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Cheese produced with Lactococcus lactis is the main source of vitamin K2 in theWestern

diet. Subclinical vitamin K2 deficiency is common, calling for foods with enhanced

vitamin K2 content. In this study we describe analyses of vitamin K2 (menaquinone)

production in the lactic acid bacterium L. lactis ssp. cremoris strain MG1363. By cloning

and expression from strong promoters we have identified genes and bottlenecks in the

biosynthetic pathways leading to the long-chained menaquinones, MK-8 and MK-9.

Key genes of the biosynthetic menaquinone pathway were overexpressed, singly or

combined, to examine how vitamin K2 production can be enhanced. We observed that

the production of the long menaquinone polyprenyl side chain, rather than production of

the napthoate ring (1,4-dihydroxy-2-naphtoic acid), limits total menaquinone synthesis.

Overexpression of genes causing increased ring formation (menF and menA) led to

overproduction of short chained MK-3, while overexpression of other key genes (mvk
and llmg_0196) resulted in enhanced full-length MK-9 production. Of two putatively

annotated prenyl diphosphate synthases we pinpoint llmg_0196 (preA) to be important

for menaquinone production in L. lactis. The genes mvk, preA, menF, and menA were

found to be important contributors to menaquinone levels as single overexpression of

these genes double and more than triple the total menaquinone content in culture.

Combined overexpression of mvk, preA, and menA increased menaquinone levels to

a higher level than obtained individually. When the overproducing strains were applied

for milk fermentations vitamin K2 content was effectively increased 3-fold compared to

the wild type. The results provide a foundation for development of strains to ferment

foods with increased functional value i.e., higher vitamin K2 content.

Keywords: Lactococcus lactis, menaquinone, vitamin K2, mevalonate kinase, prenyl diphosphate synthase, MK-8,

MK-9, MK-3

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Culture Conditions
Strains and plasmids used in this study are listed inTable 1. Lactococcus lactis ssp. cremorisMG1363
or NZ9000 were used as hosts for expression studies. E. coliNEB10 beta (NEB, Ipswich, MA, USA)
electrocompetent cells were used for routine cloning and One ShotTM Mach1TM T1R (Invitrogen,
Carlsbad, CA, USA) chemically competent cells were used for subcloning. Unless otherwise stated
lactococci were inoculated into M17 medium (Formedium, Norfolk, UK) supplemented with
0.5% glucose and antibiotics required for selection (erythromycin 10µg/ml, tetracyclin 12.5µg/ml,
chloramphenicol 10µg/ml), and grown over night at 30◦C under static conditions. Nisin (Sigma,
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St. Louis, MO, USA) was added from a 1 mg/ml (w/v) stock in
0.05% (v/v) acetic acid when the OD600 in the cultures reached
0.2 to induce expression from the nisA promoter. For milk
fermentations 10% dry skimmed milk supplemented with 0.5%
(w/v) glucose and 1% (w/v) tryptone was heat sterilized at 90◦C
for 45min. Tubes with five ml milk was inoculated from a GM17
preculture and fermented for 20 h at 30◦C. Nisin was added 1 h
after start of themilk fermentations at a concentration of 2 ng/ml.

Construction of Plasmids
A shuttle vector, pHH145, with capacity to carry large DNA
fragments in L. lactis was made by ligating EcoRI restricted
pSMART and the high DNA capacity vector for Gram positive
bacteria, pIL252 (Simon and Chopin, 1988) and propagated in E.
coli (Supplementary Figure 2).

All genes were amplified from MG1363 chromosomal DNA
except the tetracycline resistance gene (tetM) that was amplified
from pAS222. The P32 promoter was amplified from pMG36e.
Primers used in this study are listed in Table 2. The menF and
menA genes were cloned into the XbaI/HindIII sites of pMG36e
using the appropriate restriction enzymes. The genes of the
mevalonate and polyprenyl pathways, except hmcM, were cloned
into the SmaI site of pMG36e by blunt-end cloning. Gibson
assembly (Gibson et al., 2009) was employed to clone hmcM into
the SmaI site of pMG36e, to clone preA-menA into pNZ8037 and
for construction of pMEV-PP, pMEV-PP-2, and pCTR.

HiFi DNA Assembly Master Mix (NEB, Ipswich, MA, USA)
was employed for the Gibson assemblies. Overlap extension PCR
(Horton et al., 1989) was used to combine the P32 promoter,
hmcM, thiL-mvaA, and mvk into one fragment and mvaD-pmk,
fni, ispA, and tetM to a second fragment before Gibson assembly
with the preA and pHH145 fragments (4-component assembly).
For pMEV-PP-2 a 3-component assembly was performed as
described for pMEV-PP, but preA was left out of the reaction mix
and primers were adjusted accordingly to amplify the mevalonate
and polyprenyl pathway fragments. The tetracycline resistance
gene (tetM) was positioned at the end, after all MEV and PP
genes, to ensure transcription through the whole construct when
transformed cells were cultured with tetracycline (pMEV-PP and
pMEV-PP-2 Supplementary Figure 2). As a control, the tetM
gene was assembled in a similar way into pHH145 behind the
P32 promoter (pCTR, Supplementary Figure 2).

The preA and gerCA-ispB genes were cloned into the
NcoI/XhoI site of pNZ8037 using appropriate restriction
enzymes. Difficult fragments were subcloned into pCRTMBlunt
II-TOPO R© vector (Invitrogen, St. Louis, MO, USA) and all
inserts were routinely confirmed by DNA sequencing. Plasmids
were transformed by electroporation into MG1363 or NZ9000
(Holo and Nes, 1989).

Menaquinone Extraction and Analyses
Themenaquinones of cells in culture were extracted essentially as
described by others (Koivu-Tikkanen et al., 2000; Manoury et al.,
2013) using a heptane:2-propanol mix (1:2, v/v) as extraction
agent (2-propanol mix; 2-propanol:HCl (37%):MeOH 8.25:1:1
v/v/v). Phylloquinone (vitamin K1) at 40 ng/ml was included
in the MeOH fraction and used as an internal standard. The

extracts were analyzed by reverse phase HPLC on an UltiMate
3000 UHPLC system equipped with a Shiseido C18 (2.0 ×

100mm) column followed by a Shiseido CQ-R (2.0 × 20mm)
reduction column (Shiseido, Tokyo, Japan) and an RS FL
fluorescence detector (Thermo Fisher Scientific, Rockford, IL,
USA) set at 248 nm for emission and detection at 436 nm.
The mobile phase was methanol:2-propanol (1:1, v/v), flow rate
200 µl/min, the injection volume was 0.5 µl and the column
temperature 50◦C. A sample containing standards MK-4, MK-
7, MK-9, and K1 was employed for determination of retention
times (Supplementary Figure 1A). The fluorescence response
per mol was the same for all vitamin K standards. The molar
concentrations of menaquinones were quantified using MK-7
as external standard (standard curve for MK-7 ranging from
10 to 1,000 ng/ml is shown in Supplementary Figure 1B). All
reagents used for menaquinone extraction were of HPLC grade
and standards K1 (95271), MK-4 (V-9378), and MK-7 (1381119)
were purchased at Sigma (St. Louis, MO, USA). Standard MK-
9 (M213610) was purchased at Toronto Research Chemicals
(Toronto, ON, Canada). P-values were calculated using two-
tailed T-tests.

INTRODUCTION

Vitamin K is a family of essential, fat-soluble vitamins required
for blood coagulation, but also involved in deposition and
removal of calcium in various tissues (Flore et al., 2013;
Schwalfenberg, 2017). The family comprises two naturally active
vitamers: vitamin K1 (phylloquinone) produced by plants, and
vitamin K2 (menaquinone,MK-n where n represents the number
of isoprene units). Menaquinones are principally of bacterial
origin, but MK-4 can be formed in mammals through conversion
of phylloquinone (Okano et al., 2008). In humans and other
mammals vitamin K is essential for its role as a cofactor for
the enzyme γ-glutamyl carboxylase (Furie et al., 1999). This
enzyme carboxylates glutamine residues on certain proteins
into γ-carboxyglutamic acid (Gla) residues. Gla-proteins have
increased affinity for calcium and are involved in protein-protein
interactions (through Ca2+), cell membrane interactions and
processes that promote correct deposition of calcium in bone
and prevents deposition in soft tissues like arteries, cartilage, and
heart valves (Wen et al., 2018).

A daily consumption of 0.75–1 µg vitamin K per kg
body weight is regarded as the minimum adequate daily
intake since it reinstates normal coagulation in elderly
male patients with vitamin K deficiency (Frick et al., 1967).
Life-threatening (primary) vitamin K deficiency, caused
by excessive bleeding due to insufficient carboxylation of
coagulation factors, is rare except in newborns (Vermeer, 2012;
Schwalfenberg, 2017). The Western diet is thus sufficient
to prevent acute disease. However, to fully carboxylate
Gla-proteins other than the coagulation factors and thus
prevent secondary (sub-clinical) vitamin K deficiency Western
diets appear insufficient (Vermeer, 2012; Bruno, 2016). A
long-lasting secondary vitamin K deficiency can lead to
development of cardiovascular disease and osteoporosis (Szulc
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TABLE 1 | Strains and plasmids used in this study.

