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Chapter 1

Vitamins, including fat-soluble vitamins A, D, E, K and water-soluble vitamin B group and vitamin C,
are micronutrients essential for proper development and function of the human body (Magbool and
Aslam, 2017; Akram et al., 2020). Vitamins cannot be synthesized by the human body to adequate
levels and need to be supplied via diets. Vitamin fortification of foods is therefore of great interest
for human health. Vitamin producing microorganisms offer opportunities for natural and effective
vitamin enrichment in foods via fermentation, especially for members in the vitamin B group and
vitamin K2 (Linares et al., 2017; Walther and Schmid, 2017). Selection of microbial species and strains,
cultivation conditions, etc., have all been considered relevant aspects for vitamin fortification in foods.
Furthermore, increased knowledge on microbial physiology in relation to vitamin production can be
continuously translated into (novel) applications not only for enriched vitamin content, but also for

efficient compound delivery to the human host to achieve the desired biological activities.

The research described in this thesis covers relevant areas including assessment of underlying
mechanisms and optimization of vitamin K2 (menaquinone) production in the food fermentation
key player Lactococcus lactis, as well as the production and characterization of bacterial extracellular

vesicles (EVs) for optimized vitamin K2 delivery to the human host.

Vitamin K is essential for human health

The discovery of vitamin K dates back to the early 1930s, when the Danish scientist Henrik Dam
originally set out to investigate the essentiality of cholesterol in chicken diet (Suttie, 1978). It was
observed by Dam and other scientists that chickens fed on fat-depleted diets extracted with organic
solvents suffered from hemorrhage and difficulty in blood clotting (McFarlane et al., 1931; Dam and
Schonheyder, 1934). Addition of several known nutritional components such as pure cholesterol and
ascorbic acid to the chicken diets did not restore these defects. However, anti-hemorrhage effect was
observed from lipid extracts of animal liver, green plant and foods that were subjected to microbial
actions (Almquist and Stokstad, 1935; Dam, 1935). Dam named this new, fat-soluble nutrient vitamin
K, where the letter K was from the German word “Koagulation”, for its effect in blood coagulation. In
1943, the Nobel prize for Physiology or Medicine was rewarded to Dam and Doisy for the discovery of

vitamin K and the chemical structure of it (NobelPrize.org, 2021).

Studies to date have established the basic biological function of vitamin K in the human body as the co-
factor for the integral membrane protein y-glutamyl carboxylase, that functions in post-translational
carboxylation of proteins in which the glutamate (Glu) residues are converted into y-carboxyglutamate
(Gla) (Almquist and Stokstad, 1935; Cranenburg et al., 2007; Parker et al., 2014). The vitamin
K-dependent carboxylation is essential for the maturation and the calcium-binding functionality of
Gla-proteins. In the human body, important Gla-proteins include not only coagulation factors, but
also osteocalcin which is associated with bone assembly and turnover, matrix Gla protein and Gla-rich

protein which are strong tissue/cardiovascular calcification inhibitors, and growth-arrest-specific gene
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6 protein (Gas6) (Stenflo et al., 1974; Berkner, 2005; Cranenburg et al., 2007; Schurgers et al., 2013;
Willems et al., 2014). The wide range of vitamin K-dependent Gla-proteins extends the involvement
in physiological processes of vitamin K from hemostasis to bone metabolism, cardiovascular
mineralization, cell growth and apoptosis and beyond (Booth, 2009; Shearer and Okano, 2018; Xiao
etal., 2021).

Vitamin K exists in two groups, namely vitamin K1 and vitamin K2. Both groups share a 2-methyl-1,4-
naphthoquinone (menadione) structure, but differ in the number and degree of saturation of the
isoprenoid side chain units attached to the C3 position of the naphthoquinone ring (Suttie, 2009)
(Fig. 1.1). Vitamin K1 is a single form also named phylloquinone, and is synthesized in green plants
as a component for photosynthesis. It contains four isoprene side chain units, among which three
are saturated. Vitamin K2 refers to a group of menaquinones (MKs) containing only unsaturated
isoprene side chain units, and the different forms of menaquinones are defined by the side chain
length (MK-n, where n depicts the number of side chain units). Vitamin K2 is produced primarily by
bacteria, with MK-4 being the only exception which is synthesized in animal tissue by the conversion
of phylloquinone or menadione (Shearer and Okano, 2018). Although sometimes referred to as (pro-)
vitamin K3, menadione itself lacks biological activity before being converted to MK-4 in animal tissue

and is thus not discussed as a K vitamer here.

0

Vitamin K1 O‘ &y

(phylloquinone) N CH,
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0
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Figure 1.1. Chemical structure of vitamin K1 and vitamin K2. Modified from (Shearer and Okano, 2018).

The dietary source of vitamin K1 mainly includes green vegetables, some fruits and vegetable oils,
while the source of vitamin K2 is more limited: MK-4 is mainly found in meat and meat products,
egg yolk, milk and milk products; other long-chain MKs, namely MK-5 to MK-10, are found in
fermented foods namely cheese and milk products, and the Japanese fermented soy bean product
natto (Vermeer and Schurgers, 2000; Walther et al., 2013). In the western diet, the forms of vitamin
K2 with highest amount of intake are MK-8 and MK-9 from fermented dairy products like cheese
and curds, followed by MK-4 from meat (Shearer et al., 1996; Schurgers and Vermeer, 2000). In the
Dutch and German diet, vitamin K2 was estimated to contribute to only 10% - 25% total vitamin K
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content in the diet (Beulens et al., 2013). In addition, in a cohort of Dutch women, 9% of total dietary
vitamin K content was estimated to be long-chain MKs in particular (Gast et al., 2009; Walther et al.,
2013). Intestinal bacteria produce long-chain vitamin K2, and in human gut MK-10 was found to be the
predominant form (Conly and Stein, 1992; Shearer, 1995). Vitamin K2 produced by intestinal bacteria
showed a certain contribution to the vitamin K status in rats, but the colonic absorption was found to
be extremely poor (Barnes and Fiala, 1959; Ichihashi et al., 1992; Groenen-Van Dooren et al., 1995).
Therefore, dietary intake is an essential source to obtain vitamin K. A list of dietary sources of vitamin
K is provided in Table 1.1.

Table 1.1. Vitamin K content in various dietary sources (ug/100g). Values collected from (Vermeer and Schurgers,
2000; Vermeer et al., 2018; Akbulut et al., 2020; Walther et al., 2021).

Food Vitamin K1 MK-4 Long-chain MKs*
Fresh green vegetables 73 -750 ND ND
Sauerkraut 22 0.4 5

Natto 20-32 ND 800 - 1000
Fresh fruits 0.1-50 ND ND

Nuts 10-74 ND ND
Margarines (from plant oil) 80-110 ND ND

Meat (including liver) ND -3 1-11 ND -1
Fish ND-1.3 0.1-63 ND-1.5
Milk 05-1 0.2-2 ND -2
Yogurt 0.2-1 05-1 0.1-0.2
Butter 9-20 10-20 ND
Cheese and curd (all types) 0.2-15 ND - 21 ND - 123

*MK-5 to MK-10.

Currently, most dietary reference values for vitamin K are derived from data on vitamin K1 intake in
the population. In 2017, the European Food Safety Authority (EFSA) Panel on Dietetic Products and
Nutrition and Allergies (NDA) decided to maintain the proposed adequate intake (Al) values of vitamin
K since 1993, in which 70 pg/day vitamin K1 for adults was recommended (EFSA Panel on Dietetic
Products et al., 2017). According to the institute of Medicine (US) Panel on Micronutrients In the US,
the Al for male and female adults was set to be 120 and 90 pg/day, respectively, based on the median
dietary intake of vitamin K1 (Institute of Medicine (US) Panel on Micronutrients., 2001). So far there
is no tolerable upper intake level (UL) derived for vitamin K: no toxicity or adverse effect in excessive
doses of vitamin K1 or K2 has ever been reported for healthy individuals (Institute of Medicine (US)
Panel on Micronutrients., 2001; EFSA Panel on Dietetic Products et al., 2017; Akbulut et al., 2020).
However, it is relevant to mention that MK-7 supplementation interferes with anticoagulant therapy,

and should be carefully considered for patients using vitamin K antagonists (Theuwissen et al., 2013).
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Distinct features of vitamin K2

Although it is commonly accepted that the naphthoquinone group in all vitamin K forms endow the
basic molecular function, and therefore all molecules belonging to the vitamin K forms share similar
mechanisms of action, it has gradually been recognized that substantial differences can be expected
with different vitamin K forms (Vermeer and Schurgers, 2000). Due to the difference in side chains and
consequently the difference in lipophilicity of the molecule, the absorption, plasma transport, tissue

distribution and bioavailability are expected to depend on the type of vitamin K ingested.

Vitamin K uptake is thought to follow the pathway used by most dietary lipids: first it gets solubilized by
bile salts and pancreatic enzymes into mixed micelles, taken up into the enterocytes and incorporated
into chylomicrons. Upon action of lipoprotein lipase on the chylomicrons, vitamin K enters the
circulation and gets transported by triglyceride-rich lipoproteins to the liver (Shearer and Newman,
2008; Shearer et al., 2012). Thereafter, the fate of vitamin K1 and K2 differs. Vitamin K1 is almost
exclusively retained in the liver, while vitamin K2, besides being partially available in the liver, is also
transported by low-density lipoproteins to extrahepatic tissues in the whole body, including bones and

arteries (Schurgers and Vermeer, 2002).

The absorption of vitamin K is generally influenced by the food matrices in which they are embedded.
The uptake is improved when consumed along with fat, and detergent-solubilized vitamin K is more
easily absorbed than the food-bounded fraction (Schurgers and Vermeer, 2000; Akbulut et al., 2020).
Only 10% - 15% vitamin K1 contained in diet gets absorbed by the human body, possibly due to its tight
association with the thylakoid membrane in the plant chloroplast. Vitamin K2 represented by MK-4
and MK-7 are considered to be more thoroughly absorbed from food (Schurgers and Vermeer, 2000).
However, when administered as free, not food-bounded forms, vitamin K1 showed better absorption
than MK-4 and MK-9, but MK-7 showed better absorption than vitamin K1 (Vermeer and Schurgers,
2000; Schurgers and Vermeer, 2002; Schurgers et al., 2007).

Following absorption, the plasma half-life of the various vitamin K forms also differs. The plasma half-
life of vitamin K1 was estimated to be 1 - 3 hours with rapid clearance, similar to that of MK-4, while
with MK-7 and MK-9 the half-life is around 3 days and they appear to accumulate to higher levels
in the system from prolonged intake (Schurgers and Vermeer, 2000, 2002; Schurgers et al., 2007;
Sato et al., 2012). As the long-chain vitamin K2 forms retain longer and with higher quantity in the
circulation, they are more available for uptake by the target tissues in the whole body. Besides the
higher bioavailability, the efficacy of long-chain vitamin K2 represented by MK-7 is higher than that of
vitamin K1, as demonstrated by the carboxylation status of osteocalcin in vivo following intake of the

respective vitamin K forms (Schurgers et al., 2007).

Due to the different absorption and bioavailability profiles, it was estimated that the total amount

of absorbed vitamin K consist of 50% vitamin K1, 40% long-chain vitamin K2 and 10% MK-4 in most
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diets (Akbulut et al., 2020). The long-chain vitamin K2 was hypothesized to provide 70% of the total

extrahepatic activity while vitamin K1 contributing to only 5%.

Besides the well-recognized benefits in bone health of both vitamin K1 and K2 (Weber, 2001; Fusaro
et al., 2017), additional, unique health benefits have been demonstrated for vitamin K2, with most
evidence in cardiovascular health. In a study on a cohort of 7983 participants aged 55 years or more
in Rotterdam, the Netherlands, a protective effect against coronary heart disease (CHD) has been
suggested for dietary intake of vitamin K2, but not vitamin K1 (Geleijnse et al., 2004). Moreover,
data from a cohort consisting of 16,057 Dutch women aged between 49 to 70 years revealed a dose-
response relationship, where each 10 pg higher vitamin K2 intake is associated with a 9% lower
risk of CHD, and this association was mainly due to the long-chain forms MK-7, MK-8 and MK-9; no
significant association could be derived for vitamin K1 intake (Gast et al., 2009). Similar conclusions
could be drawn when the study group was extended to 33,289 Dutch participants aged 20 - 70 years
(Zwakenberg et al., 2017), as well as from a study on 2987 Norwegian participants aged 46 - 49 years
(Haugsgjerd et al., 2020).

Vitamin K1 Vitamin K2
s * bacterial origin (excl. MK-4
* Plant origin * Fat-soluble . & (. : )
: : Various forms (side-chain
* Single form * Co-factor for carboxylation unit differs)
* Poor absorption from plant of Gla-proteins ; :
: : : z . Transported to tissues in the
matrix, rapid absorptionas ¢ Role in blood coagulation,
5 whole body
pure form bone metabolism :
y . 4 * Long plasma half-life (a few
* Almost exclusively retained * Function group .
) ; . . days), accumulate in the
in the liver naphthoquinone ring ;
; system (long-chain MKs)
* Short plasma half-life (a structure 3 < 2
d e % * Higher carboxylation efficacy
few hours), rapid clearance  * Follow the lipid digestion :
: : % (long-chain MKs)
* Current RDI mainly and absorption route in S .
. ; : Association with reduced
for/based on vitamin K1 intestine

risk of CHD (long-chain MKs)

Figure 1.2. Common and unique features of vitamin K1 and vitamin K2.

In summary, vitamin K2 variants do have distinct features as compared to vitamin K1 (Fig. 1.2). It has
been proposed that vitamin K2 needs a recommended daily intake value separate from vitamin K1
(Walther et al., 2013; Akbulut et al., 2020). The increasing attention and knowledge on vitamin K2
presence in fermented food products, its absorption, bioavailability and effects to the human body will
eventually contribute to refined guidelines for vitamin K intake. In the meantime, efforts on vitamin K2

enrichment in food and supplements are desired for improved human nutrition and health.
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All forms of vitamin K2 or MKs, except for MK-4, are naturally synthesized by bacteria. The most
studied function of MKs in the producing bacteria is as electron carriers in the cytoplasmic membrane,
forming an essential component of the respiratory electron transport chain (Kurosu and Begari, 2010;
Walther et al., 2013). The MK forms produced by a certain bacterial species are defined and unique,
and in the past was even used as a chemotaxonomic marker (Collins and Jones, 1981). Mainly long-

chain MKs, especially MK-7 to MK-10, are synthesized by bacteria.

Table 1.2. Menaquinone-producing bacteria applied in food fermentation. Information collected from (Hojo et al.,
2007; Brooijmans et al., 2009; Walther et al., 2013; Liu et al., 2019). The bold letters highlight the major MK forms

produced by the bacterial species.

