula-
nus C8BA17) possessing all eight metabolic pathway genes con-
sidered based on the RAST analysis, and the reference strain
Pseudomonas denitrificans ATCC 13867, were selected to evaluate
their efficacy in producing vitamin By, in lettuce plants. Before
proceeding with vitamin B, extraction, the epiphytic part of the
lettuce seedlings was weighted to evaluate the effect of bacteria
on plant growth and ensure there were no negative effects on
the yield. Pseudomonas sp. 1489 caused an average decrease in
fresh weight of 64.5% compared with the control (P =0.0011),
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Table 1. Bacterial strains showing vitamin B, production and respective concentration expressed as pg of vitamin B, for gram of bacterial cells
Strain name Taxon AIT-ID Number of genes Source ng B12/g cells
ATCC 13867 Pseudomanas denitrificans - 8 - 1.067
F1_10 Pseudomonas sp. 1489 8 Solanum tuberosum 6.438
P1-11 Methylobacterium sp. 1940 8 Solanum tuberosum 4.300
LZA 5-1 Paenibacillus amylolyticus 2136 7 Triticum aestivum 3.990
C8BA17 Aneurinibacillus migulanus 4261 8 Allium schoenoprasum 3.537
A3-14 Priestia aryabhattai 4289 8 Glycine max 2485
C13BA17 Lysinibacillus fusiformis 4265 8 Allium schoenoprasum 2.071
M3-23 Priestia megaterium 1390 8 Glycine max 1.985
G66BA17 Peribacillus frigoritolerans 4238 8 Lolium perenne 1.797
T1_3 Pseudomonas atacamensis 1173 8 Solanum tuberosum 1.447
G65BA17 Peribacillus frigoritolerans 4237 8 Lolium perenne 1.184

For each strain, the table provides the strain name, species name, AIT strain collection ID, number of genes detected from the common vitamin B,
metabolic pathway (eight genes, Fig. 1), original isolation matrix, and vitamin B, production (ug per gram of bacterial cells).

=@ 7

B12 standard

58 L 62 LE) e es 7 72 74 76 mn

Figure 2. (A) Isoplots representing the 330-390 nm spectra from the pure vitamin B, standard (top) and the extract of the bacterial strain Pseudomonas
sp. 1489 (bottom). The isoplots depict the intensity of the peak according to the time (x) and the wavelength (y). (B) Comparison of chromatograms
obtained from the immunoaffinity purified extracts of the vitamin B, standard solution and the extract of lettuce plantlets treated with Methylobacterium
sp. P1-11 and grown on Murashige and Skoog (MS) medium supplemented with cobalt chloride.

and Methylobacterium sp. P1-11 caused an average fresh weight =~ medium without the CoCl, supplementation. With regard to the
gain of 49.5% compared with the control (P = 0.0045) (Fig. 3). In  measurement of the dry weight, none of the bacterial strains
both cases, the difference was detected in plants grown on MS  tested caused a significant variation.
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Figure 3. Average fresh weight values of epigean part of lettuce plants + standard deviation (ten plant pools, two replicates) grown on Murashige and
Skoog (MS) medium (A) and on MS medium supplemented with cobalt chloride (B). Average dry weight values of epigean part of lettuce plants + stan-
dard deviation (ten plant pools, two replicates) grown on MS medium (C) and on MS medium supplemented with cobalt chloride (D). Different letters
above the histograms resulting from Tukey's honest significant difference (HSD) test after analysis of variance (ANOVA) represent significant differences
between treatments within the same medium. CONT - uninoculated control, 1498 — plants inoculated with Pseudomonas sp. 1489, P1-11 - plants inoc-
ulated with Methylobacterium sp. P1-11, C8 - plants inoculated with Aneurinibacillus sp. C8BA17, ATCC13867 - plants inoculated with Pseudomonas deni-

trificans ATCC 13867.

The potential plant growth-promoting traits (PGPT) of Methylo-
bacterium sp. P1-11 were investigated using the web resource
PLaBAse with the PGPT-Pred module.

The submitted genome showed 3132 alignments to known pro-
teins associated with PGPTs. Most of these proteins (~66%) were
associated with indirect PGP mechanisms, such as stress control
and biocontrol, competitive exclusion, colonization of plant sys-
tem and stimulation of plant immune response. The remaining
proteins (~34%) were involved in direct PGP mechanisms, which
can be grouped into bioremediation, biofertilization and phyto-
hormones and plant signal production (Supporting Information,
Fig. S2).