Strain or plasmid Relevant characteristic(s) Reference or source

Strains

L. lactis

MG1363 Lactococcus lactis ssp. cremoris Gasson, 1983

NZ9000 MG1363; pepN::nisRK Kuipers et al., 1998

E. coli

NEB 10 beta Commercial cloning host NEB

One ShotTM Mach1TM- T1R Commercial cloning host used for pCRTMBlunt II Invitrogen

Plasmids

pMG36e Emr, L.lactis expression vector, P32 promoter van de Guchte et al., 1989

pMenF pMG36e constitutively expressing menF This study

pMenA pMG36e constitutively expressing menA This study

pHmcM pMG36e constitutively expressing hmcM This study

pThiL-MvaA pMG36e constitutively expressing thiL and mvaA This study

pMvk pMG36e constitutively expressing mvk This study

pMvaD-Pmk pMG36e constitutively expressing mvaD and pmk This study

pFni pMG36e constitutively expressing fni This study

pIspA pMG36e constitutively expressing ispA This study

pAS-222 Tetr, L. lactis vector, derivate of pG+host4 and pBluescript SK Jonsson et al., 2009

pCRTMBlunt II Kanr, Zeor, TOPO vector for subcloning in E. coli, derivative of pUC Invitrogen

pNZ8037 Cmr, inducible expression vector, PnisA promoter de Ruyter et al., 1996

pPreA pNZ8037 expressing preA upon induction with nisin This study

pGerCA-IspB pNZ8037 expressing gerCA and ispB upon induction with nisin This study

pPreA-MenA pNZ8037 expressing preA and menA upon induction with nisin This study

pSMART Ampr, cloning vector, low copy, derivative of pUC Lucigen

pIL252 Emr, L. lactis low copy vector, derivative of pAMb1 Simon and Chopin, 1988

pHH145 Emr Ampr, pSMART, and pIL252 combined, high DNA capacity shuttle vector for E. coli and L.lactis This study

pCTR pHH145 constitutively expressing tetM from P32 This study

pMEV-PP pHH145 constitutively expressing hmcM, thiL, mvaA, mvk, preA, mvaD, pmk, fni, ispA and tetM from P32 This study

pMEV-PP-2 pHH145 constitutively expressing hmcM, thiL, mvaA, mvk, mvaD, pmk, fni, ispA, and tetM from P32 This study

et al., 1993; Luukinen et al., 2000; Schurgers et al., 2005;
Cranenburg et al., 2010; Shea et al., 2011; Vermeer, 2012;
Schwalfenberg, 2017). Increased vitamin K intake appears to
be beneficial and important for public health. The advantage
of increasing the consumption of menaquinone compared
to phylloquinone has been stressed significantly over the
years. Firstly, menaquinone intake, but not phylloquinone has
been shown to be inversely correlated to all-cause mortality,
cardiovascular disease and certain cancers in large population-
based studies (Geleijnse et al., 2004; Gast et al., 2009; Nimptsch
et al., 2010). In addition, the longer menaquinones appear to
have extended stability (days, compared to hours) and better
bioavailability after ingestion compared to phylloquinone
(Vermeer, 2012).

Our most important dietary sources of vitamin K2 are
fermented foods like cheese and natto (fermented soybean).
Fermentation of soybean by the bacterium Bacillus subtilis
var. natto yield very high MK-7 amounts as levels up to
1,100 µg/100 g can be achieved (Schurgers and Vermeer, 2000).
Regular consumption of natto could fulfill our requirement
for vitamin K2, but unfortunately natto has a rather sharp

taste and is not enjoyed much outside of Japan. In Europe
and Northern America lactic acid bacteria (LAB) are the most
important vitamin K2-producers for our diet as they ferment
milk into dairy products such as cheese rich in vitamin K2
(up to 110 µg/100 g) (Manoury et al., 2013; Vermeer et al.,
2018). LAB are highly valued and exploited in food fermentations
and have potential to be used as cell factories for production
of various metabolites for industry (Sauer et al., 2017). An
extensive set of genetic tools has been developed for LABs over
the years and this can enable efficient metabolic engineering
of industrially important strains. Efforts have been made to
enhance production of vitamins like riboflavin (Burgess et al.,
2004; Chen et al., 2017; Juarez Del Valle et al., 2017), folate
(Albuquerque et al., 2017; Saubade et al., 2017; Meucci et al.,
2018) and cobalamin (Bhushan et al., 2017; Li et al., 2017) in LAB
and thereby increase the functional value of fermented food, but
until very recently there were no reports on optimization of dairy
production or metabolic engineering of LAB strains to achieve
higher menaquinone levels. Several genomes of the dominating
vitamin K2 producing LAB, L. lactis have been sequenced,
and putative genes encoding the enzymes for the individual
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TABLE 2 | Primers used in this study.

Primers Sequence 5′-3′

Construction of pMenF, pMenA, pHmcM, pThiL-MvaA, pMvk, pMvaD-Pmk, pFni, and pIspA:

Fw MenF TATGTCTAGAGTTATAATTTCTATGGTAGAAAAAATG

Rev MenF ATAGAAGCTTTCATAAGGCTTCTAAAATCGTTTTTAA

Fw MenA TATGTCTAGAATCACATTAAAAGAGGAAATAATG

Rev MenA ATAGAAGCTTTTAAAATCTAATCAAACTAATAAAGAGC

Fw HmcM ol pMG36e GC AATTCGAGCTCGCCCATGAAAGTCGGTATTGATAAAC

Rev HmcM ol pMG36e GC GAGGATCGATCCCCCAGAAAAGCTGTCAGTATTTTTTTATATTTTTTTATATTTAC

Fw pMG36e ol HmcM GC AATTCGAGCTCGCCCATGAAAGTCGGTATTGATAAAC

Rev pMG36e ol HmcM GC AGAGGATCGATCCCCCAGAAAAGCTGTCAGTATTTTTTTATATTTTTTTATATTTAC

Fw ThiL CTTTCGGAGGTTCATTCGTGAAAG

Rev MvaA TTATTTTCTCAAATTTTTTAGTAAATTTTGG

Fw Mvk GCAGGAGAATTGTTAAAAATGAC

Rev Mvk TTAAAAGGAGTAAATCCACGTG

Fw MvaD TTTGATATAATAGTTTCATGAAAAATATTG

Rev Pmk TCAGTTATTTTTTTGAGCAATCTTAAAC

Fw Fni GAATTGAGAAATAAATGATGAAAAG

Rev Fni TTATTTTTTTCTTTGTTGGATAAAATCG

Fw IspA TGGTATAATTAGGGTAATGGATAC

Rev IspA TTATTCCACTTCCAGTTGTTCAATT

Construction of pMEV-PP, pMEV-PP-2, and pCTR:

Fw TetM ol P32 prom GC CGTAATTCGAGCTCGCCCCGGCTTGTCTAGATTTGAATGG

Rev TetM ol pHH145 GC GACTTTCTGCTATGGAGGTCAGGTATGATTTAAATGGTCACTAAGTTATTTTATTGAACATATATCGTAC

Fw P32 prom ol pHH145 GC CAAAGTGATTAAATAGAATTCTCTAGATATCGCTCAATACATGGGTCGATCGAATTCG

Rev P32 prom GGGCGAGCTCGAATTACG

Fw hmcM ol P32 prom CGTAATTCGAGCTCGCCCGATAAGGAAATTTTTAAAATATGAAAGTC

Rev hmcM TTATATTTTTTTATATTTACGATGGTTATCAAC

Fw thiL ol hmcM GTTGATAACCATCGTAAATATAAAAAAATATAACTTTCGGAGGTTCATTCGTGAAAG

Rev mvaA TTATTTTCTCAAATTTTTTAGTAAATTTTGG

Fw mvk ol mvaA CCAAAATTTACTAAAAAATTTGAGAAAATAAGCAGGAGAATTGTTAAAAATGAC

Rev mvk ol preA GC CTTTCCTCTCGATAATTAAAAGGAGTAAATCCACGTG

Fw preA ol mvk GC ATTTACTCCTTTTAATTATCGAGAGGAAAGAGAAAAAC

Rev preA ol mvaD GC AACTATTATATCAAACTTTTAATAATTTCGCTCTAATAAAATC

Fw mvaD ol preA GC CGAAATTATTAAAAGTTTGATATAATAGTTTCATGAAAAATATTG

Rev pmk TCAGTTATTTTTTTGAGCAATCTTAAAC

Fw fni ol pmk GTTTAAGATTGCTCAAAAAAATAACTGAGAATTGAGAAATAAATGATGAAAAG

Rev fni TTATTTTTTTCTTTGTTGGATAAAATCG

Fw ispA ol fni CGATTTTATCCAACAAAGAAAAAAATAATGGTATAATTAGGGTAATGGATAC

Rev ispA TTATTCCACTTCCAGTTGTTCAATT

Fw TetM ol ispA AATTGAACAACTGGAAGTGGAATAACGGCTTGTCTAGATTTGAATGG

Rev TetM ol pHH145 GC GACTTTCTGCTATGGAGGTCAGGTATGATTTAAATGGTCACTAAGTTATTTTATTGAACATATATCGTAC

Fw pHH145 GC TGACCATTTAAATCATACCTGACC

Rev pHH145 GC GTATTGAGCGATATCTAGAGAATTCTATTTAATC

Rev mvk ol mvaD GC CATGAAACTATTATATCAAATTAAAAGGAGTAAATCCACGTG

Fw mvaD ol mvk GC CGTGGATTTACTCCTTTTAATTTGATATAATAGTTTCATGAAAAATATTG

Construction of pPreA, pGerCA-IspB and pPreA-MenA:

Fw preA BsaI TTGAGGTCTCACATGCTCACATTTTGGCAGGATTATCCC

Rev preA XhoI TGTCAACTCGAGCCTATCGGTGACAGGCTTTTAATAATTTC

Fw gerCA/ispB BsaI TTGAGGTCTCACATGAATATCAAAGAATACGTTTATGTTTCCTTATTAAC

Rev gerCA/ispB XhoI TGTCAACTCGAGAAAATTCATCAGGGGTCATAAAGTTCGCT

Fw preA menA GC TACAAAATAAATTATAAGGAGGCACTCACCTTGCTCACATTTTGGCAG

Rev preA menA GC TGCAGCCCGGGATCCATGTGCAGTACCCATTATTTAAAATCTAATCAAACTAATAAAGAG

Fw pNZ8037 GC ATGGGTACTGCACATGGATC

Rev pNZ8037 GC GGTGAGTGCCTCCTTATAATTTATTTTG

ol, overlap; GC, primers used for amplification of fragments for Gibson cloning.
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steps of menaquinone biosynthesis annotated (Wegmann et al.,
2007).