Bacterial species Application in food MK forms (major forms shown in bold)
Lactococcus lactis ssp. lactis, Cheese, buttermilk, sour MK-10, MK-9, MK-8, MK-7, MK-5, MK-3
ssp. cremoris cream, cottage cheese,
cream cheese, kefir
Leuconostoc lactis Cheese MK-10, MK-9, MK-8, MK-7
Leuconostoc mesenteroids Sauerkraut, kimchi MK-10, MK-9, MK5
Propionibacterium freudenreichii Cheese MK-9(H4)
Propionibacterium shermanii Cheese MK-9(H4)
Bacillus subtilis “natto” Natto MK-7
Brevibacterium linens Cheese MK-8(H2)
Brochontrix thermosphacta Meat MK-7, MK-6, MK-5
Hafnia alvei Cheese MK-8
Staphylococcus xylosus Dairy, sausage MK-8, MK-7, MK-6
Staphylococcus equorum Dairy, meat MK-8, MK-7, MK-6
Arthrobacter nicotinae Cheese MK-9, MK-8, MK-7

Obviously, vitamin K2 producing bacterial species that are commonly used in food fermentations
are the most relevant for dietary vitamin K2 enrichment. A list of such bacteria, their applications in
food fermentations, and the MK forms they produce, is presented in Table 1.2. Among these bacteria,
Bacillus subtilis strains applied in Japanese natto fermentation is one of the most outstanding vitamin
K2 (mainly MK-7) producers, that is able to fortify natto with up to 1000 pug MK-7 per 100 g product
(Kamao et al., 2007; Walther et al., 2013). In a typical western diet, natto has not been a regular or
well-accepted element so far, and the (long-chain) vitamin K2 is mostly obtained from fermented dairy
products like cheese and curd (Schurgers and Vermeer, 2000; Vermeer et al., 2018). Key contributors
to vitamin K2 in these food products are mainly restricted to Lactococcus lactis (ssp. lactis and ssp.
cremoris), Leuconostoc lactis, Leuconostoc mesenteroides and Propionibacterium freudenreichii (ssp.
freudenreichii and ssp. shermanii) (Morishita et al., 1999; Walther et al., 2013; Chollet et al., 2017).
Various studies on vitamin K2 content in cheese products revealed dramatically different content,

depending on the type of cheese, strains in the starter cultures, ripening time and conditions, fat
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content, season and geographic area of production, etc. (Vermeer et al., 2018; Walther et al., 2021).
Although the vitamin K2 content in cheese was found to reach more than 100 pg per 100 g product,
space for improvement is immense for vitamin K2 enrichment in fermented foods in the western diet
considering the health benefits that vitamin K2 offers. To this end, understanding of strain variability,
influencing factors and mechanisms of vitamin K2 production in food grade bacteria mentioned above
is desirable. Lactococcus lactis is a particularly interesting species, for its relatively wide application

and occurrence in various fermented food products.

Lactococcus lactis

Lactococcus lactis (Fig. 1.3A) is a Gram-positive, non-spore-forming bacterium that serves as a
paradigm organism for lactic acid bacteria (LAB) (Cavanagh et al., 2015; Kleerebezem et al., 2020). L.
lactis plays important roles in food fermentation processes, especially in dairy fermentations: it is the
main constituent of dairy starter cultures used all over the world for the production of fermented dairy
products including cheese, butter milk and sour cream (Cavanagh et al., 2015). In dairy fermentations,
L. lactis converts lactose in milk to lactic acid, which inhibits the growth of pathogenic and spoilage
organisms, therefore extending the shelf life of the fermented dairy products. Moreover, the texture
and flavor characteristics of the fermented dairy products also benefit from the action of L. lactis. The
long history of applying L. lactis in food fermentations not only endowed it the Generally Regarded As
Safe (GRAS) status, but also made it the subject of fundamental research which has greatly advanced
our knowledge on genetics, physiology and metabolism of this organism in particular and LAB in

general (Cavanagh et al., 2015; Song et al., 2017; Kleerebezem et al., 2020).

Although L. lactis is best known for its application and occurrence in dairy products, its natural niches are
extremely diverse besides milk, ranging from gastrointestinal tract of fish to plant materials (Cavanagh
etal.,, 2015). In fact, the dairy isolates are believed to have evolved from plant isolates, with successful
adaptations to thrive in the dairy environment (Kleerebezem et al., 2020). It has been suggested
that the niche adaptation history is reflected by the lifestyle and adaptability of L. lactis in different
environmental conditions. For instance, although L. lactis is classified as a facultative anaerobe with a
fermentative metabolism (Fig. 1.3B), evidence has also been provided that in presence of oxygen and
exogenous supplementation of heme, L. lactis can switch to aerobic respiration, a process enabled
by the menaquinones (vitamin K2) produced by L. lactis as electron carriers (Fig. 1.3C) (Duwat et al.,
2001; Brooijmans et al., 2009).

Among the subspecies (ssp.) of L. lactis, ssp. lactis and cremoris are most studied, both include dairy-
and plant-derived strains (Kleerebezem et al., 2020). In fact, the ssp. cremoris has been promoted to
species level (Lactococcus cremoris) very recently in 2021 (Li et al., 2021). For clarity, throughout this

work we stick to the nomenclature used before this recent change.
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Figure 1.3. Important features of Lactococcus lactis. A) A scanning electron microscopic picture of L. lactis cells.
B) Schematic representation of the primary metabolism pathway in L. lactis. Blue arrows show glycolysis pathway.
Scheme modified from (Kleerebezem et al., 2020). Stoichiometries are not reflected in this scheme. C) Schematic
representation of the heme- and oxygen-induced aerobic respiration in L. lactis. A NADH dehydrogenase,
menaquinone pool (as electron carriers) and cytochrome oxidase form a simple electron transport chain that
reduces oxygen and generates additional proton motive force for the ATP synthase. Scheme modified from

(Brooijmans et al., 2009).

L. lactis ssp. cremoris MG1363 is a plasmid-free, prophage-cured strain derived from a dairy starter
isolate, and has been used extensively as a model strain for fundamental research of L. lactis
(Wegmann et al., 2007). Recent advance in research on the abundance of and functions encoded by
plasmids and prophages in L. lactis (Alexeeva et al., 2018; van Mastrigt et al., 2018; Kelleher et al.,
2019) also highlighted the interest of examining wildtype isolates, to expand our understanding in

the lifestyle and adaptation of L. lactis in different environments, and to better apply this bacterium

in food fermentation.

Delivery of lipophilic micronutrients, challenges and opportunities

While it is of interest to improve the content of vitamin K2 in food grade bacteria and eventually in the
diet, the actual efficiency of its delivery to the human body is important as well. Vitamin K2 may not be
readily absorbed by the human body due to the lipophilicity, which has been demonstrated especially
for MK-9 (Schurgers and Vermeer, 2002), the major long-chain vitamin K2 form obtained from the
western diet. Moreover, the location in the bacterial membrane could add difficulties for efficient
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absorption of vitamin K2. Most bacteria that are commonly used in food fermentations (Table 1.2)
are Gram-positive bacteria, of which the cell envelop contains a thick peptidoglycan layer (cell wall)
outside the cytoplasmic membrane, adding an additional barrier for accessing vitamin K2. Notably,
to our knowledge essentially nothing has been done to improve the delivery of bacterial membrane-

bound vitamin K2 into the human host.

For other fat-soluble vitamins (vitamin A, E and D), enhanced absorption via a liposome formulation
was observed after oral administration (Kirilenko and Gregoriadis, 1993). Liposomes are nano- or
micro-sized, lumen-containing spheres, of which the shell is generally made of phospholipid bilayers
(Mirafzali et al., 2014). With the hydrophilic head groups of phospholipids facing outwards and
the hydrophobic tails facing inwards, the phospholipid bilayer structure allows liposomes to be
water soluble, and can not only encapsulate hydrophilic compounds in the interior but also entrap
hydrophobic compounds inside the bilayer (Fig. 1.4A). In fact, liposomes have been studied not only
for (fat-soluble) vitamins, but also for other bioactive compounds like antioxidants, antimicrobials, as
well as other nutritional and therapeutic molecules (Mirafzali et al., 2014; Sercombe et al., 2015; Simdo
et al., 2015; Emami et al., 2016). The liposome based delivery system offers advantages including
protection against degradation of the delivered molecules, enhancing solubility, cellular uptake and
bioavailability, and even achieving targeted delivery of compounds. In the human system, besides
the digestion through bile and pancreatic enzymes followed by absorption in the intestine, liposomes
have also been shown to deliver lipophilic substances to the hosts by membrane fusion or endocytosis
(Yang et al., 2016; Kang et al., 2017; Liu et al., 2020).

A. Hydrophobic molecules B.
Vitamin K2
extracellular
membrane
vesicle
A ® Extracellular
‘ space
Cell wall % 3
Hydrophilic molecules .."‘“””"”’"”i”_':zﬁ"m.. TN 3
Yarop Cell membrane ‘

Vitamin K2

Figure 1.4. A) A liposome carrying compounds to be delivered. B) Hypothetical model: secretion of vitamin
K2-containing extracellular membrane vesicles from Gram-positive bacteria. This figure was created with
BioRender.com.

Liposomes are made artificially, but similar lipid particles can also be generated naturally: extracellular
membrane vesicles (EVs) are known to be produced by members of all domains of life, including

bacteria, both Gram-positive and Gram-negative (Kim et al., 2015; Gill et al., 2019; Toyofuku et al.,
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2019; Nagakubo et al., 2020). These vesicles consist of lipid-bilayers forming enclosed spheres and are
carriers for hydrophilic or lipophilic compounds and biomolecules (DNA, RNA, proteins, metabolites,
etc.) supporting exchange between cells. Since vitamin K2 is present in the cell membrane of producing
bacteria including L. lactis, the bacterial EVs are potentially ideal vehicles for continuous production of
this essential vitamin and its efficient delivery to the human host (Fig. 1.4B). Both in fermented foods
and in food supplements, the EVs are expected to improve the absorption of vitamin K2 by the human
host presumably via similar processes as described in liposome studies including membrane fusion
and endocytosis by the host cells, next to the established absorption pathway of fat-soluble vitamins

based on bile-salt and pancreatic-dependent solubilization followed by the uptake of enterocytes.

Outline of this thesis

The research described in this thesis is dedicated to exploring the potential of optimized vitamin K2
delivery to human cells by EVs from L. lactis. In addition to the general background of research described
in the current chapter, Chapter 2 serves as an detailed introduction to Gram-positive bacterial EVs. It
gives an overview of the compositions and roles of EVs produced by Gram-positive bacteria, including
members from fermentation starters, gut bacteria, probiotics and pathogens, the cargo compounds
of EVs, highlighting the implications of Gram-positive EVs in human health and disease and potential
applications of EVs.

Further, the research of this thesis is documented in three parts (Fig. 1.5). Part | (Chapter 3 - 5) focuses
on the production of vitamin K2 by L. lactis. Possibilities of improving the vitamin K2 content in L. lactis
were investigated, and the biosynthetic pathway and physiological roles of vitamin K2 in L. lactis were
elucidated. Part Il (Chapter 6 - 8) focuses on the production of EVs in L. lactis. Using model strains
isolated from cheese starters, the EV producing phenomenon was described for L. lactis, mechanisms
of EV production especially in relation to bacteriophage activity were elucidated and composition of
EVs determined. Part Ill (Chapter 9) brings the first two parts together by demonstrating that L. lactis

EVs contain vitamin K2, and can facilitate the delivery of vitamin K2 to human cells.
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Figure 1.5. Structure of this thesis. This figure was created with BioRender.com
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Chapter 3 describes the species and strain variability of vitamin K2 content in lactic acid bacteria,
and the influence of cultivation conditions on vitamin K2 content in the model strain L. lactis ssp.
cremoris MG1363. Improved vitamin K2 content was observed in oxygenated conditions compared to
static cultivation conditions, and with carbon sources like fructose and trehalose compared to glucose.
When applying strain MG1363 in quark fermentation, starters obtained from optimized cultivation
conditions also resulted in higher vitamin K2 content in the quark product. Therefore, strain selection
and optimization of growth conditions are viable strategies towards natural vitamin K2 enrichment in

foods by improving the content in the producing bacteria.

Chapter 4 describes another strategy for improved vitamin K2 content in L. lactis: laboratory
evolution. As the oxygenated cultivation conditions improved vitamin K2 content in L. lactis (Chapter
3), the model strain MG1363 was sequentially propagated under vigorous shaking condition for
approximately 100 generations. Three selected evolved strains that displayed improved stationary
phase survival in oxygenated conditions, showed considerable increase in vitamin K2 content and
high resistance against hydrogen peroxide-induced oxidative stress. Genomic and proteomic analysis
revealed the mutations and differential protein production in evolved strains compared to the original
strain, and could largely explain the strong oxidative stress resistant phenotype of the evolved strains,

but the increased vitamin K2 content could not be directly explained in this study. Nevertheless, this
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study demonstrated laboratory evolution as a non-genetic engineering approach to obtain vitamin K2

overproducers that are of high interests for applications such as those described in Chapter 3.

Although strategies to improve the vitamin K2/MK content in L. lactis are described by Chapter 3 and
4, insights into the exact mechanisms were not obtained especially for the physiological roles of MKs
in L. lactis. In the study described in Chapter 5, candidate genes in various stages of MK synthesis
were deleted in L. lactis MG1363 to obtain mutants with no MK production or only short-chain MK
production. As a result, the roles of several predicted genes in the MK synthesis were confirmed. By
examining the phenotypes of the mutants and the original strain under various aeration conditions, the
roles of short-chain and long-chain MKs in aerobic and anaerobic (extracellular) electron transfer were
revealed. These findings add to our understanding of the evolutionary and physiological significance of
MK production in facultative anaerobes, and may provide leads for strain selection and conditions for

optimizing vitamin K2 accumulation in bacterial cells.

To achieve vitamin K2 enrichment in the diet, fermented foods like cheese are important sources and
could provide the best opportunities. Therefore, studies on isolates from cheese starter cultures are
highly relevant. L. lactis strains (TIFN1 to TIFN7) isolated from a complex dairy starter culture showed
intriguing phenotypes in earlier research, where all these strains were reported to be lysogens, and
tailless phage particles were released spontaneously and further stimulated by prophage inducing
conditions without massive lysis of the host bacteria (Alexeeva et al., 2018). Analysis of the prophage
genomes harbored by strains TIFN1 — TIFN7 revealed that most prophages had disruptions in the tail
encoding genes and contained phage defense systems, explaining the tailless phenotype of phages
and suggesting an evolutionary advantage of the observed phage-bacteria interaction (Chapter 6).
Further, using model strain TIFN1, it was revealed that the released tailless phage particles were
engulfed in lipid membranes, which could explain the non-lytic release phenotype (Chapter 7). As
the complex cheese starter cultures are shaped by long-term back-slopping, the intriguing L. lactis
bacteria-phage interaction in this microbial community is considered to be meaningful in microbial

ecology and evolution.

To further understand the mechanism of bacteria-phage interactions, another isolate from artisanal
cheese starter, L. lactis ssp. cremoris FM-YL11, was used that showed a similar growth profile and
identical prophage sequence as strain TIFN1. In Chapter 8, extracellular membrane vesicle (EV)
production is described for strain FM-YL11. It was found that massive EV production in L. lactis was
stimulated by the prophage-encoded holin-lysin system, without causing massive, immediate cell

lysis. A subpopulation of holin-lysin induced EVs conceivably contains phage particles as cargo.