The vitamin B, extracts were analyzed by HPLC-DAD after puri-
fication with immunoaffinity columns, and the results were

expressed as pg of vitamin By, per g of dry weight (DW) of lettuce
leaves. With this technique, it was possible to detect vitamin B,
only in lettuce plants treated with Methylobacterium sp. P1-11
(originally isolated from Solanum tuberosum®® and previously
shown to harbor genes of the vitamin B, metabolic pathwaysg),
grown both on MS medium and MS medium supplemented with
CoCl, (Fig. 2(B)). The amounts of vitamin B,, detected were 1.654
and 2.559 ug g™, respectively.

Colonization assessment

To confirm the colonization of lettuce plants by vitamin B;,-
producing endophytes, bacterial isolation from lettuce leaves
was performed, followed by gDNA extraction, intergenic spacer
polymerase chain reaction (IGS PCR) amplification and RFLP
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digestion with two different restriction enzymes (Alul and Hhal). In
general, the enzymatic digestion of the IGS-PCR amplification
product provides a restriction pattern for each endonuclease that
is conserved among the strains of the same species.’® Bacteria iso-
lated from lettuce gave an identical pattern to the inoculated
strain with both enzymes, Alul and Hhal (Supporting Information,
Fig. S3), except for Aneurinibacillus migulanus C8BA17 inoculated
samples, from which the inoculated strain could not be retrieved
under applied experimental conditions. The test therefore
enabled us to confirm that the bacteria Pseudomonas sp. 1489,
Methylobacterium sp. P1-11 and Pseudomonas denitrificans ATCC
13867 colonized lettuce plants. It is, therefore, possible to hypoth-
esize that the vitamin B;, present in lettuce plants treated with
Methylobacterium sp. P1-11 was actually produced by the inocu-
lated bacteria.

DISCUSSION

In recent years, people have become increasingly attentive to the
problems caused by ongoing climate change, the challenges
related to global population growth and the role that food pro-
duction plays within this framework. The production of food of
animal origin generates large emissions of greenhouse gases,
contributing to global warming. There is a broad consensus that
a transition towards more plant-based diets can enhance the sus-
tainability of our food systems.5’®> A plant-based diet promotes
several health benefits, such as reducing various risks related to
chronic diseases and an overall increase in health and longev-
ity.5%° However, strictly plant-based diets pose a risk of vitamin
Bq, deficiency, as foods of plant origin are not a source of
vitamin B;,.2*%> A solution to this problem could be offered
through biofortification through vitamin B, producing bacteria.
Endophytes are already known to be capable of increasing the
content of minerals or other nutrients in plants;38#%42437074 jt s
therefore feasible to extend their possible application for bioforti-
fication with additional nutraceutical compounds.

To screen the 66 genomes used in this study, the annotation
obtained with the RAST server was compared with the prediction
of enzymes involved in the metabolic pathways provided by the
MetaCyc database and described by Balabanova et al.'® Rapid
Annotations using Subsystems Technology was developed in
2008 to annotate bacterial and archaeal genomes. It supplies a
standard pipeline for the identification and annotation of geno-
mic features such as protein-coding genes and RNA.”® The Meta-
Cyc database and information on the structure of the vitamin B;,
pathway'® were used to determine which genes belonging to the
vitamin B;, metabolic pathway should be considered. It was
decided to search each genome for the last eight genes involved
in the vitamin B, pathway as they are common to both the aero-
bic and the anaerobic vitamin B;, pathways.

More than half of the genomes analyzed (34 out of 66) had at
least some genes involved in the vitamin By, pathway, yet only
22 had all eight analyzed genes. Nevertheless, all 34 strains were
selected for the in vitro experiments because the metabolic path-
ways could sometimes lack some genes or have unknown alterna-
tive genes.'>”¢

The screening in this study also included much biodiversity. The
66 analyzed strains belonged to ten different genera, Bacillus (26),
Paenibacillus (12), Pseudomonas (11, including the reference
strain), Pantoea (4), Priestia (4), Lysinibacillus (2), Peribacillus (2),
Methylobacterium (1), Metabacillus (1), Aneurinibacillus (1), Kocuria
(1), and Tardiphaga (1). The stains that had at least six of the eight

genes considered (through RAST analysis) belonged to the genera
Pseudomonas (11, including the reference strain), Paenibacillus
(11), Priestia (4), Peribacillus (2), Lysinibacillus (2), Aneurinibacillus
(1), Metabacillus (1), Methylobacterium (1) and Tardiphaga (1).
Finally, the strains that were confirmed as vitamin B, de novo pro-
ducers through HPLC-DAD analysis, belonged to genera Pseudo-
monas (3, including the reference strain), Peribacillus (2), Priestia
(2), Paenibacillus (1), Lysinibacillus (1), Methylobacterium (1), and
Aneurinibacillus (1).