In L. lactis menaquinones are synthesized from acetyl-
CoA, phosphoenolpyruvate and D-erythrose-4-phosphate.
The precursors are converted step by step to a hydrophobic
polyprenyl diphosphate (PP) chain (mevalonate and polyprenyl
pathways) and a hydrophilic naphtoquinone ring; 1,4-dihydroxy-
2-napthoate (DHNA) (shikimate and menaquinone pathways).
Finally, MenA, a DHNA polyprenyltransferase, joins the
prenyl diphosphate and DHNA to form demethylmenaquinone
(Figure 1). The product of the shikimate pathway, chorismate, is
also a substrate for synthesis of the essential aromatic amino acids
(AAA) and folate and its production and further conversion
is highly regulated (Dosselaere and Vanderleyden, 2001). For
instance, the first enzyme of the shikimate pathway, 3-Deoxy-D-
arabinoheptulosonate 7-phosphate synthase (DAHPS), is known
to be feedback inhibited by AAA in diverse microorganisms
(Mir et al., 2015) and similar regulatory events are likely to
exist in lactococci. Chorismate is converted to DHNA through 7
enzymatic steps starting with isochorismate synthase (encoded
by menF). The polyprenyl diphosphate chain is synthesized
from isopentenyl pyrophosphate (IPP) units formed through
the mevalonate pathway. Six enzymatic steps, catalyzed by
3-ketoacyl-CoA thiolase (thiL), hydroxymethylglutaryl-CoA
synthase (hmcM), hydroxymethylglutaryl-CoA reductase
(mvaA), mevalonate kinase (mvk), phosphomevalonate kinase
(pmk), and diphosphomevalonate decarboxylase (mvaD) are
required to convert acetyl-CoA into IPP (C5). These reactions
constitute the most energy- and substrate-consuming part of
menaquinone synthesis as they require 3 acetyl-CoA, 3 ATP,
and 1 NADPH per IPP formed. The geranyltranstransferase
(ispA) and isopentenyl-diphosphate delta-isomerase (fni) then
combine IPP units into FPP (farnesyl diphosphate, C15). FPP
is a scaffold for further lengthening of the prenyl diphosphate
chain by consecutive addition of IPP units to make the all-trans
polyprenyl diphosphate (for MK-n production) or di-trans,
poly-cis-undecaprenyl pyrophosphate (UPP, C55). UPP is
essential for lactococci as it is a substrate for synthesis of
peptidoglycan (Bouhss et al., 2008). In L. lactis 2 genomic
loci encode possible prenyl diphosphate synthases. The gerCA
(llmg_1111) and ispB (llmg_1110) locus encodes proteins with
homology to 2-component heptaprenyl diphosphate synthases.
The gene llmg_0196 is in an operon with menA (DHNA
polyprenyltransferase) and encodes a putative geranylgeranyl
pyrophosphate synthase. In L. lactis ssp. lactis the gene and
gene product of llmg_0196 are called preA and PreA and
we will hereafter employ these names also for L. lactis ssp.
cremorisMG1363.

Menaquinones play an essential role in electron transport but
are not essential for fermentative growth in L. lactis (Rezaiki
et al., 2008). However, in the presence of heme L. lactis can
produce cytochrome and a functional electron transport chain
enabling respiratory growth resulting in improved growth and
survival in stationary phase (Sijpesteijn, 1970; Duwat et al.,
2001; Gaudu et al., 2002; Rezaiki et al., 2008; Brooijmans
et al., 2009). In addition, menaquinones can reduce both Fe
and Cu and might be important for assimilation of metals

(Rezaiki et al., 2008). The levels of menaquinone found in
L. lactis are strain-dependent and vary in response to aerobic
vs. anaerobic conditions as well as culture medium, carbon
source and temperature. In L. lactis MK-9 is produced as
the dominating menaquinone species, but minor amounts of
MK-3, MK-7, MK-8 and MK-10 are also formed (Morishita
et al., 1999; Rezaiki et al., 2008; Brooijmans et al., 2009). One
recent study show that adjusting fermentation parameters like
preculture conditions, carbon source and temperature result in
up to 50% increase of vitamin K2 in fermented milk (Liu et al.,
2019). However, there are no other reports available describing
how to increase strain performance or optimize conditions
to elevate menaquinone content during food fermentations,
neither is information on the contribution of each enzyme to
the biosynthetic pathway of menaquinones in lactococci. Such
knowledge could be helpful in selecting the optimal lactococci
for fermentation of milk into a product with higher functional
value regarding vitamin K2. Therefore, in the present study
several genes of the biosynthetic pathway of menaquinones in
L. lactis ssp. cremoris MG1363 were overexpressed singly or in
combination to investigate their potential to raise menaquinone
levels. We identify bottle-necks and key genes for biosynthesis of
menaquinones in MG1363 and thereby provide a foundation for
development of strains capable of higher K2-production during
food fermentations.

RESULTS

Overexpression of menF or menA Increase
Menaquinone Levels in L. lactis
We have employed “pull and push engineering” in our efforts
to increase vitamin K2 production in MG163. Overexpression
of isochorismate synthase (encoded by menF) was chosen in
order to enhance flow through the shikimate pathway. More
isochorismate synthase activity could create a metabolic pull
through this pathway and increase flux into the menaquinone
pathway (Figure 1). Overexpression of menF from the P32
promoter in pMG36e resulted in increased production (p-value
0.03) of the long-chained menaquinones MK-7, MK-8, and
MK-9 (MK7-9) compared to the control strain (Figure 2A).
The second gene chosen for overexpression, menA, encodes
the DHNA polyprenyltransferase catalyzing the joining of the
prenyl diphosphate chain and DHNA resulting in demethylated
menaquinone. The content of MK7-9 in L. lactis expressing this
gene from P32 on pMG36e was also higher (p-value 0.006) than
the control strain (Figure 2A). Moreover, a dramatic increase of
a short-chained menaquinone with retention time (RT) 2.75min
was observed (Figure 2A). A comparable increase in short
chained MK content was seen for the menF overproducer. The
presence of menaquinones with 3 prenyl units (MK-3) has been
reported in lactococci (Rezaiki et al., 2008; Brooijmans et al.,
2009). To determine the isoprenyl unit number of the short-
chained menaquinone we employed the reported strategy by
Rezaiki et al. (2008) and made a plot of the log10 (net RT in
minutes) of standards MK-4 and MK-7 against their number of
isoprenyl units (Figure 2B). The linear function of the graph was
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FIGURE 1 | The lactococcal biosynthetic pathways for menaquinone(s). Intermediates that are substrates for competing essential pathways are shown as branched

points (chorismate and FPP). IPP, isopentenyl pyrophosphate; FPP, farnesyl pyrophosphate; UPP, undecaprenyl pyrophosphate.

used to calculate the number of isoprenyl units for the short-
chained menaquinone (MK-X). We determined the number of
isoprenyl units for MK-X to be 3. From here onwards, we assume
that the species with RT 2.75min is MK-3.

The MK7-9 levels nearly doubled by overexpression of menA
and increased by 60%when overexpressingmenF (Figure 2C and
Table 3). The concentrations of total menaquinones (MK-3 +

MK7-9) in the cultures with the strain overexpressing menF or
menA (Figure 2C) were both around 400 nmol/L on average,
which is almost 3 times that of the control strain (140 nmol/L).
Most of the increase was attributed to MK-3. The MK-3/MK-
9 ratio was markedly lower for MG1363 (0.6) than the strains
overexpressing menF (1.7) or menA (1.3) as seen in Table 3. We
also observed that the ratio of MK-3/MK-9 in MG1363 could
vary from 0.2 to 0.7 between experiments possibly reflecting
growth medium variation.

llmg_0196 Encodes the Prenyl
Diphosphate Synthase in L. lactis
Although we achieved a 3-fold increase in totalMK production in
L. lactis by overproducing either menF or menA, the isoprenoid
chain length of the menaquinones produced was not optimal.

Long-chained MKs are more desirable in foods than short-
chained MKs since longer MKs have a longer half-life and
stability in the blood and are also reported to have a stronger
protective effect on the risk of coronary heart disease than shorter
menaquinones (Gast et al., 2009; Sato et al., 2012; Vermeer, 2012;
Bruno, 2016). There was considerably more MK-3 than MK7-
9 made by the overproducers of MenF and MenA (Figure 2C).
This indicates that DHNA is in surplus and the production
of the isoprenoid chain appears to be limiting. We therefore
reasoned that the high levels of MK-3 represents a potential
for higher MK7-9 production and focused on enhancing the
mevalonate and polyprenyl pathways to stimulate production of
longer isoprenoid chains.

To analyze the impact of mevalonate or polyprenyl pathway
genes we first determined the involvement of the genes encoding
the two putative prenyl diphosphate synthases; gerCA+ispB and
preA. The coding sequences of either gerCA+ispB or preA was
cloned into pNZ8037 and expressed using the inducible NICE
expression system (de Ruyter et al., 1996) in strain NZ9000.
Induction of the PnisA promoter was regulated by addition of
nisin at increasing concentrations (Figure 3A). We found that
preA, but not gerCA+ispB, appear to encode a functional prenyl

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 6 March 2020 | Volume 8 | Article 191

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Bøe and Holo Vitamin K2 in Lactococcus

FIGURE 2 | (A) Analytical HPLC chromatograms of quinones from recombinant L. lactis MG1363 cultures expressing additional lactococcal isochorismate synthase

(encoded by menF ) or DHNA polyprenyltransferase (encoded by menA) from P32 promoter of pMG36e. L. lactis containing empty vector (pMG36e) is shown in the

upper panel for comparison. Peaks K1, MK-7 to MK-9 were identified based on retention times (RTs) compared to RTs of standards. (B) Plot of isoprenyl unit lengths

vs. log10 (net RT in min) for standards MK-4 and MK-7. The linear function of the graph between 4 and 7 isoprenyl units was used to calculate the isoprenyl unit

number of MK-X. The dashed line represents extrapolation of the graph. MK-X (RT = 2.75) is designated using a triangle and corresponds to 3 isoprenyl units (MK-3).