As the vitamin K2 producer L. lactis is also found to produce EVs, the natural delivery tools are
potentially provided for vitamin K2. The study described in Chapter 9 revealed that holin-lysin induced
EVs, or artificial EVs obtained from L. lactis mainly contained MK-8 and MK-9 forms of vitamin K2. Using

the carboxylation status of osteocalcin produced by the in vitro grown osteosarcoma cells, evidence
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was provided that EVs delivered bioactive vitamin K2 to the host cells, and the delivery efficiency was

higher when the long-chain MKs are carried by EVs compared to the addition of solvent-dissolved MKs.
Finally, a general discussion is presented in Chapter 10 and highlights the connections of the various

parts/chapters in this research work as well as providing an overview of the current advances and

future perspectives of vitamin K2 fortification of foods and delivery to the human body.
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Chapter 2

Abstract

During recent years it has become increasingly clear that the release of extracellular vesicles (EVs) is a
feature inherent to all cellular life forms. These lipid bilayer-enclosed particles are secreted by members
of all domains of life: Eukarya, Bacteria and Archaea, being similar in size, general composition, and
potency as a functional entity. Noticeably, the recent discovery of EVs derived from bacteria belonging
to the Gram-positive phyla Actinobacteria and Firmicutes has added a new layer of complexity to
our understanding of bacterial physiology, host interactions and pathogenesis. Being nano-sized
structures, Gram-positive EVs carry a large diversity of cargo compounds, including nucleic acids, viral
particles, enzymes and effector proteins. The diversity in cargo molecules may point to roles of EVs
in bacterial competition, survival, material exchange, host immune evasion and modulation, as well
as infection and invasion. Consequently, the impact of Gram-positive EVs on health and disease are
being revealed gradually. These findings have opened up new leads for the development of medical
advances, including strategies for vaccination and anti-bacterial treatment. The rapidly advancing
research into Gram-positive EVs is currently in a crucial phase, therefore this review aims to give an
overview of the groundwork that has been laid at present and to discuss implications and future

challenges of this new research field.
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Gram-positive bacterial EVs: an upcoming research area

Although discovered thirty years later than their Gram-negative counterparts, Gram-positive bacterial
extracellular membrane vesicles (EVs) have been drawing more attention in recent years (Brown et al.,
2015; Kim et al., 2015). Budding events of spherical particles and their release into the surrounding
environment of the cells have been observed for a wide range of bacterial species belonging to the
Gram-positive phyla Firmicutes and Actinobacteria (Table 2.1). These particles could be isolated using
common EV isolation strategies and reflected lipid bilayer-enclosed structures that are morphologically
similar to Gram-negative or eukaryotic EVs (Lee et al., 2009; Lee J.H. et al., 2013; Lee J. et al., 2013;
Brown et al., 2014; Olaya-Abril et al., 2014; Haas and Grenier, 2015; Schrempf and Merling, 2015;
Kim J.-H. et al., 2016; Resch et al., 2016; Jeon et al., 2017). Consistent with other classical EVs, Gram-

positive EVs were within a nano-scale size range of about 10 - 400 nm.

The expanding research field on Gram-positive EVs has so far revealed possible roles of EVs in bacterial
ecology, physiology, and host-microbe interactions linked to health and disease depending on the
bacterial species. In this light, EVs are also of potential value in medical and clinical applications. In
this article we will provide new insights into the diversity, functionality and possible applications of

Gram-positive EVs.

Physiological roles of Gram-positive EVs

The biogenesis mechanism of Gram-positive EVs was not instantly evident as for the outer membrane
vesicles (OMVs) produced by Gram-negative bacteria. While OMVs are generated by pinching off the
outer membrane, the generation and release of Gram-positive EVs through the thick cell wall is still
being disputed. The current evidence-supported hypothesis involves the action of cell wall-degrading
enzymes that weaken the peptidoglycan layer and facilitate the release of EVs (Brown et al., 2015;
Toyofuku et al., 2017; Wang et al., 2018).

Similar to OMVs, Gram-positive EVs carry a wide range of cargo molecules including nucleic acids,
proteins, lipids, viruses, enzymes and toxins (Brown et al., 2015; Kim et al., 2015). Nevertheless, Gram-
positive EVs can still be distinguished from OMVs since the latter typically contain lipopolysaccharide
(LPS) and encapsulate periplasmic components. Experimental evidence has indicated that EV release
is overall an active metabolic process and that dedicated sorting mechanisms are conceivably involved
in determining the content of EVs (Athman et al., 2015; Brown et al., 2014; Liao et al., 2014; Prados-
Rosales et al., 2011; Resch et al., 2016). This implies physiological or ecological importance of EV
release in bacteria. An extensive overview of the possible physiological roles of Gram-positive EVs is
presented in Fig. 2.1.
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Figure 2.1. Proposed functions and potential medical applications of Gram-positive EVs. On the left side a
schematic drawing of EVs carrying different types of cargo is shown. Functions marked with an asterisk (*) have
been proposed on the basis of EV protein content, but a functional effect remains to confirmed. (*) Bacterial cell-
cell communication supported by membrane fusion assays. Blue boxes show EV roles in bacterial physiology and
ecology, green boxes show EV roles in microbe-host interaction, and red boxes show proposed applications of EVs.
On the right side a SEM picture (A) of EV production from B. subtilis and a TEM picture (B) of isolated B. subtilis EVs

are shown as examples (Brown et al., 2014). Copyright 2018 Wiley-Blackwell. EM pictures used with permission.
Scale bars 100 nm.

Obviously, the type of cargo determines the role of EVs to a large extent. Gram-positive EVs have
been suggested, among others, to play a role in horizontal gene transfer. In addition to the transfer of
bacterial chromosomal DNA, which was revealed in Ruminococcus spp. (Klieve et al., 2005), EVs may
also facilitate gene transfer by mediating bacteriophage (phage) infection. It was observed in Bacillus
subtilis that phage-resistant cells acquired phage sensitivity by receiving phage receptors carried by EVs
generated from susceptible bacteria (Tzipilevich et al., 2017). The same mechanism even enabled B.
subtilis phages to attach to non-host species Bacillus cereus and Bacillus amyloliquefaciens, providing
the initial step for phages to adapt to new hosts and exchange genetic material. Moreover, phage
particles were found inside EVs (Toyofuku et al., 2017), and these EVs could potentially provide a
novel route for phages to enter bacterial hosts, that is, their intracellular release following membrane
fusion which was demonstrated in B. subtilis (Kim Y. et al., 2016). Thus, EV-mediated horizontal gene
transfer among different bacterial strains and species, contributes to bacterial DNA transfer and to
phage spreading and invasion (Fig. 2.1).
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EVs can also contribute to microbial survival or competition. To explicate the former, the scavenging
properties of EVs support the uptake of nutrient molecules from the environment. For example, EVs
derived from Mycobacterium tuberculosis, Streptomyces coelicolor as well as Staphylococcus aureus
were shown to contain iron-binding factors that contribute to bacterial survival under iron-limited
conditions (Rodriguez and Prados-Rosales, 2016; Lee et al., 2009, 2015; Schrempf et al., 2011; Jeon
et al., 2016). Proteomic analysis also revealed the presence of beta-lactamase in S. aureus EVs. As a
result, EVs produced by resistant bacteria could protect susceptible bacteria by degrading ampicillin
in the environment (Lee J. et al., 2013). Although so far EV-conferred protection was restricted to
this particular resistance factor, it is conceivable that EVs could be involved in the establishment of
antibiotic resistant subpopulations via horizontal gene transfer and/or the transfer of antimicrobial
factors. Competition is also believed to occur via antimicrobial factors released in EVs. The presence of
autolysins in EVs points to a role in lytic attack on targeted bacteria (Olaya-Abril et al., 2014; Haas and
Grenier, 2015; Lee et al., 2015) (Fig. 2.1).

Gram-positive EVs in bacteria-host interactions

In addition to the physiological roles of Gram-positive EVs, their functions in interacting with the
human host are also revealed. Interestingly, Gram-positive EVs were shown to be internalized by
eukaryotic cells via endocytosis in multiple epithelial and macrophage cell lines (Mulcahy et al., 2014;
Surve et al., 2016; Brown et al., 2014; Hong et al., 2014; Kim et al., 2012). Moreover, the fusion of
bacterial EVs with eukaryotic cell membranes has also been clearly demonstrated (Thay et al., 2013).
In addition, EVs can directly interact with receptors on the surface of host cells to initiate intracellular
signaling cascades (Prados-Rosales et al., 2014; Kim et al., 2012). Surface-exposed enzymes linked to
EVs can function similarly to extracellular and cell surface-associated enzymes. Notably, it has been
proposed that rupture of EVs facilitates targeted or delayed release of enzymes contained within
vesicles, leading to a locally high and hence biologically active concentration of the released agent
(Thay et al., 2013).

EV-associated virulence

Since virulence factors can form a large constituent of the protein content of EVs, a strong interest is
focused on the role of Gram-positive EVs during infection (Lee J. et al., 2013) (Fig. 2.1). This not only
relates to abundance, ranking among the top protein hits, but also the diversity of virulence factors
found in EVs (Lee et al., 2009; Haas and Grenier, 2015) including so-called superantigens, capable of
a-specifically activating a substantial portion of the human T cell repertoire (Lee J.H. et al., 2013; Jeon
et al., 2016). Virulence factors specifically aimed at promoting invasion and spread throughout tissues
have also been identified in EVs. Examples include collagenase and hyaluronate lyase that disrupts the
extracellular matrix (ECM), and serine proteases, such as exfoliative toxins, which aid in the disruption
of physical barriers (Jeon et al., 2016; Surve et al., 2016; Jeon et al., 2017). Functional effects of
EV-incorporated virulence factors have so far most clearly been demonstrated for cytotoxic factors
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(Rivera et al., 2010; Thay et al., 2013). EVs produced by Bacillus anthracis, S. aureus, Streptococcus
pneumoniae, Streptococcus pyogenes and Streptococcus agalactioe were shown to carry a range
of hemolysins and/or pore forming toxins (Olaya-Abril et al., 2014; Surve et al., 2016; Resch et al.,
2016; Rivera et al., 2010; Jeon et al., 2016; Thay et al., 2013). Notably, the activity of such toxins can
be altered or enhanced by enclosure inside or in membranes of EVs. Whereas soluble a-hemolysin
induced apoptosis-like cell death, necrosis was caused following exposure to EV-enclosed a-hemolysin
(Hong et al., 2014). This feature can be the result of a more preferable molecular organization of toxins

in EVs or alternatively, by increased delivery to target cells.

Gram-positive EVs can contain an array of molecules involved in immune evasion (Fig. 2.1). EVs of S.
aureus bear coagulase enzymes and factors that can mediate clot formation upon addition of EVs to
serum (Lee et al., 2009; Sugimoto et al., 2016). EVs can thus aid in the formation of fibrin networks
surrounding pathogens, thereby forming a protective environment with limited access to the innate
immune system. Also an efficient humoral immune response can be subverted by EVs. M. tuberculosis-
derived EVs carrying lipoglycans were shown to inhibit T cell responses (Athman et al., 2017). Multiple
protein-disrupting key steps of the complement cascade have been identified in EV preparations (Lee
et al., 2009; Resch et al., 2016). In addition, an IgM protease as well as functional 1gG binding factors
could be retrieved from these samples (Lee et al., 2009; Gurung et al., 2011; Haas and Grenier, 2015).
These factors would allow EVs to actively clear antibodies in the surroundings, in addition to their

natural decoy ability due to antigenic similarity with the secreting pathogen.

EVs in clinical disease

Given the virulence factors harbored in EVs, it is not surprising that EV exposure has been linked
with the exacerbation or induction of a variety of disease states. For instance, the exposure of fetal-
maternal structures to S. agalactiae-derived EVs can lead to fetal compromise and preterm termination
of the pregnancy, as evidenced using mice models (Surve et al., 2016). Interestingly, EVs were able to
travel along the female mouse reproductive tract towards the uterus. This phenomenon could provide
an explanation for the paradoxical link between reproductive tract colonization and the occurrence
of complications at the sterile fetal-maternal interface (Surve et al., 2016). These findings suggest
that via the transfer of EVs, even infection or colonization at a distant site can contribute to disease
development. Likewise, challenge with EVs can even occur via environmental exposure. S. aureus EVs
were found in house dust, and in this form, bacterial products are thought to be more easily inhaled
than whole bacteria (Kim et al., 2012). Incidental or repeated inhalation of S. aureus EVs was shown
to cause airway inflammation in mice. Importantly, when EV exposure in the lungs was combined with
allergens, a stronger sensitization occurred compared to the allergen exposure alone. EV exposure
thereby enhanced a hypersensitivity response to the allergen in question (Kim et al., 2012). Gram-
positive EVs therefore seem to represent an unforeseen contributor to frequently occurring, and

seemingly unrelated disease conditions.
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EVs in health benefits

Although a number of studies focus on EVs derived from pathogens and hence associate them with
health threats, evidence of EV production by probiotic bacteria is also emerging and drawing attention
to the health benefits conferred by EVs (llinskaya et al., 2017, Liu et al., 2018). Strains of Bifidobacterium
longum, Lacticaseibacillus rhamnosus [previously referred to as Lactobacillus rhamnosus (Zheng et al.,
2020)], Lacticaseibacillus casei (previously referred to as Lactobacillus casei) and Lactiplantibacillus
plantarum (previously referred to as Lactobacillus plantarum) were shown to produce EVs carrying
effector molecules that are associated with the probiotic effects of the producing bacteria (Kim J.-H.
et al., 2016; Behzadi et al., 2017; Dominguez Rubio et al., 2017; Li et al., 2017). EVs from B. longum
effectively alleviated food allergy response in a mouse model; purified L. rhamnosus EVs were shown
to have significant cytotoxic effect on hepatic cancer cells; L. casei-derived EVs carry proteins that offer
the host intestinal epithelial cells protective, anti-apoptotic effects; L. plantarum-derived EVs provided
protection to the host against pathogenic bacteria. Often these effects could be observed with EVs
but not with complete bacterial cells, possibly due to the fact that EVs can penetrate the intestinal
epithelial barrier and migrate to the other organs or interact with the immune system of the host (Kim
J-H. et al.,, 2016; Behzadi et al., 2017). These insights into the mechanisms of previously observed

beneficial properties of probiotic microorganisms further highlight the importance of EVs.

Repurposing bacterial EVs in medical applications

Based on the revealed cargo components and speculated roles of Gram-positive EVs in microbe-
microbe as well as microbe-host interactions, we propose several medical or biotechnological
applications for Gram-positive EVs, including delivery of antimicrobial compounds, reinforcing phage

therapy, vaccination, disease diagnosis and delivery of health-promoting compounds (Fig. 2.1).