Based on the results obtained with RAST, of the 11 bacterial
strains that were shown to be able to synthesize vitamin B, de
novo, ten had all eight genes of the vitamin B, metabolic path-
way considered in the analysis. In contrast, the strain Paenibacillus
amylolyticus 2136, only had seven. The gene missing in
P. amylolyticus 2136, which was also missing in all the other ten
Paenibacillus strains analyzed, was the gene encoding for the
enzyme corrinoid adenosyltransferases (CobA/CobO, EC 2.5.1.17)
(Fig. 1), whose function is the adenosylation of cob(l)yrinic acid
a,c-diamide to cobalt ion, resulting in adenosylcobyrinic acid a,c-
diamide."*”” To explain how the strain P. amylolyticus 2136 was
able to produce vitamin B,, despite apparently lacking a gene,
the Bakta gene annotation tool was used to complement the anal-
ysis performed with RAST. With this approach, the EC 2.5.1.17
gene was found in eight of the 12 paenibacilli analyzed, including
P. amylolyticus 2136.

We also found differences in the potential to produce vitamin
B, among the different genera. Remarkably, even though we
analyzed only one strain of Lysinibacillus sp. Methylobacterium
sp., and Aneurinibacillus sp., all of these were capable of producing
vitamin B1,. Thus, it could suggest that these genera could be a
promising source of vitamin B,,-producing bacteria. In fact,
Methylobacterium spp. have been known for a long time to be
vitamin B;, producers,”® and there are some studies demonstrat-
ing that Lysinibacillus strains have the essential genes for vitamin
B, synthesis, but it has not been experimentally proven that they
can produce it de novo.”?®° No studies were found regarding the
ability of Aneurinibacillus strains to synthesize vitamin B;,; how-
ever, bacterial strains belonging to this species have been
reported to be endophytes.®'®? It would therefore be interesting
to screen more bacterial strains of these genera, both in silico and
in vitro.

The proportion of vitamin B;,-producing Pseudomonas strains
was also quite considerable (~27%). However, this outcome is
not surprising as Pseudomonas strains are already known vitamin
Bq, producers and are widely exploited in the industry for its
production.'®

The species Peribacillus frigoritolerans, Priestia aryabhattai, and
Priestia megaterium were classified as Bacillus until 2020.8%8
Priestia megaterium, formerly Bacillus megaterium, has been
employed as an industrial producer of vitamin B, through the
anaerobic pathway.8>%”

On the other hand, many strains containing the metabolic path-
way (23 out of 34) did not show the ability to produce vitamin B;,
under the tested conditions. This could be explained by the fact
that only the last eight genes of the pathway, shared by both
the aerobic and the anaerobic pathways, were considered in the
genomic analysis. It could therefore be hypothesized that
the strains that have the eight shared genes but have not pro-
duced vitamin B;, may be anaerobic producers, and conse-
quently, the aerobic experimental conditions did not allow them
to produce vitamin B;, de novo. This could also be the case for
the 12 paenibacilli analyzed in this study. In silico, seven had seven
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genes, four had six genes, and one had none of the genes consid-
ered, but, out of the 11 paenibacilli tested in vitro, only one
(P. amylolyticus 2136) was able to produce vitamin B;, under the
aerobic experimental conditions. Previous studies have demon-
strated that Paenibacillus strains have the genes essential for vita-
min By, synthesis. However, it has not been experimentally
proven whether and under which conditions they can produce
vitamin B;,.5%%88% Moreover, Paenibacillus strains have been
reported to be facultative anaerobic,® thus they may need anaer-
obic conditions for vitamin B, production.

Even though the oxygen effect provides the most straightfor-
ward way to explain the observed differences between the geno-
mic potential and the actual, observed vitamin B, production, it is
not the only one. This becomes evident when reflecting on the
genus Pseudomonas and considering seven strains that did not
produce a detectable amount of vitamin B, despite having all
eight genes considered, although the industrial production of
vitamin By, through Pseudomonas strains always takes place
under aerobic conditions.'®°"? Vitamins are complex molecules
with intricate synthetic pathways that are highly regulated and
co-depend on many external factors; thus, optimized growth con-
ditions are essential for efficient biosynthesis." Indeed, the opti-
mal conditions used in the industrial process for aerobic vitamin
B1, production through P. denitrificans are significantly more cus-
tomized than those applied in our study. The industrial process
takes place at 30 °C, with a pH of 6.0-7.0 in 120 m? fermenters
and lasts about 6-7 days. Sucrose is used as a carbon and yeast
extract as a nitrogen source, mineral salts are also added.”® Fer-
mentation begins with a high level of dissolved oxygen concen-
tration (8-10%) followed by its reduction to 2-5% (49-106 h)
and further below 2% (107-168 h).”*?> This multi-stage dissolved
oxygen concentration (DOC) control strategy increases the vita-
min B;, yield by approximately 20% (70 mg L™"). At the begin-
ning of the culture growth, the medium is supplemented with
10-25 mg L' of 5,6-dimethylbenzimidazole (DMB), a precursor
of vitamin B, and 40-200 mg L™ cobalt-nitrate.”® As previously
described, our experimental conditions were drastically different.
For example, we did not design a multi-stage DOC control strat-
egy or add any vitamin B, precursor to the medium. This choice
was made because our objective was not to look for a producer of
vitamin B, to be included in an industrial production process but
a strain capable of producing vitamin B;, in a completely inde-
pendent way, which could, therefore, have a better chance of pro-
ducing vitamin B, in plants. Nevertheless, considering that all of
our producers showed higher yields of vitamin B, than the refer-
ence strain, their exploitation for industrial production of vitamin
B;, could be further explored.