(C) Quantification of MK levels from (a). Average and standard error of the means are shown from at least 3 independent experiments. The * and *** represent a

p-value below 0.05 and 0.0005 respectively. The p-values were obtained using a two-tailed T-test where the strains overexpressing menF or menA were compared to

the control strain carrying empty pMG36e.

diphosphate synthase for MK production in L. lactis. When
expression of preA was induced with nisin the levels of MK7-
9 increased in a dose dependent manner reaching 480 nmol/L
(Figure 3A and Table 3). This represented a fourfold increase
in MK7-9 levels compared to control the strain pNZ8037. In
contrast, menaquinone levels showed a slight, dose-dependedent
decline upon induction of gerCA+ispB with nisin. There was no
noticeable change in MK-3 levels as either prenyl diphosphate
synthase was expressed.

Increasing the Substrate Pool for Prenyl
Diphosphate Synthase: Overexpression of
Mevalonate and Polyprenyl (MEV-PP)
Pathway Genes
Overexpression of preA was sufficient to increase MK levels close
to 500 nmol/L. We reasoned that increasing the amounts of FPP

and IPP, the substrates of PreA, could stimulate menaquinone
production in the PreA strain even more. To this end we used
Gibson cloning (Gibson et al., 2009) to construct a plasmid
where all the genes of the MEV-PP pathways (Figure 1) could
be expressed from the same promoter and possibly ensure an
increased supply of IPP and FPP. The genes hmcM, thiL, mvaA,
mvk, preA, mvaD, pmk, fni, ispA were cloned in pHH145 with
the P32 promoter up front (Supplementary Figure 2). In L.
lactis ssp. cremoris MG1363 transformed with pMEV-PP MK
production increased 3-fold compared to MG1363 transformed
with pCTR (from 172 to 520 nmol/L on average) (Figure 3B and
Table 3).

In L. lactis total enzyme activity of the MEV and PP
pathways is dependent on the amount of transcription from
seven transcriptional start sites. It is likely that increased
expression of all mevalonate and PP genes not necessarily
infers the correct balance of each intermediate for optimal
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FIGURE 3 | (A) PreA is a functional polyprenyl PP synthase in L. lactis ssp. cremoris. Strain NZ9000 containing empty pNZ8037 or expressing either gerCA+ispB or

preA after induction of PnisA using increasing concentrations of nisin. (B) Combined overexpression of all mevalonate and polyprenyl pathway genes in one transcript

[genes were cloned in cis after the constitutive P32 promoter and inserted into pHH145 (pMEV-PP)]. Strain L. lactis ssp. cremoris MG1363 transformed with

pMEV-PP or pCTR. (C) Overexpression of mevalonate and polyprenyl pathway genes from the P32 promoter of pMG36e. Strain L. lactis ssp. cremoris MG1363

transformed with pHmcM, pThiL-MvaA, pMvk, pMvaD-Pmk, pFni or pIspA. (D) Specific concentrations of vitamin K2 (nmol MK/g DW) when overexpressing

mevalonate or polyprenyl pathway genes from the P32 promoter of pMG36e. (E) Combined overexpression of preA and menA and its effect on menaquinone

production. Strain L.lactis NZ9000 containing empty pNZ8037 or transformed with pPreA-MenA after induction of PnisA with increasing concentrations of nisin. (F)

Combined overexpression of preA, menA, and mvk and its effect on menaquinone production. Strain L. lactis NZ9000 containing empty pNZ8037 and empty

pMG36e or transformed with pMvk and pPreA-MenA. Induction of PnisA with 2 ng/ml nisin. All strains were cultivated in GM17 and statically incubated at 30◦C over

night. Quantification of MK-3, MK7-9 and MK-3+MK7-9 levels from average of at least 3 independent experiments. Error bars represent standard error of the means.

prenyl diphosphate chain production. To clarify this issue
and determine whether any of the mevalonate or PP genes
are more important for increasing the MK production than
others they were overexpressed individually or in pairs
(for genes where endogenous location is together in cis:
thiL+mvaA andmvaD+pmk) from the P32 promoter on plasmid
pMG36e (Figure 3C). Of all the genes overexpressed only mvk

significantly increased total MK levels (p-value 0.002) which
doubled compared to the control strain. The overexpression of
ispA was the only gene that significantly reduced total MK levels
compared to the control strain (p-value 0.02).

As several of these clones grew to lower cell density than the
control strain, we included a measurement of the MK content on
dry weight basis. As shown in Figure 3D most clones contained
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TABLE 3 | Summary of overexpression studies.

L. lactis

host

Plasmid MK*
Total

(nmol/L)

MK7-9*

(nmol/L)

MK-3/MK-9

MG1363 pMG36e 150 ± 12.2 97 ± 25.4 0.6

MG1363 pMenF 406 ± 18.2 152 ± 27.3 1.7

MG1363 pMenA 404 ± 19.6 179 ± 26.1 1.3

MG1363 pHmcM 100 ± 26.6 81 ± 24.3 0.2

MG1363 pThiL-MvaA 218 ± 17.1 169 ± 22.4 0.3

MG1363 pMvk 314 ± 26.2 309 ± 23.6 <0.1

MG1363 pMvaD-Pmk 94 ± 14.8 88 ± 13.4 0.1

MG1363 pFni 100 ± 20.3 90 ± 22.5 0.1

MG1363 pIspA 61 ± 13.4 58 ± 13.8 0.1

MG1363 pCtr 172 ± 32.6 128 ± 28.1 0.3

MG1363 pMEV-PP 520 ± 33.7 364 ± 51.1 0.4

NZ9000 pNZ8037 143 ± 16.5 119 ± 16.3 0.2

NZ9000 pPreA 485 ± 28.7 467 ± 20.2 <0.1

NZ9000 pGerCA-IspB 66 ± 0.6 43 ± 4.0 0.5

NZ9000 pPreA-MenA 544 ± 75.1 544 ± 75.1 <0.1

NZ9000 pNZ8037

pMG36e

292 ± 3.4 238 ± 6.9 0.2

NZ9000 pPreA-MenA

pMvk

719 ± 33.0 687 ± 35.6 <0.1

NZ9000 pNZ8037 pCtr 127 ± 1.5 114 ± 3.2 0.1

NZ9000 pMEV-PP-2

pPreA-MenA

657 ± 32.6 651 ± 30.2 <0.1

Numbers for NZ9000 strains are from experiments using 2 ng/ml for induction of the
nisA promoter.
*Average and standard error of the means of at least 3 experiments.

less MK-3/g DW than the control, while MK7-9 was the same
or slightly elevated. However, overexpression ofmvk led to more
than 3-fold higher specific concentration of MK7-9, while MK-3
was reduced.

Combined Overexpression of Key Genes
Increased expression of either preA, menA, menF, or mvk all led
to at least doubled levels of MK and appear to be key genes
for MK synthesis. Combined overexpression of several of these
genes could have an additive effect on MK production, and
this possibility was explored. As preA and menA are located
after one another in an operon they were cloned together and
overexpressed using the NICE expression system (Figure 3E).
At maximal induction of cells transformed with pPreA-MenA
we obtained an average concentration of 540 nmol/L MK7-
9 (Table 3), the highest concentration obtained through our
genetic engineering approach thus far. Next, we transformed this
clone with pMvk (Figure 3F). In this strain the gene encoding
mevalonate kinase is expressed constitutively and preA + menA
upon induction with nisin. This led to another slight increase
of MK production, reaching 680 nmol/L MK7-9 (Table 3). We
note that the MK level in the control strain harboring the
two empty plasmids is higher than what we have observed for
other control strains. We also analyzed the MK production in
a strain overexpressing all mevalonate and PP genes in addition
to MenA (pMEV-PP-2 and pPreA-MenA). This strain produced

an average of 651 nmol/L MK7-9 (Table 3), comparable to the
strain overexpressing mvk, preA, and menA. All results obtained
through overexpression studies are summarized in Table 3.

Fermentation of Milk by Vitamin K2
Overproducing Strains
Finally, we tested whether overexpression of the key genes
identified earlier affect MK content also during fermentation
of milk (Figure 4). All strains except the overproducer of
mevalonate kinase acidified the milk to a pH below 5.0 and
caused coagulation, and this strain also produced less MK than
the control strain in milk. Overexpression of preA alone or
together with menA or menA+mvk caused elevated production
of vitamin K2. The total vitamin K2 levels reached close to
700 nmol/L (500 ng/g fermented milk) using any of the 3
strains, and MK7-9 constituted more than 93% of the total
menaquinone content.

DISCUSSION

Subclinical vitamin K deficiency, not uncommon in the Western
world, is associated with increased risks of diseases including
osteoporosis and cardiovascular disease (Geleijnse et al., 2004;
Gast et al., 2009; Schwalfenberg, 2017). Being more effective
than vitamin K1, increasing the intake of long-chained vitamin
K2 would be the best way to improve vitamin K status. In
this study, we have analyzed MK biosynthesis in the most
important menaquinone-producer for our diets; L. lactis. Our
results demonstrate that it is possible to increase MK production
by L. lactis by enhancing transcription of key genes like menF,
menA, preA, ormvk.