Delivery of antimicrobial compounds

The role of Gram-positive EVs in cargo exchange among bacteria suggests that they could serve to
deliver compounds that have difficulties to pass the cell membrane, such as antibiotics. Liposome
incorporation of the antibiotic tobramycin was shown to greatly increase the efficacy against S. aureus,
implicating EV-mediated delivery of antimicrobials as an interesting therapeutic approach (Beaulac
et al., 1998). Many strategies have been proposed for the artificial loading of vesicles, which could
enable the delivery of antibiotics or other chemical compounds via natural EVs to enhance uptake and
targeting compared to synthetic structures (Vader et al., 2016). Local concentration and simultaneous
release of two or more compounds via EV-incorporation could enable synergy of drug actions. In the
case of autolysins, joined release with other compounds might aid in the passage of drugs, or maybe
even whole EVs, through the cell wall. As EVs offer protection to the cargos, they may indeed show
advantage in delivery of compounds susceptible to degradation, for example antimicrobial peptides
(Moncla et al., 2011).
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Reinforcing phage therapy

Phage therapy is being revisited frequently nowadays as an alternative to antibiotics for treating
bacterial infections due to the increasing severity of antibiotic resistance (Lin et al., 2017; Nobrega et
al., 2015). However, a challenge posed to phage therapy is the narrow host-range of phages (Koskella
and Meaden, 2013). To tackle this, the use of phage cocktails (Sadekuzzaman et al., 2017, Yen et al.,
2017) or engineering phages with broad host ranges has been reported (Pires et al., 2016; Ando et
al., 2015). As Gram-positive EVs can have a role in promoting the spread of phages and invasion of
novel bacterial hosts by transferring phage receptors (Tzipilevich et al., 2017), EVs might provide extra
opportunities in phage therapy too. EVs derived from phage-sensitive bacteria can be administered
prior to the phages, to enhance the targeting of bacteria and even enable the infection of novel

bacterial host targets.

Another challenge in phage therapy is the reduction in activity in the case of orally administered
phages through the gastrointestinal tract (GIT), where factors such as low pH have a large impact
on phage activity (Ly-Chatain 2014). Liposome encapsulation was shown to improve phage stability
in GIT both in simulated gastric fluid and in vivo (Colom et al., 2015). Similarly, we speculate that
EV-engulfed phages may demonstrate improved tolerance to hostile conditions, and therefore show
higher efficacy after (oral) administration. In addition, EV-mediated transfer of phages themselves
could serve as a potential receptor-independent delivery route, although this theory remains to be

confirmed experimentally.

Vaccination

Since EVs can transport bacterial products to the host, large efforts are being undertaken to study
the EV-mediated delivery of immunogenic antigens. Initial steps towards the clinical use of Gram-
positive EVs as disease prophylaxis are currently being evaluated. A patent has already been filed
claiming ownership of the method of immune induction via Gram-positive EVs, thereby aiming to
develop a new vaccination strategy (Gho et al., 2016). So far, beneficial effects of vaccination with
Gram-positive EVs have been demonstrated for Clostridium perfringens, S. pneumoniae, B. anthracis,
M. tuberculosis, and S. aureus. In mice models, the above mentioned EV vaccination prolonged
survival time or increased the survival rate upon lethal challenge (Olaya-Abril et al., 2014; Rivera et
al., 2010; Jiang et al., 2014; Choi et al., 2015). In addition, the bacterial burden to the host immune
system and the degree of inflammation could be reduced upon a sub-lethal challenge (Choi et al.,
2015; Prados-Rosales et al., 2011). While Wang et al. (2018) employed genetic engineering to ensure
the production of non-toxic S. aureus EVs as effective vaccines in mice, another study showed that
also non-engineered S. aureus EVs did not cause notable toxicity in mice despite the potent immune
activation (Choi et al., 2015). This is in contrast to OMV-based vaccines, for which toxicity of LPS
constituents hampers the vaccine application (Acevedo et al., 2014). Gram-positive EVs might thus

form an even more potent vaccination strategy than currently licensed vaccines.
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Disease diagnosis

The link between gut microbiota composition and human health or diseases is being revealed gradually
in recent years (Yamashiro, 2017; Marchesi et al., 2016; Chelakkot et al., 2018). Studies show that EVs
derived from the gut microbiota are distributed throughout the human body including the blood and
urine, and they reflect the composition of the microbiota to a great extent (Kang et al., 2013; Yoo
et al., 2016; Jang et al., 2015). This observation opens doors to novel methods of disease diagnosis
or assessment. As an example, Lee and co-workers successfully developed a rapid, non-invasive
assessment method on microbiota profiles in autism spectrum disorder patients by examining the 16S
rRNA gene sequences in bacterial EVs isolated from urine samples (Lee et al., 2017). Since EV release
is often the result of active metabolism in bacteria, EVs may form a better indication of the microbiota
activities in the hosts than the bacterial populations themselves, and therefore provide more insights

into the links between microbiota and the disease or health status of the hosts.

Delivery vehicles of health-promoting compounds

As EVs were shown to play important roles in realizing the anti-allergy, anti-inflammation and cancer-
inhibiting effects of several probiotic bacteria (Li et al., 2017; Behzadi et al., 2017; Kim J.H. et al., 2016),
the opportunity of using EVs as a booster or even substitute for bacteria to achieve probiotic effects
becomes attractive. Moreover, EVs may offer protection and serve to deliver beneficial nutritional
compounds, namely proteins or vitamins, to the hosts in an efficient manner (Liu et al., 2018). The
same effect might not be attained by ingesting the pure compounds or whole-cell bacteria due to
degradation of the effector molecules or limited accessibility to the targeted tissue or cells. Therefore,

bacterial EVs may contribute to novel formulations of probiotics or food supplements.

Concluding remarks

Gram-positive bacteria constitute a large and widely diverse group, including species that are
extensively used in food fermentations and as probiotics, whereas other species are known to be
pathogenic causing a range of foodborne and clinical infections. So far, a clear picture has emerged
showing that Gram-positive EVs may play a role in a wide range of biological events and consequently
in human health and disease. These initial indications form a strong framework that can guide
new research lines focused on the mechanistic understanding of these events and the translation
of individual examples to general concepts and applications. Yet, many enigmatic puzzles regarding
the underlying biology of Gram-positive EVs still remain unsolved, especially in EV biogenesis and
uptake. Elucidation of these aspects may further stimulate innovative medical and biotechnological

applications.
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Chapter 3

Abstract

Vitamin K2 (menaquinone, MK-n) is a lipid-soluble vitamin that functions as a carboxylase co-factor
for maturation of proteins involved in many vital physiological processes in humans. Notably, long-
chain vitamin K2 is produced by bacteria, including some species and strains belonging to the group
of lactic acid bacteria (LAB) that play important roles in food fermentation processes. This study was
performed to gain insights into the natural long-chain vitamin K2 production capacity of LAB and the
factors influencing vitamin K2 production during cultivation, providing a basis for biotechnological

production of vitamin K2 and in situ fortification of this vitamin in food products.

We observed that six selected Lactococcus lactis strains produced MK-5 to MK-10, with MK-8 and
MK-9 as the major MK variant. Significant diversities between strains was observed in terms of specific
concentrations and titers of vitamin K2. L. lactis ssp. cremoris MG1363 was selected for more detailed
studies of the impact of selected carbon sources tested under different growth conditions [ie., static
fermentation (oxygen absent, heme absent); aerobic fermentation (oxygen present, heme absent) and
aerobic respiration (oxygen present, heme present)] on vitamin K2 production in M17 media. Aerobic
fermentation with fructose as a carbon source resulted in the highest specific concentration of vitamin
K2: 3.7-fold increase compared to static fermentation with glucose, whereas aerobic respiration with
trehalose resulted in the highest titer: 5.2-fold increase compared to static fermentation with glucose.
When the same strain was applied to quark fermentation, we consistently observed that altered
carbon source (fructose) and aerobic cultivation of the pre-culture resulted in efficient vitamin K2

fortification in the quark product.

With this study we demonstrate that certain LAB strains can be employed for efficient production of
long-chain vitamin K2. Strain selection and optimization of growth conditions offer a viable strategy
towards natural vitamin K2 enrichment of fermented foods, and to improved biotechnological vitamin

K2 production processes.
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Introduction

Vitamin K is a fat-soluble vitamin that is essential for human health (Vermeer and Schurgers, 2000).
It functions as an enzyme cofactor for y-carboxylation of glutamate (Gla) residues in Gla-proteins,
which play key roles in a number of vital physiological processes including hemostasis, calcium and
bone metabolism, as well as cell growth regulation (Vermeer and Schurgers, 2000; Wen et al., 2018).
Vitamin K exists naturally in two forms: vitamin K1 (phylloquinone) and vitamin K2 (menaquinones).
Vitamin K1 is abundantly present in green leafy vegetables and found in some vegetable oils and is
the predominant form of vitamin K in our daily diet. Vitamin K2 refers to a group of menaquinones
(MKs) varying in side chain length. Different forms of MKs are written as MK-n, where n indicates the
number of isoprenoid residues in its side chain (Walther et al., 2013). MK-4 is the most common form
of short-chain MKs, and is produced in human and animal tissues by converting vitamin K1 or analogs
of MK-precursors. Meats, eggs and milk are the common dietary sources of MK-4. The long-chain MKs,
namely MK-5 to MK-13, are uniquely synthesized by bacteria. The main dietary sources of long-chain
MKs are fermented foods (Walther et al., 2013; Fu et al., 2017).

The dietary intake of vitamin K2 covers only 10% to 25% of the total vitamin K intake in the Dutch and
German population (Beulens et al., 2013) and is assumed to be even lower in many other countries.
The bioavailability of vitamin K2 is thought to be higher than that of vitamin K1 (Geleijnse et al., 2004).
Compared to vitamin K1, the co-factor efficacy of vitamin K2 for protein carboxylation has been shown
to be higher (Schurgers et al., 2007). Notably, some forms of vitamin K2 with long side chains, e.g.,
MK-7 and MK-9, have been found to have longer plasma half-life times than vitamin K1 and MK-4,
suggesting advantages for their uptake and utilization by the human body (Schurgers and Vermeer,
2002; Schurgers et al., 2007; Sato et al., 2012). Moreover, indications have been found that dietary
intake of vitamin K2, especially in the form of MK-7, MK-8 and MK-9, is associated with a reduced risk
of coronary heart disease (Geleijnse et al., 2004; Gast et al., 2009; Rees et al., 2010). Vitamin K2 intake
is also involved in normal bone growth and development, whereas its deficiency is associated with
increased risk of fracture and low bone mineral density (Booth et al., 2003; Fujita et al., 2012; Beulens
et al., 2013; Wen et al., 2018). Some intestinal bacteria also produce vitamin K2, but in animal studies
the absorption of this vitamin in the colon was found to be limited (Groenen-Van Dooren et al., 1995)
and hence dietary intake is an essential source to obtain this vitamin. This information, combined with
advances in nutrition research, underline the importance of fortifying food products with vitamin K2,

especially the long-chain forms, in food products and supplements.

Production of long-chain vitamin K2 has been observed in a variety of bacteria involved in well-known
food fermentation processes, and the specific structure of menaquinones produced by these bacteria
has been determined (Collins and Jones, 1981; Walther et al., 2013). These food grade bacteria can
be seen as potential candidates for in situ fortification in fermented foods and biotechnological
production of long-chain MKs. Bacillus subtilis produces MK-7 and some strains are used to make

fermented soybean food products, among which the Japanese natto is well-known (Walther et al.,

47



Chapter 3

2013). However, fermented food products involving B. subtilis are mostly appreciated in certain
regions in Asia and do not contribute to the western diet. Several studies have been performed
to optimize biotechnological production of MK-7 in B. subtilis (Berenjian et al., 2011, 2012, 2014).
Propionibacteria, producing MK-9 (4H), are used to produce Swiss-type cheeses (Hojo et al., 2007;
Chollet et al., 2017) and are applied in biotechnological MK-9 (4H) production processes (Furuichi et
al., 2006). Lactic acid bacteria (LAB) are key players in various food fermentation processes as starter
cultures, probiotics and producers of vitamins. Among LAB, Lactococcus lactis ssp. cremoris, L. lactis
ssp. lactis, Leuconostoc lactis and Leuconostoc mesenteroides are the reported producers of mainly
MK-8, MK-9 and MK-10 (Morishita et al., 1999). In spite of the wide applications of LAB, studies were
mainly conducted to reveal vitamin K2 levels in fermented dairy products (Chollet et al., 2017; Fu et
al., 2017) and only a few studies (Morishita et al., 1999; Brooijmans et al., 2009) collected information
on vitamin K2 production in LAB in laboratory conditions. Therefore, long-chain vitamin K2 production

in LAB definitely deserves more investigation.

Vitamin K2 is present in the cytoplasmic membranes of producing bacteria, acting as an electron carrier
in the respiratory electron transport chain (ETC) (Kurosu and Begari, 2010). Although LAB have been
classified as non-respiring, facultative anaerobes, conclusive evidence has been found for functional
respiration in various lactococci, lactobacilli, and pediococci in response to heme supplementation
(Brooijmans et al., 2009). Menaquinones, together with the NADH dehydrogenase complex and
the bd-type cytochrome complex (where heme functions as an essential cofactor), form a simple
electron transport chain that enables aerobic respiration in these strains when oxygen is present.
Nevertheless, it was found that menaquinone is produced in L. lactis continuously, under conditions
including static fermentation (no oxygen or heme present), aerobic fermentation (oxygen present, no
heme) and aerobic respiration (both oxygen and heme present) (Brooijmans et al., 2009). The role of

menaquinones in the fermentative metabolism of producing bacteria remains unclear so far.

The vitamin K2 biosynthesis pathway begins with chorismite (Nowicka and Kruk, 2010). Chorismate
is generated from shikimate pathway, that is supplied with precursors derived from glycolysis and
the pentose phosphate pathway (Herrmann and Weaver, 1999; KEGG, 2018), and thus linking the
production of menaquinone, to the central carbon metabolism. Therefore, the type of carbon source

as well as the mode of energy metabolism potentially affects vitamin K2 synthesis in bacteria.

In this study, we focus on long-chain MKs as they are uniquely produced by bacteria and are thought
to deliver additional health benefits in comparison to other vitamin K forms (Schurgers and Vermeer,
2002; Geleijnse et al., 2004; Schurgers et al., 2007; Sato et al., 2012). We aim to provide insights into
the natural long-chain vitamin K2 producing capacity in different LAB strains and the influences of
cultivation conditions on vitamin K2 production. To this end, we first examined the MK forms and
quantity produced by different L. lactis and Lc. mensenteroides strains. Next, we selected L. lactis
ssp. cremoris MG1363 to investigate changes in MK profile and levels in response to various growth

conditions (i.e., different growth temperatures, degrees of aeration, types of carbon sources and
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modes of energy metabolism), and used selected parameters for vitamin K2 enrichment in a quark

product.

Materials and methods

Bacterial strains and culture conditions

For strain screening, we examined L. actis ssp. lactis strains FM03, FM04, DSM20481, L. lactis ssp.
cremoris strains MG1363, YL11, YL12 and Lc. mesenteroides strains DSM20343, FM06 , and FMO0S.
L. lactis strains were cultivated in M17 media (Oxoid LOT2216165) supplemented with 0.5% (w/v)
glucose (GM17), and Lc. mesenteroides strains were cultivated in MRS (De Man, Rogosa and Sharpe)
media. The inoculum of each biological replicate was a single colony of the corresponding strain. Fifty-

milliliter centrifuge tubes were filled with 50 mL media and statically incubated at 30 °C for 48 hours.