Vitamin B, extracted from lettuce was quantified by HPLC-DAD
and was expressed as pg of vitamin By, per g of dry weight
(DW) of lettuce leaves. Depending on the cultivation medium
(with or without cobalt supplementation) lettuce treated with
Methylobacterium sp. P1-11 had vitamin B;, content of
2559 ug g~ and 1.654 pg g~', respectively. Considering that
1 g of dry weight corresponds to about 20 g of fresh lettuce, we
can extrapolate that a normal portion of lettuce (80 g), would con-
tain sufficient amounts of vitamin B, to fulfil recommended daily
allowance (RDA = 2.4 ug per day; one portion of lettuce = 6.6—
10.2 pg). This finding could lead to the development of a plant-
based solution to vitamin B;, deficiency that could affect people
with a vegan diet. However, we have no further information on
the bioavailability of the vitamin B;, detected in lettuce, nor do
we know which forms of vitamin B;, were produced by

Methylobacterium sp. P1-11 because our extraction method uti-
lized KCN, which brings all the vitamin B;, analogues to the more
stable cyanocobalamin. In light of these considerations, we recog-
nize the need for further studies to address this lack of knowledge;
however, we believe that our work provides an excellent proof of
concept of how microorganisms can be used to fortify lettuce, or
more generally edible plants, with vitamin B».

Although it was not the aim of the study to prove that the vita-
min Bq,-producing strains had plant-growth-promoting proper-
ties, it was important to verify that they do not cause a lettuce
yield reduction. For this reason, fresh and dry weight were mea-
sured and statistically evaluated. Although we are aware of the
size effect on the statistical power of the significance tests,” we
decided to include only two replicates in the growth evaluation
experiment and consequently in the ANOVA. This choice was
made because the experiment was only made to verify that the
bacteria did not negatively affect lettuce yield - their PGPTs were
not the focus of our work. We not only verified that the Methylo-
bacterium sp. P1-11 did not have a negative effect on plant
growth, but we even observed that it had a significant positive
effect on fresh weight.

In order to provide an explanation and a stronger support for
the observed positive effect of Methylobacterium sp. P1-11 on let-
tuce growth, we decided to investigate its genomic protein
sequences through PLaBAse, a valuable web resource for the pre-
diction of plant-associated microbial genes, and, specifically, for
the prediction of genes that promote plant growth through the
use of the PGPT-Pred tool.>>?% The PLaBAse investigation identi-
fied over 3000 proteins associated with PGPTs that could have
contributed to the growth enhancement of lettuce plants by
direct and indirect mechanisms. It is also particularly interesting
to note that 25% of the proteins associated with PGPTs by PLa-
BAse are related to plant colonization. This reinforces what has
already been observed about the high ability of Methylobacterium
sp. P1-11 to colonize lettuce seedlings and thus introduce signifi-
cant amounts of vitamin B, into them.

We could not detect any vitamin B;, synthesized in planta by
the other strains tested, even though their presence was con-
firmed through a cultivation-based approach combined with
IGS-RFLP typing for all of them except Aneurinibacillus migulanus
C8BA17. However, successful colonization is only the first step
towards establishing potentially beneficial symbiosis. The interac-
tions between endophytes and their host are complex and not
fully understood.

Although sufficient expression was observed under the experi-
mental conditions, from a future perspective, it would be impor-
tant to gain a deeper understanding of the regulatory
mechanisms and environmental factors that control vitamin B,
production by the identified bacterial strain. Further research is
also needed to explore the multidimensional network between
plants, endophytes, and their environment, and to better exploit
the potential of these microorganisms for sustainable agriculture
or for large-scale production of host metabolites, which have
potential applications in various fields.%'%

CONCLUSION

We identified several bacteria strains capable of synthesizing vita-
min B;,, one of which produced vitamin B;, in lettuce plants
under defined experimental conditions. To our knowledge, this
is the first time a bacterial endophyte was used for this purpose.
This work therefore provides evidence that bacterial endophytes
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could be utilized to enhance the nutraceutical values of plant-
based foods. Furthermore, the applied bioinformatic-based
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