Metabolic pathway engineering for increased product
formation often involve increasing the substrate pools.
Chorismate represents a critical branch-point in menaquinone
biosynthesis since it is also a substrate for production of the
essential AAA and folate. A good strategic starting point for
metabolic engineering of L. lactis could be to ensure increased
chorismate levels and thereby elevate the supply of substrate for
isochorismate synthase. However, efforts to increase chorismate
levels by manipulating the shikimate pathway have proven
unsuccessful in B. subtilis, probably due to increased feedback
inhibition of the shikimate pathway caused by a concomitant
rise in AAA levels (Tsukamoto et al., 2001; Yang et al., 2019).
Moreover, by overexpressing enzymes involved in conversion of
chorismate to folateWegkamp et al. (2007) obtained considerable
increases in folate production in L. lactis. Basic levels of folate
production were in the same range as MK production, indicating
that flux through the shikimate pathway would not be a
bottleneck in our work. Our first targeted genetic approach was
consequently aimed at steps outside of the shikimate pathway by
trying to push carbon flux into the menaquinone pathway or pull
flux through both pathways by cloning and expression of menF
and menA, respectively. Overexpression of eithermenF or menA
increased total menaquinone levels and MK-3 was the main
menaquinone generated. The increase in MK-3 levels can be
explained by a shortage of long-chained polyprenyl diphosphates
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FIGURE 4 | Vitamin K2 content in milk fermented by strains overexpressing key genes of the biosynthetic menaquinone pathway. Fermentation was carried out for

20 h at 30◦C in heat-sterilized skimmed milk supplemented with 0.5% glucose and 1% tryptone. Nisin (2 ng/ml) was added to NZ9000 strains 1 h after inoculation.

Quantification of MK-3, MK7-9 and MK-3+MK7-9 levels from average of at least 3 independent experiments. Error bars represent standard error of the means.

compared to the amount of DHNA present and pinpoint prenyl
diphosphate chain synthesis as rate-limiting for MK synthesis.
As DHNA prenyltransferases are highly specific for DHNA, but
unspecific for the prenyl diphosphate chain, MenA will join
DHNA with any prenyl diphosphate chain available (Saito and
Ogura, 1981). Therefore, in the overproducers of MenA and
MenF FPP (C15) appears to be in excess as MK-3 is formed
in large quanta. Longer prenyl diphosphate chains (C40-C50)
form by sequential condensation of FPP with 5-7 IPP units in a
reaction catalyzed by prenyl diphosphate synthase (Ogura and
Koyama, 1998; Koyama, 1999). The mevalonate pathway, which
is required for formation of IPP (C5), or prenyl diphosphate
synthase activity consequently appear limiting in the MenF
and MenA overproducers. MK-3 can be a major contributor to
the total menaquinone content in lactococci (Brooijmans et al.,
2009) in agreement with our data. The presence of MK-3 indicate
that the mevalonate and polyprenyl pathways are also limiting in
the wild type. Cells overexpressing PreA produced long chained
MK instead of MK3 showing that prenyl diphosphate chain
elongation activity and not IPP supply limits MK synthesis.
MK-3 was reduced when the mevalonate or polyprenyl pathway
genes were overexpressed, likely to be caused by the metabolic
pull created by the increased enzymatic activity.

In late growth energy supply is reduced and the production
of MK-3 relative to MK-9 has been shown to increase in L. lactis
(Rezaiki et al., 2008). Interestingly,menF transcription was found
to increase by aerobic conditions (Cretenet et al., 2014), but the
MK-3/MK-9 ratio decreased (Brooijmans et al., 2009). Aeration
alters metabolism, and improves energy and redox status in L.
lactis, and this may favor enhanced synthesis of IPP.

From the menF and menA overexpression studies it is
apparent that there is a lack of prenyl diphosphate synthase

activity to create longer isoprenoid chains so that the more
valuable longer menaquinones can form. The genome of L.
lactis ssp. cremoris MG1363 contains ORFs encoding 2 different
putative prenyl diphosphate synthetases. When overexpressing
llmg_0196 (preA)MK7-9 production increased 3-fold. The length
of the isoprenoid side chains of menaquinones is defined by the
prenyl diphosphate synthases and these enzymes are classified as
short-, medium-, or long-chained prenyl diphosphate synthases
accordingly (Ogura and Koyama, 1998; Koyama, 1999). Long-
chain prenyl diphosphate synthases are homodimers that add IPP
units to allylic diphosphates generating C40 and longer prenyl
diphosphate chains. Our results indicate that PreA is a functional
long-chain (C45) prenyl diphosphate synthase as the levels of
longer menaquinones are increased when transcription of preA
is induced.

The second putative prenyl diphosphate synthase of MG1363
is encoded by 2 overlapping ORFs annotated as gerCA and ispB.
Heterodimeric prenyl diphosphate synthases generate medium
chain prenyl diphosphates (C30 and C35) (Ogura and Koyama,
1998; Koyama, 1999). However, we did not observe an increase
in the amount of medium length MKs when overexpressing
gerCA+ispB. This implies that the gerCA+ispB locus could either
contain a non-functional prenyl diphosphate synthase or that
GerCA+IspB generates a polyprenyl diphosphate chain used for
something different than MK production. Since MK7-9 levels
were reduced by increased expression of gerCA+ispB we assume
that less substrate (FPP, IPP) became available to maintain
normal PreA activity and MK production.

Mevalonate kinase was identified as a key gene for MK
production in MG1363 as overexpression of mvk doubled the
amount of MK produced. This result is in accordance with Song
et al. (2014) who identified mvk to be a metabolic bottleneck
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of the mevalonate pathway. Overexpression of other mevalonate
genes did not result in greatly increased MK levels. We observed
that overexpression of several mevalonate or polyprenyl pathway
genes, especially mvk, inhibited growth as seen by the lower
OD600 reached after overnight cultivation. Alterations of the
mevalonate or polyprenyl pathway enzyme activity could result
in a build-up of mevalonic or isoprenoid intermediates. An
abundance of isoprenoid precursors is cytotoxic (Martin et al.,
2003; Sivy et al., 2011), likely true also for L. lactis. When mvk
was overexpressed together with preA and menA the growth
defect was abrogated. In this strain increased mevalonate kinase
activity is accompanied with increased PreA and MenA activity
withdrawing possible toxic isoprenoid precursors.

To increase menaquinone production by bacteria several
approaches has been explored. They include optimization of
the fermentation process, increasing menaquinone secretion,
improving bioreactor design, directed mutagenesis of strains or
genetic engineering of strains (Ren et al., 2019). To enhance
strain performance genomic changes has been made in order to
maximize substrate pools, limit the production of by-products,
overexpress key genes, express novel pathways, or combinations
of the aforementioned strategies (Kong and Lee, 2011; Liu et al.,
2017, 2018; Xu et al., 2017; Ma et al., 2019; Yang et al., 2019).
Most of these studies have been performed using B. subtilis,
B. amyloliquefaciens, E. meningoseptica, or E. coli and seek
to produce menaquinone on an industrial scale for use as a
nutritional supplement or food additive. The present study is the
first to genetically engineer menaquinone synthesis in L. lactis
and in a proof-of-principle manner use these GMO strains for
vitamin K2 fortification of milk. We employed several of the
strategiesmentioned above to increasemenaquinone production:
limiting the production of by-products by committing substrates
to menaquinone production (menF, preA), identification and
overexpression of key genes (menA, preA, mvk) and increasing
substrate pools (pMEV-PP). Based on our results and others there
appear to be some general approaches that are successful when
aiming to overproduce MK among diverse bacteria including
L. lactis ssp. cremoris. Firstly, enhanced expression of menA
result in around 2-fold higher MK production in E. coli, B.
amyloliquefaciens, E. meningoseptica, and B.subtilis (Kong and
Lee, 2011; Liu et al., 2017, 2018; Xu et al., 2017; Ma et al., 2019;
Yang et al., 2019) and we found that this also applies for L.
lactis. More MenA activity will pull out products of both the
menaquinone and MEV+PP pathways possibly leading to an
increased flux through both pathways. Secondly, optimizing the
precursor pool for prenyl diphosphate synthase appears to be a
fruitful strategy to increase MK production. In most bacterial
species IPP form through the mevalonate-independent pathway
called theMEP pathway (Frank and Groll, 2017). Overexpression
of MEP and/or PP pathway genes increase MK production
in B. subtilis, E. coli and E. meningoseptica (Kong and Lee,
2011; Ma et al., 2019; Yang et al., 2019). In line with these
studies we achieved a doubling of the menaquinone content by
overexpression of themvk gene of the IPP-producing mevalonate
pathway in L. lactis.

By cloning all genes of the MEV and PP pathways and
expressing them from the P32 promoter we expected to increase

MK production compared to single expression of mvk or preA.
However, we achieved only slightly higher MK levels than by
overexpressing preA alone using the NICE system. The difference
in promoter strength between the constitutive P32 and the
strong PnisA, might be a reason why combined expression of all
MEV+PP genes did not evoke a higher MK production than
preA alone.

We achieved a maximum MK7-9 titer of 687 nmol/L when
combining overexpression of menA, preA and mvk. An additive
effect on MK production when increasing the precursor pool for
the prenyl diphosphate synthase combined with increased MenA
activity has also been reported by others. In E. menigoseptica a
2.5-fold increase was achieved by combining overexpression of
menA and a single MEP pathway gene (Liu et al., 2018). In B.
subtilis a recent study reported 11-fold increase by overexpressing
menA and three genes of the MEP pathway (Ma et al., 2019).

Five times increased MK production has been achieved by
overexpression in E. coli and B. subtilis (Kong and Lee, 2011; Yang
et al., 2019) similar to the fourfold increase reported here. Except
from the clones overexpressing single mevalonate genes there
was no change in growth yield in L. lactis overproducing vitamin
K2. The highest specific vitamin K2 content was 0.67mg/g DW,
slightly lower than the 290µgMK/g wet cell weight (=1.26mg/m
DCW) (Glazyrina et al., 2010) in the E. coli overproducer (Kong
and Lee, 2011). However, the specific menaquinone content in
B. subtilis can get much higher, and Yang et al. (2019) reported
12.0 mg/g DCW after optimization of culture conditions of their
overproducing clone.