L. lactis ssp. cremoris MG1363 was used to examine the effect of cultivation conditions. A single colony
was inoculated into GM17 media and incubated at 30 °C overnight. Ten microliter of the overnight
culture was inoculated in 50 mL M17 media supplemented with 0.5% (w/v) carbon source. The carbon
source was glucose unless specified otherwise. For static fermentation, 50 mL cultures were incubated
statically in 50 mL centrifuge tubes. For aerobic fermentation, 50 mL cultures were placed in 500
mL Erlenmeyer flasks and shaken at one of the following shaking speeds: 60 rpm, 120 rpm and 200
rpm. For aerobic respiration, 50 mL cultures supplemented with 2 pg/mL hemin (heme) (Sigma) were
shaken at 120 rpm in 500 mL Erlenmeyer flasks. Bacteria were cultivated for 48 hours at 30 °C, unless

the temperature was otherwise stated.

Quark fermentation

Pre-cultures for quark fermentation were obtained by inoculating L. lactis ssp. cremoris MG1363 in
M17 media supplemented with 0.5% (w/v) carbon source and incubated overnight at 30 °C, with
aeration (aerobic fermentation at 120 rpm) or without aeration (static fermentation). The quark
making procedure is modified from Binda and Ouwehand (2019). Together with 45 mL pasteurized
skim milk (Jumbo Biologische houdbare Magere Melk, Netherlands), 0.5% (w/v) carbon source,
1% (w/v) casein tryptone (Sigma) and 1% (v/v) pre-culture were added to 50 mL centrifuge tubes.
Fermentation took place at 20 °C or 30 °C for 20 h, and the pH values of samples were checked to be
similar to traditional quark products (4.6). After centrifugation at 3000 x g for 10 min, the whey was
discarded to obtain quark products.

Vitamin K2 extraction

For extraction from bacterial biomass, bacteria were harvested by centrifugation at 8000 x g for 15
min. The supernatant was discarded. The cell pellet was washed twice with 1 x volume of phosphate-
buffered saline (PBS). The pellet was then re-suspended in 1.5 mL PBS that contained 10 mg/mL

lysozyme (Sigma) and incubated at 37 °C for 1 hour. The cell suspension was vigorously mixed on a
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vortex at the beginning and after 30 min of incubation. An extraction buffer was made with n-hexane
and 2-peopanol at ratio 2:1 (v/v). Four volumes of extraction buffer was added to the lysozyme-
treated bacterial suspension and the mixture was vigorously vortexed for 30 sec. The mixture was
then centrifuged at 3000 x g for 10 min, and the (upper) organic phase was collected. Equal volume
(as extraction buffer) of n-hexane was added to the remaining lower phase, and the extraction step

was repeated twice.

For vitamin K2 extraction from quark samples, the method was adapted from Manoury et al. (2013).
Four grams of quark sample was mixed with 10 mL MQ water and vigorously vortexed for 30 sec. Then
5 mL of 1 M HCl was added to the mixture, and the sample was heated at 99 °C for 30 min in a water
bath and cooled in tap water. Ten milliliters iso-propanol and 4 mL hexane were added to the sample.
The mixture was vigorously vortexed for 30 sec and centrifuged at 3000 x g for 10 min. The organic

phase was collected. The extraction was repeated once with 4 mL hexane.

After extraction from bacteria or quark, organic phases from each sample were combined and
evaporated under N, gas. Iso-propanol was then added to the sample vials to dissolve the extracted
vitamin K2 by shaking at 160 rpm for 1 hour. All samples were diluted in methanol and subjected to

high performance liquid chromatograph - mass spectrophotometry (HPLC-MS) analysis.

Determination of vitamin K2 content

Vitamin K2 extraction samples were analyzed on a HPLC (UFLC, Shimadzu, Japan) system coupled
with a Micromass Quattro Ultima MS (Waters, USA). Fifty-microliter of each sample was injected
on a Symmetry C18, 5 um, 150 x 3 mm column (Waters, USA). Elution of compounds followed a
gradient that started with 100% methanol (solvent A), 0% 2-propanol/hexane 50/50 (solvent B), and
changed to 25% solvent A and 75% solvent B in 10 min. Then the gradient changed to 1% solvent
A and 99% solvent B in 2 min and remained for another 2 min. The flow rate was 0.4 mL/min and
oven temperature was 40 °C. Eluted compounds were detected by the MS system with an APCI
(Atmospheric Pressure Chemical lonization) source in the positive mode. The corona current was 5
UA. The APCl source temperature was 120 °C and probe temperature 500 °C. Details of MRM (multiple
reaction monitoring) are presented in supplementary Table S3.1. Standards of MK-1 (Santa Cruz
Biotechnology), MK-4 (Sigma), MK-7 (Sigma), MK-9 (Santa Cruz Biotechnology) and vitamin K1 (Sigma)
in the concentration range from1 ng/mL to 3 ug/mL were analyzed to obtain the calibration curves.
Except for the strain screening experiment, vitamin K1 was added at a concentration of 300 ng/mL as

an internal standard in each sample.

Quantification of biomass
Biomass accumulation was quantified by cell dry weight (CDW) determination. The cells were
harvested and washed twice in PBS as described in the vitamin K2 extraction protocol. Water content

in the cell pellets was evaporated at 80 °C for 48 - 72 hours. The dried biomass was then weighed.
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Determination of growth rate

Overnight cultures of bacteria in GM17 media, incubated statically at 30 °C were diluted in fresh GM17
to an optical density (OD) value of 0.2 measured at 600 nm. The diluted cultures were incubated
statically at specific temperatures. The OD,, were measured every 30 min for in total 6 hours. Growth
rates were calculated by plotting the natural logarithm values of the OD, values; slopes of the linear

range from each plot were used to determine the specific growth rates.

Data analysis

HPLC-MS data was processed in MassLynx software (Waters). Quantities of MK-5 and MK-6 were
estimated using the formulas derived from MK-4 and MK-7 calibration curves, respectively; quantities
of MK-8 and MK10 were estimated using the formula derived from MK-9 calibration curve. Where
applicable, the peak areas in samples were corrected based on the measurement of vitamin K1

internal standards.

Vitamin K2 levels were presented in specific concentrations and titers. Specific concentrations were
obtained by calculating total vitamin K2 (MK-5 to MK-10) content per unit biomass (nmol/mg CDW)
while titers were obtained by calculating total vitamin K2 content per volume medium that was used
to harvest the biomass (nmol/mL medium). In fold change calculations the control group was in all
cases L. lactis MG1363 cultivated in GM17 media, statically at 30 °C for 48 hours.

Statistical significance analysis was performed in IBM SPSS Statistics (version 23) using one-way or
two-way analysis of variance (ANOVA). Original values of measurement were used for ANOVA.
Homogeneity of variance was examined using Levene’s test (o = 0.05). Unless stated otherwise,
the post hoc multiple comparisons were conducted using Dunnett test (2-sided) and in all cases the
control group was L. lactis MG1363 cultivated in GM17 media, statically at 30 °C for 48 hours (*, P <
0.05; **, P <0.01; ***, P <0.001).

Results

Strain diversity in vitamin K2 production

To reveal the natural capacity of vitamin K2 production in different LAB strains, we examined MK
forms and levels in strains of L. lactis ssp. lactis, L. lactis ssp. cremoris and Lc. mesenteroides (Fig.
3.1). Strains of L. lactis ssp. lactis and L. lactis ssp. cremoris produced vitamin K2 in the form of MK-5
to MK-10 (Fig. 3.1C). MK-9 was the most abundant followed by MK-8. Among the L. lactis strains,
large diversity of vitamin K2 producing capacity was demonstrated by the specific concentrations: L.
lactis ssp. cremoris MG1363 and L. lactis ssp. lactis FMO3 produced the highest amount of vitamin
K2, reaching 125 nmol/g CDW; L. lactis ssp. cremoris DSM20481 produced the lowest amount, 13
nmol/g CDW (Fig. 3.1A). The strain diversity was also evident as reflected by the titers (Fig. 3.1B). L.
lactis ssp. cremoris MG1363 showed the highest titer of about 95 nmol/L medium while L. lactis ssp.
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lactis DSM20481 showed the lowest titer of 7 nmol/L medium. Lc. mesenteroides strains FM06 and
DSM20343 did not produce detectable amounts of vitamin K2. Lc. mesenteroides FMO08 produced a
very low amount: about 3 nmol/g CDW in specific concentration and 2.5 nmol/L medium in titer (Fig.
3.1A & B). The MK composition produced in Lc. mesenteroides FM08 was also different from L. lactis:
MK-10 was the major form followed by MK-9, and MK-5 to MK-8 in low abundance (Fig. 3.1C). Since L.
lactis ssp. cremoris MG1363 produced the highest specific concentrations and titers of vitamin K2 in

the tested conditions, this strain was selected for more detailed studies.
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Figure 3.1. Vitamin K2 production in different LAB strains. (A) Specific concentrations of total vitamin K2. (B) Titers
of total vitamin K2. (C) Relative abundance of MKs. MG1363, YL11 and YL12 are L. lactis ssp. cremoris strains;
FMO03, FM04 and DSM20481 are L. lactis ssp. lactis strains; FM06, FM0O8 and DSM20343 are Lc. mesenteroides
strains. L. lactis strains were cultivated in GM17 and Lc. mesenteroides in MRS media, all statically incubated at
30 °C for 48 h. Values shown are from averages of biological triplicates for MG1363 and duplicates for the other
strains. Error bars represent standard errors of the means (SEMs).
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Effect of temperature on vitamin K2 production

L. lactis ssp. cremoris MG1363 was cultivated at different temperatures and the MK levels and forms
were measured (Fig. 3.2). Significant differences were observed for specific concentrations (P =
0.001) and titers (P < 0.001) as a result of varied temperatures. At 30 °C and 33.5 °C, the specific
concentrations and titers were the highest, about two-times higher than the lowest values obtained
at 37 °C (Fig. 3.2A & B). The relative abundance of different MK-n forms also changed under altered
temperatures (Fig. 3.2C), and from 20 °C to 37 °C, the relative abundance of MK-9 gradually decreased

from 80% to 50%, while other shorter-chained forms, i.e. MK-5 to MK-8, increased.
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Figure 3.2. Effect of temperature on vitamin K2 production in L. lactis ssp. cremoris MG1363. (A) Fold changes
in specific concentrations with respect to the control group (30 °C). (B) Fold changes in titers with respect to the
control group (30 °C). (C) Relative abundance of MKs. Strain MG1363 was cultivated in GM17, statically incubated
for 48 h at indicated temperature. Values shown are from averages + SEMs of biological triplicates. For Dunnett test
(2-sided) the control group was 30 °C (*, P < 0.05; **, P < 0.01; ***, P <0.001).
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Impact of carbon sources on vitamin K2 production

To examine the effect of carbon source on vitamin K2 production, L. lactis ssp. cremoris MG1363
was cultivated in M17 supplemented with different carbon sources and the MK levels and forms
were measured (Fig. 3.3). Significant differences in specific concentrations and titers of vitamin K2
production were observed (P = 0.021 and P < 0.000 respectively) as a result of the varied carbon
source supplementation. Fructose, trehalose, maltose and mannitol all resulted in an approximately
1.8-fold increase in specific concentrations compared to glucose (Fig. 3.3A). A similar increase in titers
was also observed for the above mentioned carbon sources, with the exception of trehalose which
resulted in a 2.4-fold increase compared to glucose (Fig. 3.3B). The relative abundance of different
MKs was slightly influenced by the carbon source (Fig. 3.3C). Mannitol and galactose resulted in the
lowest relative abundance of MK-9, ~60%, while mannose resulted in the highest MK-9 abundance,

~70%. Glucose, fructose, trehalose and maltose resulted in similar MK compositions, with ~65% MK-9.
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Figure 3.3. Effect of carbon source on vitamin K2 production in L. lactis ssp. cremoris MG1363. (A) Fold changes
in specific concentrations with respect to the control group (glucose). (B) Fold changes in titers with respect to the
control group (glucose). (C) Relative abundance of MKs. Strain MG1363 was cultivated in M17 supplemented with
indicated carbon source, statically incubated at 30 °C for 48 h. Values shown are from averages + SEMs of biological
triplicates. For Dunnett test (2-sided) the control group was glucose (*, P < 0.05; **, P <0.01; ***, P <0.001).
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Aerobic cultivation leads to elevated vitamin K2 levels

To examine the effect of aeration and respiratory metabolism on vitamin K2 production, L. lactis ssp.
cremoris MG1363 was cultivated under conditions of static fermentation, aerobic fermentation and aerobic
respiration. Specific concentrations as well as titers differed significantly among these three conditions
(P = 0.034 and P < 0.000 respectively). Aerobic fermentation resulted in a 1.9-fold increase in specific
concentration, and a 2.8-fold increase in titer compared to static fermentation (Fig. 3.4A & B). Aerobic
respiration resulted in a 4-fold increase in titer compared to static fermentation. Aerobic fermentation
resulted in a shift towards longer-chained MKs (25% MK-8, 67% MK-9 and 3% MK-10) in comparison to
static fermentation (31% MK-8, 58% MK-9 and 1% MK-10) (Fig. 3.4C), and similar MK compositions were

found with aerobic respiration.
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Figure 3.4. Effect of aeration and respiration on vitamin K2 production in L. lactis ssp. cremoris MG1363. (A)
Fold changes in specific concentrations with respect to the control group (static fermentation). (B) Fold changes
in titers with respect to the control group (static fermentation). (C) Relative abundance of MKs. Strain MG1363
was cultivated in GM17 at 30 °C for 48 h. For static fermentation, full tube of culture was statically incubated. For
aerated fermentation, bacterial culture was incubated in flasks with head space, shaken at 120 rpm. For respiration,
bacterial culture was incubated in flasks with head space, shaken at 120 rpm and with 2 pg/mL heme added. Values
shown are from averages + SEMs of biological triplicates. For Dunnett test (2-sided) the control group was static
fermentation (*, P < 0.05; **, P <0.01; ***, P <0.001).
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Chapter 3

The effect of degree of aeration on vitamin K2 production was further examined by cultivating
bacteria at different shaking speeds. Aerobic fermentation at all three tested shaking speeds resulted
in increased vitamin K2 specific concentrations and titers (Fig. 3.5A & B). The highest amount was
obtained at 60 rpm, 2.8-fold increase in specific concentration and 4.3-fold increase in titer compared
to static fermentation, followed by 200 rpm and 120 rpm. The values obtained at 60 rpm were also
significantly higher compared to aeration at 120 rpm (Tukey HSD P = 0.037 and P = 0.006), but not
compared to 200 rpm (Tukey HSD P = 0.595 and P = 0.322). The relative abundances of MKs were
identical in aerated conditions with all three tested shaking speeds, all resulted in a shift towards

longer-chained MKs compared to static fermentation (Fig. 3.5C).
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Figure 3.5. Effect of degree of aeration on vitamin K2 production in L. lactis ssp. cremoris MG1363. (A) Fold changes
in specific concentrations with respect to the control group (static fermentation). (B) Fold changes in titers with respect
to the control group (static fermentation). (C) Relative abundance of MKs. Strain MG1363 was cultivated in GM17 at
30 °C for 48 h. For static fermentation, full tube of culture was statically incubated. For aerated fermentation, bacterial
culture was incubated in flasks with head space, shaken at indicated speeds. Values shown are from averages + SEMs
of biological triplicates. For Dunnett test (2-sided) the control group was static (*, P <0.05; **, P<0.01; ***, P <0.001).
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Effect of aerobic cultivation on vitamin K2 production is carbon source-
dependent

Observing that aerobic cultivations (aerobic fermentation and aerobic respiration) lead to increased
vitamin K2 production when glucose was the carbon source, we further examined whether the same
effect remained when other carbon sources such as fructose and trehalose were used. The effects of
carbon source and aerobic cultivation were analyzed by two-way ANOVA. A significant main effect
of carbon source was observed (P < 0.000 for specific concentration, P = 0.001 for titer), and so was
a significant main effect of aerobic cultivation (P = 0.002 for specific concentration, P = 0.001 for
titer). Moreover, a significant interaction between carbon source and aerobic cultivation was found
(F(4, 21) = 4.804, P = 0.007 for specific concentration; F(4, 21) = 7.719, P = 0.001 for titer). When
fructose was the carbon source, the specific concentration and titer were both highest with aerobic
fermentation while aerobic respiration resulted in similar level as static fermentation; when trehalose
was the carbon source, aerobic respiration resulted in lower vitamin K2 production than static and
aerobic fermentation (Fig. 3.6A & B). Comparing all combinations, aerobic fermentation with fructose
resulted in the highest specific concentration, i.e., a 3.7-fold increase compared to static fermentation
with glucose. Aerobic fermentation with trehalose resulted in the highest titer, 5.2-fold compared
to the same control group. The change in relative abundance of MKs in the three carbon sources
across different conditions were similar: static fermentation resulted in the lowest abundance of MK-
9, MK-10 and highest abundance of MK-8; a shift towards longer-chained MKs was observed in aerobic

respiration and further in aerobic fermentation (Fig. 3.6C).

Vitamin K2 fortification in quark

Quark products were made from pasteurized milk using L. lactis ssp. cremoris MG1363 as the starter
culture. We varied carbon sources and aeration conditions for making the pre-cultures, as well as the
carbon sources and temperatures in quark fermentation. All quark samples showed pH values around
4.9. All quark samples were fortified with vitamin K2 compared to unfermented milk (1.4 + 0.1 ng/g),
with MK-7 to MK-10 being the detectable forms (Table 3.1). Fermentation at 30 °C (B, 72.1 £ 12.9 ng/g)
resulted in a 61% increase of total vitamin K2 content in the quark samples compared to fermentation
at 20 °C (A, 44.9 + 10.6 ng/g). Under the same pre-culturing condition, using fructose as a carbon
source for fermentation, we found an 18% to 73% increase in the vitamin K2 content in quark samples
compared to using glucose as the carbon source (B vs. C, D vs. E and F vs. G). Moreover, the use of
aerated pre-cultures resulted in 35% to 79% increased vitamin K2 content in quark samples compared

to static pre-cultures (D vs. F, E vs. G).
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Figure 3.6. Effect of carbon source and aeration/respiration on vitamin K2 production in L. lactis MG1363. (A)
Fold changes in specific concentrations with respect to glucose, static fermentation. (B) Fold changes in titers with
respect to glucose, static fermentation. (C) Relative abundance of MKs. Strain MG1363 was cultivated in M17 with
indicated carbon source at 30 °C for 48 h. For static fermentation, full tube of culture was statically incubated.
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For aerated fermentation, bacterial culture was incubated in flasks with head space, shaken at 120 rpm. For
respiration, bacterial culture was incubated in flasks with head space, shaken at 120 rpm and with 2 ug/mL heme
added. Values shown are from averages + SEMs of biological triplicates. Dunnett test (2-sided) was performed
within each carbon source group, and the control groups were in all cases static fermentation (*, P < 0.05; **, P <
0.01; ***, P <0.001).

Table 3.1. Vitamin K2 content in quark samples.

e

No.* Pre-culture Quark MK-7 MK-8 MK-9 MK-10 Total VK2

C Aeration Csource Temp.? (ng/g of quark; means + SEMs*) 3 ’

source?

A glucose no glucose 20°C 0.8+0.3 54+08 36.7+10.0 04+0.1 449+10.6 '."".........‘
B  glucose no glucose 30°C 10+03 160+58 521+86 15+12 721+129
C glucose no fructose 30°C 1.0+03 16.2+2.2 64.8+8.2 1.0+0.5 85.0+10.3
D fructose no glucose 30°C 0.7+02 7515 363+104 1.8+11 48.8+13.0
E  fructose no fructose 30°C 2.0+0.5 188+52 59.9+9.6 09104 8441156

F  fructose yes glucose 30°C 19+0.3 159+33 64.9+58 14+0.1 87.3+9.1

G fructose yes fructose 30°C 1.7+04 189+48 88.1+88 26+1.1 1.8 +9.8

1Each combination of cultivation condition was given a number for easy reference in the text.
2Carbon source.
3Temperature.

“All conditions was tested in biological triplicates, except for B which was in duplicate.

Discussion

Long-chain vitamin K2 production in LAB is of interest for food industry, but there has not been
much effort made to optimize conditions for vitamin K2 production and to elucidate the influencing
environmental factors. In this study we examined the levels and forms of MKs (MK-5 to MK-10)
from different LAB strains, and the influence of cultivation conditions. In our study, the levels of
total vitamin K2 production are expressed as specific concentrations (in nmol vitamin K2 per mg cell
dry weight). The values of specific concentrations show the natural vitamin K2 producing capacity
of bacteria and may provide insights into the bacterial physiology related to the synthesis of these
membrane-embedded menaquinones. Titers were derived from the amount of vitamin K2 recovered
from the biomass harvested from the culture medium, expressed as nmol vitamin K2/mL medium, and
therefore showed a combined effect of vitamin K2 accumulation in the cells and biomass accumulation
in the media. The values of titers provide clear information on the product output for a certain amount

of medium/material input, and therefore is of strong industrial interest.
We screened L. lactis ssp. cremoris, L. lactis ssp. lactis and Lc. mesenteroides strains, as these LAB
(sub)species are known to possess the complete set of genetic elements for menaquinone synthesis

(Pedersen et al., 2012) and are frequently used in food fermentation processes. From each (sub)
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species, the prototype (MG1363) or type strain (DSM20481, DSM20343), together with two other
strains isolated from fermented foods, were selected to show a representative picture of the diversity
among vitamin K2-producing LAB species and strains. Comparative analysis of vitamin K2 production
showed that the specific concentrations and titers of the six selected L. lactis strains varied largely,
demonstrating a wide strain diversity in the natural vitamin K2 producing capacity (Fig. 3.1A & B).
The specific concentration values were in the same order of magnitude as reported previously for L.
lactis (Morishita et al., 1999). It is also clear that specific concentrations and titers may not show the
same trend. As vitamin K2 is cell membrane-associated, the titer is not only determined by specific
concentrations but also biomass yield. For example, strain FM03 showed one of the highest specific
concentrations but its titer value was among the lowest due to its low biomass accumulation in the
culture media (supplementary Fig. S3.1). We detected no significant amounts of vitamin K2 in Lc.
mesenteroides FM06 and DSM20343 and only very minor amounts in FM08 in the tested conditions.
Although a complete set of menaquinone-synthesis genes have been identified in Lc. mesenteroides,
Brooijmans et al. (2009) also observed the discrepancy that they could not induce respiratory growth

in the tested Lc. mesenteroides strain.

Analysis of the relative abundance of long-chain MKs in L. lactis strains showed very similar distributions,
and MK-8 and MK-9 were found to be the most abundant (Fig. 3.1C). The minor amount of vitamin
K2 produced by Lc. mesenteroides strain FM08 was found to contain MK-10 as the major form. Given
the large strain diversity, strain selection can be an efficient first step towards improved vitamin K2
fortification in fermented foods or food supplements. Both high vitamin K2 producing capacity and
high biomass accumulation under selected cultivation conditions should be criteria for strain selection
to achieve vitamin K2 fortification. For this reason, we selected prototype strain L. lactis MG1363,
which showed both high specific concentration and high titer, to further analyze the impact of selected

cultivation parameters on vitamin K2 production in L. lactis.

Using L. lactis MG1363 as the model strain, we demonstrated that vitamin K2 production is influenced
by temperature, carbon source, aeration and mode of energy metabolism. Temperature influenced
both the total amount and relative abundance of different long-chain MK forms in MG1363. At 30 °C
to 33.5 °C the specific concentrations and titers were the highest (Fig. 3.2A & B), temperatures above
or below this range resulted in lower vitamin K2 production. As the temperature increased from 20 °C
to 37 °C, MK-8 became more abundant and MK-9 less (Fig. 3.2C). This could be caused by the influence
of temperature on the activity of the enzyme that controls the isoprenoid side chain elongation during
menaquinone synthesis. As MKs are membrane embedded, their relative abundance could also be
influenced by the dynamics in biomass accumulation, including the growth rate (supplementary Table
$3.2), composition of lipids and fatty acid side chains, and membrane fluidity, which are all affected

by temperature.

The impact of different carbon sources on vitamin K2 production was also significant. Fructose,

trehalose, maltose and mannitol all resulted in about 2-fold increase of vitamin K2 production
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compared to glucose (Fig. 3.3A & B). Trehalose stood out for the highest titer level, as it also lead to the
highest biomass accumulation (supplementary Fig. $3.3). This is one of the first studies to examine the
effect of using trehalose for metabolite production in LAB. Our study demonstrates a positive effect of

various carbon sources compared to glucose, on vitamin K2 production in L. lactis.

Vitamin K2 is known for its function as electron carrier in the bacterial ETC, and L. lactis can switch to
respiratory metabolism when both oxygen and heme are supplied (Brooijmans et al., 2009). Moreover,
the presence of oxygen alone has impact on metabolism by altering the balance of redox cofactors, as
well as expression and activity of key enzymes (Nordkvist et al., 2003). Therefore, it was highly relevant
to examine whether vitamin K2 production was influenced by aeration only (fermentation under
aerobic conditions) and respiratory metabolism (aerobic respiration). We demonstrated production
of MK-5 to MK-10 under static fermentation, aerobic fermentation and aerobic respiration conditions,
and a shift towards longer chained MKs under the two aerobic conditions (Fig. 3.4). This is in agreement
with the study from Brooijmans et al. (2009) regarding the quantity of MK-5 to MK-10. We observed
increased specific concentrations of MK-5 to MK-10 under both aerobic conditions compared to static
fermentation, which could suggest specific roles of long-chain MKs in aerobic conditions. Moreover, as
the increase was observed for both aerobic fermentation and aerobic respiration, it is likely that MK
production responded to oxygen, and not necessarily a functional respiratory ETC. A transcriptomic
analysis (Cretenet et al., 2014) also revealed that the first gene in menaquinone-synthesis pathway,
menfF, is upregulated by 2.7-fold during the early stage of cultivation under oxygen condition compared
to anaerobic condition in MG1363. A previous study (Pedersen et al., 2008) also detected up-regulation
of another menaquinone-synthesis enzyme, menB, under aerobic condition compared to static
cultivation in a L. lactis strain. Increased activity of the menaquinone-synthesis pathway could explain
the increased vitamin K2 content in aerobically cultivated L. lactis MG1363 cells. The increase of MK
production was even more obvious in terms of titers, since besides higher specific concentrations, the
biomass accumulations in aerobic fermentation and aerobic respiration were also higher than in static
fermentation (supplementary Fig. S3.4). A higher biomass yield under aerobic conditions was also
reported, and it was proposed that this was because of less energy limitation for biomass synthesis
(Nordkvist et al., 2003). Respiratory metabolism is known to enhance the growth efficiency in L. lactis
(Brooijmans et al., 2009), and indeed we obtained the highest biomass accumulation with aerobic

respiration, reaching a more than 2-fold increase compared to static fermentation.

When we further examined the aerobic fermentation conditions by applying different degree of
aeration, we observed that all aerobic fermentation conditions clearly resulted in enhanced vitamin
K2 production compared to static fermentation (Fig. 3.5A & B), and the enhancement did not seem to

be a function of the degree of aeration.
When the effects of aeration and respiratory metabolism were examined with carbon sources other
than glucose, differences in response were observed (Fig. 3.6A & B). With fructose as the carbon

source, aerobic fermentation resulted in the highest vitamin K2 production, while aerobic respiration
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was similar to static fermentation. When trehalose was used, aerobic fermentation resulted in similar
level as static fermentation, while aerobic respiration resulted in much lower vitamin K2 production.
Therefore, the effect of aerobic fermentation and aerobic respiration on vitamin K2 production
was found to be carbon source-dependent. It was found to be consistent though, for all 3 carbon
sources tested, the biomass accumulation was highest under aerobic respiration, followed by aerobic
fermentation, and lowest under static fermentation (supplementary Fig. S3.6). The MK profile also
reflected that for all 3 carbon sources, aerated conditions lead to a shift towards longer chained MKs

compared to static fermentation (Fig. 3.6C).

The reason why each carbon source or cultivation condition influenced vitamin K2 production in this
way remains to be elaborated. As a secondary metabolite, the metabolic fluxes towards vitamin K2
are complicated with a variety of enzymatic reactions involved. The flux towards chorismate, which is
the first compound in menaquinone biosynthesis pathway, could be influenced by the central carbon
metabolism. As different carbon sources are taken up, converted and directed to the central carbon
metabolism, the conversion rate, energy transduction, redox factor regeneration and regulation
of the sugar catabolism all vary (Neves et al., 2005; Kowalczyk and Bardowski, 2007). This could
globally explain why the amount of vitamin K2 production in L. lactis responded to aeration as well
as respiration in a carbon source-dependent manner. A series of genes are required for menaquinone
synthesis, some dedicated to the naphthoquinone synthesis, some to the elongation of the isoprenoid
tail. Together, they influence the quantity and composition of the menaquinone pool. However, to
date, regulations of these genes under different conditions have been hardly investigated (Miller et al.,
1988), and little is known about feedback regulation in this pathway, especially in LAB. A mechanistic
explanation for the response towards each specific carbon source or cultivation condition requires

further studies and the construction of a comprehensive metabolic model.

We further demonstrated that the obtained knowledge can be transferred to food fermentation
processes by fortifying quark with vitamin K2. Consistently, cultivation temperature of 30 °C, altered
carbon source (fructose) and aerobic cultivation of the pre-culture, resulted in higher vitamin K2

content in the quark product.

The insights obtained from this study show a proof of principle that strain selection and combination
of favorable cultivation parameters, namely temperature, aeration, carbon source and mode of
energy metabolism, can contribute to improved production of long-chain vitamin K2 in LAB strains.
As hydrophobic, membrane-embedded compounds, menaquinones are not produced extracellularly
and continuously, but remain cell-associated in all producing bacteria. Nevertheless, simple and
efficient procedures are being continuously developed and optimized for extracting vitamin K2 and
other valuable cell-associated molecules from biomass (Wei et al., 2018; Chronopoulou et al., 2019;
Fang et al., 2019), that, together with the knowledge obtained from this study, will facilitate the
biotechnological production of long-chain vitamin K2.

62



Influencing factors on L. lactis vitamin K2 production

The effect of different carbon sources also demonstrate the potential of long-chain vitamin K2
fortification during fermentation of different raw food materials, enabling utilization of low-value
substrates in industrial processes or development of vitamin K2-enriched fermentation-based food
products as exemplified in the current study with the production of vitamin K2-fortified quark. Since
vegetables like cabbage (Hughes and Lindsay, 1985), beetroots and carrots (Dolores Rodriguez-Sevilla
et al., 1999) contain high levels of fructose, they could serve as excellent sources for in situ vitamin K2

fortification through fermentation with selected LAB.