As a proof-of-principle, we employed several of the MK
overproducing strains to verify whether these strains would
increase menaquinone content of fermented milk to a beneficial
level. Fermented milk is a dairy product mostly consumed in
Nordic countries and contains vitamin K2 levels up to 80 ng/g
(Koivu-Tikkanen et al., 2000; Liu et al., 2019). We achieved
a significantly higher level using our overproducers as we
obtained more than 5 times higher MK7-9 levels (450 ng/g).
We also found that MK levels in general were higher after milk
fermentation than by culturing in M17. The daily requirement
for vitamin K is set at 1 µg/kg body weight (Frick et al., 1967).
A serving of 200ml fermented milk produced by our genetically
engineered menaquinone overproducers would contain 90 µg
long chained vitamin K2 and fulfill the daily requirement for
most people. Hard cheese contains an average of 30–40 µg
MK/100 g (Manoury et al., 2013; Vermeer et al., 2018). The
average pro capita cheese consumption inWestern countries is in
the range of 41–82 g cheese/day (IDF, 2016) corresponding to a
daily vitamin K2 intake of 12–32 µg. In this work we have shown
by cloning that the bacterial specific vitamin K2 content can be
increased fourfold, suggesting that a similar stimulation can be
achieved in a cheese. With a vitamin K2 content of 120–160 µg
MK/100 g such cheese could be a main contributor to meet the
daily requirement of vitamin K even in people with a moderate
cheese intake.

We have pinpointed the mevalonate and polyprenyl pathways
as rate-limiting for MK synthesis and increasing the pool size
of the precursor acetyl-CoA could be a strategy for further
improvement of vitamin K2 production. Possibly this could be
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achieved by redirecting carbon flow from homolactic to more
mixed acid fermentation. However, increasing flux from pyruvate
to acetyl-CoA would also affect the taste of the dairy product in a
negative manner (Gaspar et al., 2011).

CONCLUSION

Biosynthesis of menaquinones require over 20 enzymatic
reactions and it is reasonable to expect that an elevated level of a
single enzyme is insufficient to dramatically increase the amount
of pathway product. However, when it comes to vitamin K2, just
doubling or tripling the amount in our food could play a vital
role for public health. Here, we have shown that overexpression
of key genes is enough to double (mvk), triple (menA) and even
quadruple (preA, preA + menA) vitamin K2 levels produced
by the important vitamin K2 producer L. lactis ssp. cremoris
MG1363 under laboratory conditions. We further demonstrate
how these strains can ferment milk and increase the vitamin K2
content 3-fold in the resulting fermented milk. A minimal step
to achieve 3 times higher levels of the long-chained MKs could
therefore be to modify the endogenous promoter of the preA-
menA operon to enhance transcription. The use of genetically-
modified organisms (GMOs) for food production is under heavy
jurisdiction in most countries, nevertheless over 100 GMOs are
approved worldwide for use in commercial food or feed so far
(Kamle et al., 2017). The rise of CRISPR-technology, to make

precise genetic alterations in organisms ranging from bacteria
like L. lactis (Guo et al., 2019) to human beings, is also believed
to impact the legislation around GMO’s and food production
possibly enabling the use of such GMO’s in a near future.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

AUTHOR CONTRIBUTIONS

CB performed all the experiments except construction of
pHH145 which was carried out by HH. CB and HH designed,
analyzed, and interpreted all experiments and wrote the paper.

FUNDING

This work was funded by the Norwegian Research Council,
project number 256331, and Tine SA.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fbioe.
2020.00191/full#supplementary-material

REFERENCES

Albuquerque, M. A. C., Bedani, R., LeBlanc, J. G., and Saad, S. M. I. (2017). Passion

fruit by-product and fructooligosaccharides stimulate the growth and folate

production by starter and probiotic cultures in fermented soymilk. Int. J. Food

Microbiol. 261, 35–41. doi: 10.1016/j.ijfoodmicro.2017.09.001

Bhushan, B., Tomar, S. K., and Chauhan, A. (2017). Techno-functional

differentiation of two vitamin B12 producing Lactobacillus plantarum strains:

an elucidation for diverse future use. Appl. Microbiol. Biotechnol. 101, 697–709.

doi: 10.1007/s00253-016-7903-z

Bouhss, A., Trunkfield, A. E., Bugg, T. D., and Mengin-Lecreulx, D. (2008). The

biosynthesis of peptidoglycan lipid-linked intermediates. FEMSMicrobiol. Rev.

32, 208–233. doi: 10.1111/j.1574-6976.2007.00089.x

Brooijmans, R., Smit, B., Santos, F., van Riel, J., de Vos, W. M., and Hugenholtz,

J. (2009). Heme and menaquinone induced electron transport in lactic acid

bacteria.Microb. Cell Fact. 8:28. doi: 10.1186/1475-2859-8-28

Bruno, E. J. (2016). The prevalence of vitamin k deficiency / insufficiency, and

recommendations for increased intake. J. Hum. Nutr. Food Sci. 4:1077.

Burgess, C., O’Connell-Motherway, M., Sybesma, W., Hugenholtz, J., and van

Sinderen, D. (2004). Riboflavin production in Lactococcus lactis: potential for

in situ production of vitamin-enriched foods. Appl. Environ. Microbiol. 70,

5769–5777. doi: 10.1128/AEM.70.10.5769-5777.2004

Chen, J., Vestergaard, M., Jensen, T. G., Shen, J., Dufva, M., Solem, C.,

et al. (2017). Finding the needle in the haystack–the use of microfluidic

droplet technology to identify vitamin-secreting lactic acid bacteria. MBio 8,

e00526–17. doi: 10.1128/mBio.00526-17

Cranenburg, E. C., Koos, R., Schurgers, L. J., Magdeleyns, E. J., Schoonbrood, T. H.,

Landewe, R. B., et al. (2010). Characterisation and potential diagnostic value of

circulating matrix Gla protein (MGP) species. Thromb. Haemost. 104, 811–822.

doi: 10.1160/TH09-11-0786

Cretenet, M., Le Gall, G., Wegmann, U., Even, S., Shearman, C., Stentz, R., et al.

(2014). Early adaptation to oxygen is key to the industrially important traits

of Lactococcus lactis ssp. cremoris during milk fermentation. BMC Genomics

15:1054. doi: 10.1186/1471-2164-15-1054

de Ruyter, P. G., Kuipers, O. P., and de Vos, W. M. (1996). Controlled

gene expression systems for Lactococcus lactis with the food-

grade inducer nisin. Appl. Environ. Microbiol. 62, 3662–3667.

doi: 10.1128/AEM.62.10.3662-3667.1996

Dosselaere, F., and Vanderleyden, J. (2001). A metabolic node in action:

chorismate-utilizing enzymes in microorganisms. Crit. Rev. Microbiol. 27,

75–131. doi: 10.1080/20014091096710

Duwat, P., Sourice, S., Cesselin, B., Lamberet, G., Vido, K., Gaudu, P., et al.

(2001). Respiration capacity of the fermenting bacterium Lactococcus lactis

and its positive effects on growth and survival. J. Bacteriol. 183, 4509–4516.

doi: 10.1128/JB.183.15.4509-4516.2001

Flore, R., Ponziani, F. R., Di Rienzo, T. A., Zocco, M. A., Flex, A., Gerardino,

L., et al. (2013). Something more to say about calcium homeostasis: the

role of vitamin K2 in vascular calcification and osteoporosis. Eur. Rev. Med.

Pharmacol. Sci. 17, 2433–2440.

Frank, A., and Groll, M. (2017). The methylerythritol phosphate pathway to

isoprenoids. Chem. Rev. 117, 5675–5703. doi: 10.1021/acs.chemrev.6b00537

Frick, P. G., Riedler, G., and Brogli, H. (1967). Dose response and minimal

daily requirement for vitamin K in man. J. Appl. Physiol. 23, 387–389.

doi: 10.1152/jappl.1967.23.3.387

Furie, B., Bouchard, B. A., and Furie, B. C. (1999). Vitamin K-dependent

biosynthesis of gamma-carboxyglutamic acid. Blood 93, 1798–1808.

doi: 10.1182/blood.V93.6.1798.406k22_1798_1808

Gaspar, P., Neves, A. R., Gasson, M. J., Shearman, C. A., and Santos, H.

(2011). High yields of 2,3-butanediol and mannitol in Lactococcus lactis

through engineering of NAD+ cofactor recycling. Appl. Environ. Microbiol. 77,

6826–6835. doi: 10.1128/AEM.05544-11

Gasson, M. J. (1983). Plasmid complements of Streptococcus lactis NCDO 712 and

other lactic streptococci after protoplast-induced curing. J. Bacteriol. 154, 1–9.

doi: 10.1128/JB.154.1.1-9.1983

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 12 March 2020 | Volume 8 | Article 191

https://www.frontiersin.org/articles/10.3389/fbioe.2020.00191/full#supplementary-material
https://doi.org/10.1016/j.ijfoodmicro.2017.09.001
https://doi.org/10.1007/s00253-016-7903-z
https://doi.org/10.1111/j.1574-6976.2007.00089.x
https://doi.org/10.1186/1475-2859-8-28
https://doi.org/10.1128/AEM.70.10.5769-5777.2004
https://doi.org/10.1128/mBio.00526-17
https://doi.org/10.1160/TH09-11-0786
https://doi.org/10.1186/1471-2164-15-1054
https://doi.org/10.1128/AEM.62.10.3662-3667.1996
https://doi.org/10.1080/20014091096710
https://doi.org/10.1128/JB.183.15.4509-4516.2001
https://doi.org/10.1021/acs.chemrev.6b00537
https://doi.org/10.1152/jappl.1967.23.3.387
https://doi.org/10.1182/blood.V93.6.1798.406k22_1798_1808
https://doi.org/10.1128/AEM.05544-11
https://doi.org/10.1128/JB.154.1.1-9.1983
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Bøe and Holo Vitamin K2 in Lactococcus

Gast, G. C., de Roos, N. M., Sluijs, I., Bots, M. L., Beulens, J. W., Geleijnse,

J. M., et al. (2009). A high menaquinone intake reduces the incidence

of coronary heart disease. Nutr. Metab. Cardiovasc. Dis. 19, 504–510.

doi: 10.1016/j.numecd.2008.10.004

Gaudu, P., Vido, K., Cesselin, B., Kulakauskas, S., Tremblay, J., Rezaiki, L., et al.