Conclusion

In this study, we demonstrated a large species and strain diversity in LAB for vitamin K2 producing
capacity. Furthermore, the influence of relevant cultivation conditions on vitamin K2 production in
L. lactis MG1363 has been studied in detail. We concluded that vitamin K2 production is already
significantly affected when a single factor among temperature, carbon source, aeration and mode of
metabolism, is changed. The highest specific concentration of vitamin K2 was achieved under aerobic
fermentation with fructose, reaching 3.7-fold increase compared to static fermentation with glucose;
the highest titer was found under aerobic respiration with trehalose, reaching 5.2-fold increase
compared to static fermentation with glucose. The ratios of MK-8 to MK-10 increased in response
to aerobic cultivations. Knowledge obtained from this study can contribute to biotechnological
production of vitamin K2 supplements as well as to strategies for natural enrichment of vitamin K2 in
fermented foods, and together with further studies lead to better understanding of the regulation of

vitamin K2 production and its role in LAB metabolism and physiology.
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Figure S3.1. Biomass accumulation in different LAB strains. L. /actis strains were cultivated in GM17 and Leu.
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triplicates for MG1363 and duplicates for the other strains. Error bars represent standard errors (SEs).

N
S

I
P
)
)
[

S

CDW in 25ml culture (mg)

20°C 25°C 30°C 33.5°€C 37°C

Figure S3.2. Effect of temperature on biomass accumulation in L. lactis ssp. cremoris MG1363. Strain MG1363
was cultivated in GM17, statically incubated for 48 h at indicated temperature. Values shown are from averages +

SEs of biological triplicates.
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Figure S3.3. Effect of carbon source on biomass accumulation in L. lactis ssp. cremoris MG1363. Strain MG1363
was cultivated in M17 supplemented with indicated carbon source, statically incubated at 30 °C for 48 h. Values

shown are from averages + SEs of biological triplicates.
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Figure S3.4. Effect of aeration and respiration on biomass accumulation in L. lactis ssp. cremoris MG1363.
Strain MG1363 was cultivated in GM17 at 30 °C for 48 h. For static fermentation, full tube of culture was statically
incubated. For aerated fermentation, bacterial culture was incubated in flasks with head space, shaken at 120 rpm.
For respiration, bacterial culture was incubated in flasks with head space, shaken at 120 rpm and with 2 ug/mL
hemin added. Values shown are from averages * SEs of biological triplicates.
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Figure S3.5. Effect of degree of aeration on biomass accumulation in L. lactis ssp. cremoris MG1363. Strain
MG1363 was cultivated in GM17 at 30 °C for 48 h. For static fermentation, full tube of culture was statically
incubated. For aerated fermentation, bacterial culture was incubated in flasks with head space, shaken at indicated

speeds. Values shown are from averages * SEs of biological triplicates.
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Figure $3.6. Effect of different carbon source and aeration/respiration on biomass accumulation in L. lactis
ssp. cremoris MG1363. Strain MG1363 was cultivated in M17 with indicated carbon source at 30 °C for 48 h. For
static fermentation, full tube of culture was statically incubated. For aerated fermentation, bacterial culture was
incubated in flasks with head space, shaken at 120 rpm. For respiration, bacterial culture was incubated in flasks
with head space, shaken at 120 rpm and with 2 pg/mL hemin added. Values shown are from averages + SEs of

biological triplicates.
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Table S3.1. Details of MRM analysis.

Function Molecule Parent ion (Da)  Daughter ion (Da) Collision energy (eV)

2 Vitamin K1 451.55 187.25 25.00

2 Vitamin K1 451.55 227.28 20.00

2 MK-5 513.37 187.25 25.00

2 MK-5 513.37 227.28 20.00

2 MK-6 581.44 187.25 25.00 —
2 MK-6 581.44 227.28 20.00 :.." .:......._.:
2 MK-7 649.76 187.25 25.00 £1 3
2 MK-7 649.76 227.28 20.00 """"'
2 MK-8 717.56 187.25 25.00 o
2 MK-8 717.56 227.28 20.00

3 MK-9 785.72 187.25 35.00

3 MK-9 785.72 227.28 30.00

3 MK-10 853.69 187.25 35.00

3 MK-10 853.69 227.28 30.00

Different forms of MKs were detected in 3 functions. Dwell time was in all cases 0.08 s in function 1 and 2, and 0.10
s in function 3. Cone voltage was 30.00 V in all cases.

Table S3.2. Specific growth rate of L. lactis ssp. cremoris MG1363 at different temperatures.

Growth temperature (°C) Growth rate (h)

20 0.54
25 0.72
30 0.87
37 1.07

Strain MG1363 was cultivated in GM17 at 30 °C with a starting OD = 0.2. Growth was followed by OD measurement
for 5 hours, and maximum growth rates were determined for the exponential phase of each culture.
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Chapter 4

Abstract

Vitamin K2 is an important vitamin for human health. Vitamin K2 enrichment in the human diet is
possible by using vitamin K2-producing bacteria such as Lactococcus lactis in food fermentations.
Based on previous observations that aerated cultivation conditions improved vitamin K2 content in
L. lactis, we performed laboratory evolution on L. lactis model strain MG1363 by cultivating it under
vigorous shaking condition and transferred it every 72 hours to propagate in fresh medium. After 100
generations of propagation, we selected three evolved strains that showed improved stationary phase

survival in oxygenated conditions.

In comparison to the original strain MG1363, the evolved strains showed 50% - 110% increased
vitamin K2 content and exhibited high resistance against hydrogen peroxide-induced oxidative stress.
Genome sequencing of the evolved strains revealed common mutations in the genes Idh and gapB.
Proteomics analysis revealed overproduction of GapA, UspA2 and MutM under aerated conditions
in evolved strains, proteins with putative functions in redox reactions, universal stress response and
DNA damage repair, all of which could contribute to the enhanced oxidative stress resistance. The
improvement in vitamin K2 content in the evolved strains remains to be understood. Two out of
the three evolved strains performed similar to the original strain MG1363 in terms of growth and
acidification of culture media. In conclusion, this study demonstrated a natural selection approach
without genetic manipulations to obtain vitamin K2 overproducers that are highly relevant for food

applications, and contributed to the understanding of oxidative stress resistance in L. lactis.
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Introduction

Vitamin K2 is an essential vitamin for human health. It functions as an enzyme co-factor for the
carboxylation of proteins with y-carboxyglutamate domains (Gla-proteins) that are involved in
biological processes such as blood coagulation, calcium metabolism and cell growth (Vermeer and
Schurgers, 2000; Vermeer, 2012). In addition, a higher intake of vitamin K2 was found to be associated
with a reduced risk of coronary heart disease and improved bone health (Beulens et al., 2013; Geleijnse
et al., 2004; Myneni and Mezey, 2018; Plaza and Lamson, 2005).

Vitamin K2, also referred to as menaquinones, is a group of compounds sharing a naphthoquinone ring
structure but differing in the number of the isoprene units in the side chain (Vermeer and Schurgers,
2000). The specific form is expressed as MK-n where n depicts the number of the side chain isoprene
units. Vitamin K2 is produced by bacteria, and Lactococcus lactis is one of the producers (Chapter 3 of
this thesis - Liu et al., 2019; Morishita et al., 1999). L. lactis produces mainly MK-9 and MK-8, the long-
chain MK forms that are shown to have higher contributions to the vitamin K2 status in human body
(Geleijnse et al., 2004; Schurgers et al., 2007; Schurgers and Vermeer, 2002). This is of great interest,
as L. lactis is widely applied in various food fermentation or biotechnological production processes

(Song et al., 2017), allowing opportunities for vitamin K2 enrichment in food products or supplements.

The possibility to obtain vitamin K2 overproducers by genetic engineering has been demonstrated in
L. lactis (Bge and Holo, 2020), but practical applications could be limited due to the strict rules in the
European Union regarding the use of genetically modified organisms (GMOs) (Eriksson et al., 2020;
Sybesma et al., 2006). Therefore, an approach without genetic modification (non-GM) is preferred
to obtain vitamin K2 overproducers. In this regard, some studies employed an MK analogue to select
for vitamin K2 overproducers of Bacillus subtilis, and these studies reported 30% - 100% increased
production (Sato et al., 2001; Tsukamoto et al., 2001). Efforts have also been made to reveal the
cultivation conditions that improve vitamin K2 content in bacteria: for L. /actis, Liu et al. observed that
aerobic fermentation increased vitamin K2 content compared to static fermentation (Chapter 3 of this
thesis - Liu et al., 2019).

It is known that menaquinones function as electron carriers in the respiratory electron transport
chain in the cytoplasmic membranes of the producing bacteria. In L. lactis, it has been shown that
menaquinones, together with an NADH dehydrogenase complex and the bd-type cytochrome
complex, form a simple electron transport chain that enables aerobic respiration when heme (co-
factor of cytochrome) and oxygen are supplemented (Rezaiki et al., 2008; Brooijmans et al., 2009).
However, not much is known about the roles of menaquinones in L. lactis under aerobic (fermentation)
conditions without heme-induced respiration. Evidence has been provided in some bacteria that
quinones contribute to defense against oxidative stress (Sgballe and Poole, 2000; Maruyama et al.,
2003; Wang and Maier, 2004). The same protective effect was suggested, although not experimentally

confirmed, for menaquinone in L. lactis (Vido et al., 2005), where menaquinone is the sole quinone
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form produced even under non-respiration conditions (Morishita et al., 1999). Although the exact
mechanism is not yet revealed, combining these suggestions and the findings by Liu et al. where
vitamin K2 content is improved under aerobic fermentation (Chapter 3 of this thesis - Liu et al., 2019),
we hypothesized that applying aerated conditions could lead to the selection of natural vitamin K2

overproducers.

In this study, laboratory evolution under aerated conditions was performed on L. lactis ssp. cremoris
model strain MG1363, aiming to explore the possibility of an non-GM approach to obtain vitamin
K2 overproducers. After propagating approximately hundred generations under intensively aerated
conditions, we examined three obtained evolved strains closely for their vitamin K2 (menaquinone)
content and other physiological characteristics, as well as the genetic and proteome changes compared
to the original strain. Relevant test conditions employed in this study were static fermentation (ST),

aerated (AE) and respiration-permissive (RES) condition.

Materials & methods

Strains and conditions

Lactococcus lactis ssp. cremoris MG1363 and evolved strains were cultivated in M17 medium (Oxoid™)
supplemented with 0.5 % glucose (w/v) (named GM17) at 30 °C. For static fermentation condition
(ST), the cultures were statically incubated in closed, full filled tubes. For aerated conditions (AE), the
cultures were incubated in Erlenmeyer flasks filled with 10% volume media, shaking at 200 rpm. For
respiration-permissive condition (RES), 2 pg/mL heme was added to the cultures besides the settings

of the aerated conditions.

Laboratory evolution

The evolution was carried out in 100 mL flasks filled with 10 mL GM17 media, shaking at 200 rpm at 30
°C. The first culture was obtained by inoculating a colony of strain MG1363 in the medium. Thereafter
every 72 h, a passage was made by transferring 1/100 volume of the old culture into fresh mediumin a
new 100 mL flask. In total 14 passages were made before evolved strains were isolated for analysis. The
cultures from the 14t passage were plated, and single colonies were purified. In total 2 independent
cultures (A and B) were successfully maintained throughout all the passages, with 9 mutants screened
in culture A and 5 mutants in culture B for vitamin K2 content (specific concentration) under static
fermentation conditions. Five out of 9 mutants from culture A and all 5 mutants from culture B showed
similar (no increase or less than 30% increase) vitamin K2 content as the wildtype strain, and we
selected all 3 mutants (Evol - 3) from culture A showing significant increase in vitamin K2 content for

further comparative analysis with the wildtype strain.
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Determination of bacterial growth and survival

To obtain growth curves, overnight cultures of each strain were diluted to OD., = 0.1 (600 nm;
path length 10 mm) in 50 mL fresh GM17, and subjected to desired cultivation conditions (ST, AE
or RES). Samples were taken every half hour for optical density (OD) measurement at 600 nm by a
spectrophotometer. To determine the survival of bacteria, viable plate counts were determined at

indicated time points.

H,O, treatment

An overnight culture of each strain, obtained from static cultivation, was diluted to OD,, = 0.2 with
fresh GM17 in a 15 mL centrifugal tube and incubated at 30 °C for 1 hour statically. Then 5 mM
hydrogen peroxide was added (t = 0) and the viable plate count of bacteria was determined every 30
minutes for 2 hours in total. To stop the action of hydrogen peroxide, 2 uL catalase (1.3*¥10° U/mL) was

added to the sample that was examined.

Acidification test
An overnight culture of each strain, obtained from static cultivation, was diluted to 0D, = 0.1 with
fresh GM17 in a 50 mL centrifugal tube and then incubated statically at 30 °C. Thereafter the pH of the

culture was measured by a pH probe every hour, for 6 hours in total.

Vitamin K2 extraction and analysis

L. lactis cells were cultivated in GM17 media at 30 °C for 48 h under static fermentation conditions
and harvested for vitamin K2 analysis. Vitamin K2 was extracted from cells as described by Liu et al
(Chapter 3 of this thesis - Liu et al., 2019). Briefly, PBS washed biomass was incubated with 10 mg/
mL lysozyme (Sigma) at 37 °C for 1 h. Four volumes of extraction buffer [n-hexane and 2-propanol at
a ratio of 2:1 (v/v)] was added to the lysozyme-treated bacterial suspension and vigorously mixed by
vortexing. After centrifugation at 3000 x g for 10 min, the (upper) organic phase was collected. Equal
volume (as extraction buffer) of n-hexane was added to the remaining lower phase, and the extraction
step was repeated twice. The organic phases from each sample were combined and evaporated under
a flow of N, gas, and re-dissolved in iso-propanol. All samples were diluted in methanol and subjected
to liquid chromatography—mass spectrometry (LC—MS) analysis for identification and quantification of

different forms of vitamin K2.

Samples from two experiments were analyzed exactly as described in a previous study (Chapter 3 of
this thesis - Liu et al., 2019) by a HPLC (UFLC, Shimadzu, Japan) system coupled with a Micro-mass
Quattro Ultima MS (Waters, USA). Samples from another two experiments were analyzed using a
UPLC (Thermo Scientific Vanquish) coupled with MS (Thermo Q-Exactive hybrid quadrupole-Orbitrap)
as follows: one pL sample was injected into an Acquity BEH C18 column (50 mm x 2.1 mm, 1.7 pm
particle, 130A, Waters) and compounds were eluted with a gradient starting from 100% methanol to
methanol/isopropanol (75%/25%) in 13.7 min and maintained for 5.5 min before going back to 100%

methanol in 1.1 min. The flow rate was 0.4 mL/min and column compartment temperature was kept
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at 40 °C. The MS system was equipped with a heated electrospray ionization (ESI) source that was set
at positive ionization mode. The capillary temperature was 150 °C and the source temperature was
450 °C. The sheath gas (nitrogen) was set to 40 arbitrary units and the ion spray voltage was 4.5 kV.