(2002). Respiration capacity and consequences in Lactococcus lactis. Antonie.

Leeuwenhoek 82, 263–269. doi: 10.1023/A:1020635600343

Geleijnse, J. M., Vermeer, C., Grobbee, D. E., Schurgers, L. J., Knapen, M. H., van

der Meer, I. M., et al. (2004). Dietary intake of menaquinone is associated with

a reduced risk of coronary heart disease: the Rotterdam Study. J. Nutr. 134,

3100–3105. doi: 10.1093/jn/134.11.3100

Gibson, D. G., Young, L., Chuang, R. Y., Venter, J. C., Hutchison, C. A. III., and

Smith, H. O. (2009). Enzymatic assembly of DNA molecules up to several

hundred kilobases. Nat. Methods 6, 343–345. doi: 10.1038/nmeth.1318

Glazyrina, J., Materne, E. M., Dreher, T., Storm, D., Junne, S., Adams, T., et al.

(2010). High cell density cultivation and recombinant protein production with

Escherichia coli in a rocking-motion-type bioreactor. Microb. Cell Fact. 9:42.

doi: 10.1186/1475-2859-9-42

Guo, T., Xin, Y., Zhang, Y., Gu, X., and Kong, J. (2019). A rapid and versatile

tool for genomic engineering in Lactococcus lactis. Microb. Cell Fact. 18:22.

doi: 10.1186/s12934-019-1075-3

Holo, H., and Nes, I. F. (1989). High-Frequency transformation, by

electroporation, of Lactococcus lactis subsp. cremoris grown with glycine

in osmotically stabilized media. Appl. Environ. Microbiol. 55, 3119–3123.

doi: 10.1128/AEM.55.12.3119-3123.1989

Horton, R. M., Hunt, H. D., Ho, S. N., Pullen, J. K., and Pease, L. R. (1989).

Engineering hybrid genes without the use of restriction enzymes: gene splicing

by overlap extension. Gene 77, 61–68. doi: 10.1016/0378-1119(89)90359-4

IDF (2016). 2016 World Dairy Situation Report. International Dairy Federation.

Jonsson, M., Saleihan, Z., Nes, I. F., and Holo, H. (2009). Construction and

characterization of three lactate dehydrogenase-negative Enterococcus

faecalis V583 mutants. Appl. Environ. Microbiol. 75, 4901–4903.

doi: 10.1128/AEM.00344-09

Juarez Del Valle, M., Laino, J. E., Savoy de Giori, G., and LeBlanc, J. G.

(2017). Factors stimulating riboflavin produced by Lactobacillus plantarum

CRL 725 grown in a semi-defined medium. J. Basic Microbiol. 57, 245–252.

doi: 10.1002/jobm.201600573

Kamle, M., Kumar, P., Patra, J. K., and Bajpai, V. K. (2017). Current perspectives

on genetically modified crops and detection methods. 3 Biotech. 7:219.

doi: 10.1007/s13205-017-0809-3

Koivu-Tikkanen, T. J., Ollilainen, V., and Piironen, V. I. (2000). Determination

of phylloquinone and menaquinones in animal products with fluorescence

detection after postcolumn reduction with metallic zinc. J. Agric. Food Chem.

48, 6325–6331. doi: 10.1021/jf000638u

Kong, M. K., and Lee, P. C. (2011). Metabolic engineering of menaquinone-

8 pathway of Escherichia coli as a microbial platform for vitamin

K production. Biotechnol. Bioeng. 108, 1997–2002. doi: 10.1002/bit.

23142

Koyama, T. (1999). Molecular analysis of prenyl chain elongating enzymes. Biosci.

Biotechnol. Biochem. 63, 1671–1676. doi: 10.1271/bbb.63.1671

Kuipers, O. P., de Ruyter, P. G. G. A., Kleerebezem, M., and de Vos, W. M.

(1998). Quorum sensing-controlled gene expression in lactic acid bacteria. J.

Biotechnol. 64, 15–21. doi: 10.1016/S0168-1656(98)00100-X

Li, P., Gu, Q., Yang, L., Yu, Y., and Wang, Y. (2017). Characterization

of extracellular vitamin B12 producing Lactobacillus plantarum strains

and assessment of the probiotic potentials. Food Chem. 234, 494–501.

doi: 10.1016/j.foodchem.2017.05.037

Liu, Y., Ding, X.-,m., Xue, Z.-,l., Hu, L.-,x., Cheng, Q., and Chen, M.-,h.,

et al. (2017). Site-directed mutagenesis of UbiA to promote menaquinone

biosynthesis in Elizabethkingia meningoseptica. Process Biochem. 58, 186–192.

doi: 10.1016/j.procbio.2017.05.002

Liu, Y., van Bennekom, E. O., Zhang, Y., Abee, T., and Smid, E. J. (2019). Long-

chain vitamin K2 production in Lactococcus lactis is influenced by temperature,

carbon source, aeration and mode of energy metabolism. Microb. Cell Fact.

18:129. doi: 10.1186/s12934-019-1179-9

Liu, Y., Yang, Z., Xue, Z., Qian, S., Wang, Z., Hu, L., et al. (2018).

Influence of site-directed mutagenesis of UbiA, overexpression of dxr,

menA and ubiE, and supplementation with precursors on menaquinone

production in Elizabethkingia meningoseptica. Process Biochem. 68, 64–72.

doi: 10.1016/j.procbio.2018.01.022

Luukinen, H., Kakonen, S. M., Pettersson, K., Koski, K., Laippala, P., Lovgren, T.,

et al. (2000). Strong prediction of fractures among older adults by the ratio

of carboxylated to total serum osteocalcin. J. Bone Miner. Res. 15, 2473–2478.

doi: 10.1359/jbmr.2000.15.12.2473

Ma, Y., McClure, D. D., Somerville, M. V., Proschogo, N. W., Dehghani, F.,

Kavanagh, J. M., et al. (2019). Metabolic engineering of the MEP pathway in

Bacillus subtilis for increased biosynthesis of menaquinone-7. ACS Synth. Biol.

8, 1620–1630. doi: 10.1021/acssynbio.9b00077

Manoury, E., Jourdon, K., Boyaval, P., and Fourcassie, P. (2013). Quantitative

measurement of vitamin K2 (menaquinones) in various fermented dairy

products using a reliable high-performance liquid chromatography method. J.

Dairy Sci. 96, 1335–1346. doi: 10.3168/jds.2012-5494

Martin, V. J., Pitera, D. J., Withers, S. T., Newman, J. D., and Keasling, J. D.

(2003). Engineering a mevalonate pathway in Escherichia coli for production

of terpenoids. Nat. Biotechnol. 21, 796–802. doi: 10.1038/nbt833

Meucci, A., Rossetti, L., Zago,M.,Monti, L., Giraffa, G., Carminati, D., et al. (2018).

Folates biosynthesis by Streptococcus thermophilus during growth in milk. Food

Microbiol. 69, 116–122. doi: 10.1016/j.fm.2017.08.001

Mir, R., Jallu, S., and Singh, T. P. (2015). The shikimate pathway: review of amino

acid sequence, function and three-dimensional structures of the enzymes. Crit.

Rev. Microbiol. 41, 172–189. doi: 10.3109/1040841X.2013.813901

Morishita, T., Tamura, N., Makino, T., and Kudo, S. (1999). Production

of menaquinones by lactic acid bacteria. J. Dairy Sci. 82, 1897–1903.

doi: 10.3168/jds.S0022-0302(99)75424-X

Nimptsch, K., Rohrmann, S., Kaaks, R., and Linseisen, J. (2010). Dietary

vitamin K intake in relation to cancer incidence and mortality: results

from the heidelberg cohort of the european prospective investigation into

cancer and nutrition (EPIC-Heidelberg). Am. J. Clin. Nutr. 91, 1348–1358.

doi: 10.3945/ajcn.2009.28691

Ogura, K., and Koyama, T. (1998). Enzymatic Aspects of isoprenoid chain

elongation. Chem. Rev. 98, 1263–1276. doi: 10.1021/cr9600464

Okano, T., Shimomura, Y., Yamane, M., Suhara, Y., Kamao, M., Sugiura, M.,

et al. (2008). Conversion of phylloquinone (Vitamin K1) into menaquinone-4

(Vitamin K2) in mice: two possible routes for menaquinone-4 accumulation in

cerebra of mice. J. Biol. Chem. 283, 11270–11279. doi: 10.1074/jbc.M702971200

Ren, L., Peng, C., Hu, X., Han, Y., and Huang, H. (2019). Microbial production

of vitamin K2: current status and future prospects. Biotechnol. Adv. 39:107453.

doi: 10.1016/j.biotechadv.2019.107453

Rezaiki, L., Lamberet, G., Derre, A., Gruss, A., and Gaudu, P. (2008).

Lactococcus lactis produces short-chain quinones that cross-feed Group B

Streptococcus to activate respiration growth. Mol. Microbiol. 67, 947–957.

doi: 10.1111/j.1365-2958.2007.06083.x

Saito, Y., and Ogura, K. (1981). Biosynthesis of menaquinones.

enzymatic prenylation of 1,4-dihydroxy-2-naphthoate by

micrococcus luteus membrane fractions. J. Biochem. 89, 1445-1452.

doi: 10.1093/oxfordjournals.jbchem.a133337

Sato, T., Schurgers, L. J., and Uenishi, K. (2012). Comparison of menaquinone-

4 and menaquinone-7 bioavailability in healthy women. Nutr. J. 11:93.

doi: 10.1186/1475-2891-11-93

Saubade, F., Hemery, Y. M., Guyot, J. P., and Humblot, C. (2017). Lactic acid

fermentation as a tool for increasing the folate content of foods. Crit. Rev. Food

Sci. Nutr. 57, 3894–3910. doi: 10.1080/10408398.2016.1192986

Sauer, M., Russmayer, H., Grabherr, R., Peterbauer, C. K., andMarx, H. (2017). The

efficient clade: lactic acid bacteria for industrial chemical production. Trends

Biotechnol. 35, 756–769. doi: 10.1016/j.tibtech.2017.05.002

Schurgers, L. J., Teunissen, K. J., Knapen, M. H., Kwaijtaal, M., van Diest, R.,

Appels, A., et al. (2005). Novel conformation-specific antibodies against matrix

gamma-carboxyglutamic acid (Gla) protein: undercarboxylated matrix Gla

protein as marker for vascular calcification. Arterioscler. Thromb. Vasc. Biol.

25, 1629–1633. doi: 10.1161/01.ATV.0000173313.46222.43

Schurgers, L. J., and Vermeer, C. (2000). Determination of phylloquinone and

menaquinones in food. Effect of food matrix on circulating vitamin K

concentrations. Haemostasis 30, 298–307. doi: 10.1159/000054147

Schwalfenberg, G. K. (2017). Vitamins K1 and K2: the emerging group

of vitamins required for human health. J. Nutr. Metab. 2017:6254836.

doi: 10.1155/2017/6254836

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 13 March 2020 | Volume 8 | Article 191

https://doi.org/10.1016/j.numecd.2008.10.004
https://doi.org/10.1023/A:1020635600343
https://doi.org/10.1093/jn/134.11.3100
https://doi.org/10.1038/nmeth.1318
https://doi.org/10.1186/1475-2859-9-42
https://doi.org/10.1186/s12934-019-1075-3
https://doi.org/10.1128/AEM.55.12.3119-3123.1989
https://doi.org/10.1016/0378-1119(89)90359-4
https://doi.org/10.1128/AEM.00344-09
https://doi.org/10.1002/jobm.201600573
https://doi.org/10.1007/s13205-017-0809-3
https://doi.org/10.1021/jf000638u
https://doi.org/10.1002/bit.23142
https://doi.org/10.1271/bbb.63.1671
https://doi.org/10.1016/S0168-1656(98)00100-X
https://doi.org/10.1016/j.foodchem.2017.05.037
https://doi.org/10.1016/j.procbio.2017.05.002
https://doi.org/10.1186/s12934-019-1179-9
https://doi.org/10.1016/j.procbio.2018.01.022
https://doi.org/10.1359/jbmr.2000.15.12.2473
https://doi.org/10.1021/acssynbio.9b00077
https://doi.org/10.3168/jds.2012-5494
https://doi.org/10.1038/nbt833
https://doi.org/10.1016/j.fm.2017.08.001
https://doi.org/10.3109/1040841X.2013.813901
https://doi.org/10.3168/jds.S0022-0302(99)75424-X
https://doi.org/10.3945/ajcn.2009.28691
https://doi.org/10.1021/cr9600464
https://doi.org/10.1074/jbc.M702971200
https://doi.org/10.1016/j.biotechadv.2019.107453
https://doi.org/10.1111/j.1365-2958.2007.06083.x
https://doi.org/10.1093/oxfordjournals.jbchem.a133337
https://doi.org/10.1186/1475-2891-11-93
https://doi.org/10.1080/10408398.2016.1192986
https://doi.org/10.1016/j.tibtech.2017.05.002
https://doi.org/10.1161/01.ATV.0000173313.46222.43
https://doi.org/10.1159/000054147
https://doi.org/10.1155/2017/6254836
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Bøe and Holo Vitamin K2 in Lactococcus

Shea, M. K., O’Donnell, C. J., Vermeer, C., Magdeleyns, E. J., Crosier, M. D.,

Gundberg, C. M., et al. (2011). Circulating uncarboxylated matrix gla protein is

associated with vitamin K nutritional status, but not coronary artery calcium,

in older adults. J. Nutr. 141, 1529–1534. doi: 10.3945/jn.111.139634

Sijpesteijn, A. K. (1970). Induction of cytochrome formation and stimulation

of oxidative dissimilation by hemin in Streptococcus lactis and Leuconostoc

mesenteroides. Antonie. Leeuwenhoek 36, 335–348. doi: 10.1007/BF020

69035

Simon, D., and Chopin, A. (1988). Construction of a vector plasmid family and

its use for molecular cloning in Streptococcus lactis. Biochimie 70, 559–566.

doi: 10.1016/0300-9084(88)90093-4

Sivy, T. L., Fall, R., and Rosenstiel, T. N. (2011). Evidence of isoprenoid precursor

toxicity in Bacillus subtilis. Biosci. Biotechnol. Biochem. 75, 2376–2383.

doi: 10.1271/bbb.110572

Song, A. A., Abdullah, J. O., Abdullah, M. P., Shafee, N., Othman, R., Noor,

N. M., et al. (2014). Engineering the lactococcal mevalonate pathway for

increased sesquiterpene production. FEMS Microbiol. Lett. 355, 177–184.

doi: 10.1111/1574-6968.12469

Szulc, P., Chapuy, M. C., Meunier, P. J., and Delmas, P. D. (1993). Serum

undercarboxylated osteocalcin is a marker of the risk of hip fracture in elderly

women. J. Clin. Invest. 91, 1769–1774. doi: 10.1172/JCI116387

Tsukamoto, Y., Kasai, M., and Kakuda, H. (2001). Construction of a Bacillus subtilis

(natto) with high productivity of vitamin K2 (menaquinone-7) by analog

resistance. Biosci. Biotechnol. Biochem. 65, 2007–2015. doi: 10.1271/bbb.65.2007

van de Guchte, M., van der Vossen, J. M., Kok, J., and Venema, G. (1989).

Construction of a lactococcal expression vector: expression of hen egg white

lysozyme in Lactococcus lactis subsp. lactis. Appl EnvironMicrobiol 55, 224–228.

doi: 10.1128/AEM.55.1.224-228.1989

Vermeer, C., Raes, J., van ’t Hoofd, C., Knapen, M. H. J., and Xanthoulea, S. (2018).

Menaquinone content of cheese. Nutrients 10:446. doi: 10.3390/nu10040446

Vermeer, C. (2012). Vitamin K: the effect on health beyond coagulation - an

overview. Food Nutr. Res. 56:5329. doi: 10.3402/fnr.v56i0.5329

Wegkamp, A., van Oorschot, W., de Vos, W. M., and Smid, E. J. (2007).

Characterization of the role of para-aminobenzoic acid biosynthesis in folate

production by Lactococcus lactis. Appl. Environ. Microbiol. 73, 2673–2681.

doi: 10.1128/AEM.02174-06

Wegmann, U., O’Connell-Motherway, M., Zomer, A., Buist, G., Shearman, C.,

Canchaya, C., et al. (2007). Complete genome sequence of the prototype lactic

acid bacterium Lactococcus lactis subsp. cremoris MG1363. J. Bacteriol. 189,

3256–3270. doi: 10.1128/JB.01768-06

Wen, L., Chen, J., Duan, L., and Li, S. (2018). Vitamin Kdependent proteins

involved in bone and cardiovascular health (Review).Mol. Med. Rep. 18, 3–15.

doi: 10.3892/mmr.2018.8940

Xu, J.-Z., Yan, W.-L., and Zhang, W.-G. (2017). Enhancing menaquinone-7

production in recombinant Bacillus amyloliquefaciens by metabolic pathway

engineering. RSC Adv. 7, 28527–28534. doi: 10.1039/C7RA03388E

Yang, S., Cao, Y., Sun, L., Li, C., Lin, X., Cai, Z., et al. (2019). Modular

pathway engineering of Bacillus subtilis to promote de novo biosynthesis of

menaquinone-7. ACS Synth. Biol. 8, 70–81. doi: 10.1021/acssynbio.8b00258

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Bøe and Holo. This is an open-access article distributed under the

terms of the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s) and

the copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 14 March 2020 | Volume 8 | Article 191

https://doi.org/10.3945/jn.111.139634
https://doi.org/10.1007/BF02069035
https://doi.org/10.1016/0300-9084(88)90093-4
https://doi.org/10.1271/bbb.110572
https://doi.org/10.1111/1574-6968.12469
https://doi.org/10.1172/JCI116387
https://doi.org/10.1271/bbb.65.2007
https://doi.org/10.1128/AEM.55.1.224-228.1989
https://doi.org/10.3390/nu10040446
https://doi.org/10.3402/fnr.v56i0.5329
https://doi.org/10.1128/AEM.02174-06
https://doi.org/10.1128/JB.01768-06
https://doi.org/10.3892/mmr.2018.8940
https://doi.org/10.1039/C7RA03388E
https://doi.org/10.1021/acssynbio.8b00258
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Engineering Lactococcus lactis for Increased Vitamin K2 Production
	Materials and Methods
	Bacterial Strains, Plasmids, and Culture Conditions
	Construction of Plasmids
	Menaquinone Extraction and Analyses

	Introduction
	Results
	Overexpression of menF or menA Increase Menaquinone Levels in L. lactis
	llmg_0196 Encodes the Prenyl Diphosphate Synthase in L. lactis
	Increasing the Substrate Pool for Prenyl Diphosphate Synthase: Overexpression of Mevalonate and Polyprenyl (MEV-PP) Pathway Genes
	Combined Overexpression of Key Genes
	Fermentation of Milk by Vitamin K2 Overproducing Strains

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