Data were processed using software Xcalibur (Thermo Scientific, version 2.2).

Analytical standards containing MK-1 (Santa Cruz Biotechnology), MK-4 (Sigma), MK-7 (Sigma), MK-9
(Santa Cruz Biotechnology) and vitamin K1 (Sigma) were mixed in the concentration range from 1 ng/
mL to 3 pg/mL. Vitamin K1 (phylloquinone) was added at a concentration of 150 ng/mL as an internal
standard in each sample. Quantities of MK-5 and MK-6 were estimated using the formulas derived
from MK-4 and MK-7 calibration curves, respectively; quantities of MK-8 and MK10 were estimated
using the formula derived from MK-9 calibration curve. Values were corrected based on measurement

of vitamin K1 internal standards.

Oxygen consumption rate analysis

Strains were all cultivated under anaerobic conditions overnight in GM17 to obtain biomass for
oxygen consumption analysis. For the test under respiration-permissive conditions, 2 ug/mL heme
was supplemented to obtain cells with functional cytochrome bd oxidase. The cells were harvested
and washed in PBS once, and OD was standardized to 2 in PBS that had already been saturated with
dissolved oxygen (by shaking for 30 min at 180 rpm in flasks). Bacterial suspension (20 mL) was placed
in infusion bottles (volume 25 mL) with a layer of mineral oil on top to prevent exchange of gas.
An oxygen microsensor (Needle-type PSt7-02, PreSens, Germany) was inserted into the bacterial
suspension. The reaction was initiated by adding glucose to a concentration of 1% in the bacterial
suspension. Dissolved oxygen in the bacterial suspension was followed at room temperature by an
Microx 4 oxygen meter (PreSens, Germany) for 20 min with an interval of 1 min. The absolute value of
the slope of the linear correlation between oxygen concentration and time for each measurement was

taken as the oxygen consumption rate.

Primary metabolite analysis

Lactate, formate, acetate, acetoin and ethanol were analyzed by high-performance liquid
chromatography (HPLC). The strains were incubated in GM17 media at 30 °C overnight under static or
aerobic conditions. Cell free culture supernatant was obtained by pelleting the cells at 17000 x g for 5
min. To remove proteins, the supernatant was first mixed with 0.5 volume cold Carrez A solution [0.1
M K,Fe(CN)] and then mixed with 0.5 volume cold Carrez B solution (0.2 M ZnSO,), and centrifuged
at 17000 x g for 5 min. The supernatant was subjected to HPLC analysis as described by van Mastrigt
et al (van Mastrigt et al., 2018). Briefly, 25 pL sample was injected into HPLC system Ultimate 3000
(Dionex, ldstein, Germany) equipped with an Aminex HPX-87H column (300 x 7.8 mm). Compounds
were eluted by 5 mM sulphuric acid at a flow rate of 0.6 mL/min at 40 °C, identified by UV detectors at
220, 250 and 280 nm and quantified by a refractive index detector Shodex RI-101 (Showa Denko K.K.,
Tokyo, Japan). The quantity of metabolites detected in un-inoculated GM17 medium was used as the

initial level to calculate the production/consumption of bacterial metabolites.
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Genome sequencing

The original strain MG1363 and three selected evolved strains, Evol, Evo2 and Evo3 were subjected
to genome sequencing. For genomic DNA isolation, cells collected from 1 mL of an overnight culture
(static incubation in GM17) of each strain was used. DNeasy Blood & Tissue Kit (Qiagen, Germany)
was used to extract DNA according to the manufacture’s instruction. DNA was sequenced using the
Illumina HiSeq Genome Sequencing System (GATC Biotech, Germany), read length 2 x 150 bp. The
sequencing reads were deposit under BioProject with accession number PRINA765529 at National
Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA).

Sequenced reads from each genome was mapped to the reference sequence of L. lactis ssp. cremoris
MG1363 (NCBI accession No. AM406671_1) using BWA (Li and Durbin, 2009) with default parameters.
In all strains, more than 99.9% of all reads were mapped. The removal of PCR duplicates was carried
out using Picard (“Picard Toolkit,” 2019). In the four sequenced strains, 935 - 1141 x coverage depths
were reached. Variant analysis was performed using GATK’s Haplotype Caller (DePristo et al., 2011;
McKenna et al., 2010) to identify single nucleotide polymorphism (SNP) and insertion and deletion
(InDel).

Proteomics analysis

Strains were cultivated in GM17 media at 30 °C overnight (16h) under desired conditions (ST, AE
and RES). Cells were harvested from 1 mL cultures, washed and resuspended in 100 mM Tris (pH 8),
lysed by a sonication probe twice for 45 s. For each strain and condition combination, samples were
collected from three independent experiments. For all samples 40 ug proteins were used for sample
preparation and analysis. Sample preparation followed the filter assisted sample preparation protocol
(FASP) (Wisniewski et al., 2009). In brief, proteins were reduced with 15 mM dithiothreitol, alkylated
with 20 mM acrylamide, and digested with trypsin. Maximally 5 L prepared sample was injected into
a 0.10 x 250 mm ReproSil-Pur 120 C18-AQ 1.9 um beads analytical column (prepared in-house) at a
constant pressure of 825 bar using a 1 h gradient from 9 to 34% acetonitrile in water with 0.1% formic
acid in 50 minutes by a nanoLC-MS/MS (Thermo nLC1000 coupled to a Q Exactive-HFX). MS and MSMS
AGC targets were set to 3106 and 50000 respectively or maximum ion injection times of 50 ms (MS)
and 25 ms (MSMS) were used. HCD fragmented (Isolation width 1.2 m/z, 24% normalized collision
energy) MSMS scans of the 25 most abundant 2-5+ charged peaks in the MS scan were recorded in
data dependent mode (Threshold 1.2e5, 15 s exclusion duration for the selected m/z +/- 10 ppm).

The MaxQuant quantitative proteomics software package was used to analyze LCMS data with all
MS/MS spectra as described previously (Cox et al., 2014), the proteome of L. lactis MG1363 (UniProt
ID UP000000364) was used as the protein database. Perseus was employed for filtering and further
bioinformatics and statistical analysis of the MaxQuant ProteinGroups files (Tyanova et al., 2016).
Reverse hits were removed; identified protein groups should contain minimally two peptides, of which
at least one is unique and one unmodified. The LFQ (label-free quantitation) intensity values were

used for t-test; protein groups differing by a factor of 2 or more (log fold change < -0.3 or 20.3) and a
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p-value of 0.05 or less (-log p-value > 1.3) were considered significantly different. The quality of nLC-
MS/MS system was checked with PTXQC using the MaxQuant result files (Bielow et al., 2016). The MS
proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Vizcaino et
al., 2016) partner repository with the dataset identifier PXD028721.

Data analysis

Where applicable, statistical significance analysis was performed in JASP (0.11.1) (Love et al., 2019)
using analysis of variance (ANOVA) unless specified otherwise. Post hoc multiple comparisons were
conducted using Tukey’s test (2-sided) and in all cases the control group was L. lactis MG1363 (* P <
0.05).

Results

Three evolved strains showed better survival and higher vitamin K2 production
After sequential propagation of a culture of L. lactis ssp. cremoris MG1363 for 100 generations under
intensively aerated conditions (shaking at 200 rpm in flasks with 10x headspace of the culture) for
72 hours in glucose supplemented M17 media, we isolated three strains and examined them closely.
All three strains (Evol, Evo2 and Evo3) showed considerably better survival compared to the original
strain MG1363 under aerated conditions, as reflected by viable plate count: when all strains were
cultivated in GM17 under the aerated conditions employed in the evolution experiment for 72 hours,
the culturability was tested at 24, 48 and 72 hours (Fig. 4.1A). While the viable plate count of strain
MG1363 dropped to 10° CFU/mL after 48 hours in aerated conditions from the initial 10° CFU/mL (not
shown), the three evolved strains all maintained at 10° CFU/mL. After 72 hours aerated cultivation,
viable plate count of strain MG1363 further dropped to 102— 10° CFU/mL, while strain Evol, Evo2 and
Evo3 were still at 10°CFU/mL, 10° CFU/mL and 10* CFU/mL, respectively.

Next, we examined the vitamin K2 content in three evolved strains in comparison to the original strain
under static fermentation conditions, as this is the most relevant condition for applications. The total
vitamin K2 content in MG1363 was 80 + 19 nmol/g cell dry weight. The three evolved strains showed
50% - 110% higher average total vitamin K2 content than the original strain (Fig. 4.1B). The relative
abundance of MK forms produced by evolved strains are similar to MG1363: 65 - 70% MK-9, 20% MK-
8, 5 - 9% MK-3 and minor amount of other forms including MK-10, MK-5 to MK-7 (Fig. 4.1C).
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Figure 4.1. Selection of strains. A) Viable plate count of MG1363 and three evolved strains under aerated conditions
after 24, 48 and 72 hours cultivation in GM17 media at 30 °C. Data from biological triplicates, error bars represent
standard deviation (SD). B) Differences of vitamin K2 (VK2) content in three evolved strains comparing to strain
MG1363, under static fermentation condition for 48 hours in GM17 media at 30 °C. Data from four independent
experiments, differences in percentage were calculated from each experiment. Crosses represent mean values in
the graph, p-values of each strain compared to MG1363 were calculated by paired t-tests. C) Relative abundance
of different menaquinone forms in strain MG1363 and evolved strains under static fermentation condition for 48
hours in GM17 media at 30 °C. Data from two independent experiments, error bars represent standard error of

the mean (SEM).
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Growth and survival of evolved strains in various conditions

As the evolved strains showed favorable traits mentioned above, we further examined the growth and
survival of evolved strains under various conditions namely static, aerated and respiration-permissive
condition (Fig. 4.2). Under static and aerated conditions, the evolved strains behaved similar to
MG1363: they all reached stationary phase (around OD 3.0 - 3.5) in 5 hours, and Evo3 showed slightly
lower turbidity (about 0.5 lower in OD) than the other strains when reaching stationary phase under
static cultivation. Under respiration-permissive condition, MG1363, Evol and Evo2 all reached OD
values of 4.5 - 5.0 in 5 hours, while Evo3 only reached OD of 3.0 at stationary phase.

A, B. .
4.5 ——MG1363 4.5 —-MG1363
4 ——Evol 4 ——Evol
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- . /\,/i
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Figure 4.2. Growth curves based on 0D, of MG1363 and evolved strains under static fermentation (A), aerated
(B) and respiration-permissive (C) conditions in GM17 media at 30 °C. Data from biological triplicates, error bars
represent SD.
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Figure 4.3. Viable plate counts of MG1363 and evolved strains throughout 72 hours under static fermentation
(A) and respiration-permissive (B) conditions in GM17 media at 30 °C. Data from biological triplicates, error bars
represent SD.

Besides survival under aerated conditions that was used for the selection of evolved strains (Fig. 4.1A),
the survival (reflected by viable plate counts) of evolved strains and MG1363 were also tested under

static and respiration-permissive conditions for 72 hours (Fig. 4.3).

Under static condition, the viable counts of MG1363 dropped to 10’ CFU/mL at 48 hours from the initial
10°CFU/mL, and further decreased to 10*CFU/mL at 72 hours. All three evolved strains showed similar
decrease along time, but were constantly 0.5 - 2 log CFU/mL higher than MG1363 at 48 hours and 72
hours (p < 0.05 for Evo2 and Evo3). Under respiration-permissive condition, all strains maintained high
viable counts at 10° CFU/mL throughout the 72 hours.

Oxygen consumption rate in evolved strains

As the evolved strains were obtained from aerated conditions, oxygen consumption by each strain was
a relevant phenotype. The oxygen consumption rates in evolved strains and MG1363 were examined
under aerobic and respiration-permissive conditions (Fig. 4.4). The biomass was obtained by cultivating
each strain in GM17 media overnight anaerobically (heme added to the biomass for respiration-
permissive condition), washed and resuspended in air-saturated PBS for the oxygen consumption test.
Under aerobic condition, MG1363, Evol and Evo2 showed similar oxygen consumption rate of about
70 nmol/(min x OD unit), while Evo3 showed a significantly lower rate of 40 nmol/(min x OD unit).
Under respiration-permissive condition, the oxygen consumption rates of all strains were doubled
compared to the values found under aerobic condition: MG1363, Evol and Evo2 reached 140-160
nmol/(min x OD unit), while Evo3 reached 80 nmol/(min x OD unit).
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Figure 4.4. Oxygen consumption rate of strain MG1363 and evolved strains under aerobic and respiration-
permissive conditions. Cells for this test were obtained from overnight cultures in GM17 media at 30 °C under
anaerobic condition, and in addition 2 ug/mL heme was supplemented to the culture for obtaining cells used for
RES condition oxygen consumption test. PBS-washed cells were suspended in air-saturated PBS (OD standardized
all to 2) for oxygen consumption test at room temperature. Reaction was initiated by adding 1% glucose. Data from
four independent experiments, error bars represent SEM. *indicate significant difference compared to MG1363
under the same condition (p < 0.05).

Evolved strains showed high resistance to H,0,

In addition to the previous observation that the evolved strains maintained high survival under aerated
cultivation condition, we also tested the strains for resistance to oxidative stress caused by H,0.. Cells
from early log phase (OD,,, = 0.2) from each strain were exposed to 5 mM H,0, in GM17 media and
the viable plate count was monitored for 2 hours (Fig. 4.5). The viable plate count of MG1363 kept
decreasing after 0.5-hour exposure to H,0,, and dropped to 10* CFU/mL after 2 hours. In contrast,

all evolved strains maintained viable counts of 10° CFU/mL throughout the 2-hour exposure to H,0,.
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Figure 4.5. Viable plate counts of strain MG1363 and evolved strains after exposure to 5mM H,0,. Cells in the
early exponential phase were treated with H,0, in GM17 media, incubated statically at 30 °C. Data from biological
triplicates, error bars represent SD.

Acidification capacity of evolved strains

As the acidification capacity is an important feature for lactic acid bacteria as starter cultures, we also
examined the evolved strains for their ability to lower the pH in GM17 media. Cells from each strain
were inoculated at OD of 0.1 in GM17 media and the pH was followed for 6 hours. MG1363, Evol and
Evo2 lowered the pH from 7 to below 6 in 4 hours, while Evo3 showed 1-hour delay than the other

strains in reducing the pH to lower than 6 (Fig. 4.6).
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Figure 4.6. Acidification capacity of MG1363 and evolved strains. Test started with cells at OD = 0.1 in GM17
media, incubated statically at 30 °C.
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Evol and Evo2 produced less lactate and more acetate under aerobic condition
The primary metabolites were examined in the overnight cultures of original and evolved strains
under static and aerobic condition in GM17 media. Among all tested metabolites, namely lactate,
acetate, formate, acetoin and ethanol, significant differences between strain MG1363 and evolved
strains were observed for lactate and acetate under aerobic condition (Fig. 4.7). Under anaerobic
condition, all strains produced about 32 mM lactate and 0.5 - 1 mM acetate. Under aerobic condition,
MG1363 produced 25 mM lactate and 6.5 mM acetate, Evo3 produced the same amount of lactate as
MG1363 and about 1 mM more acetate, while Evol and Evo2 produced 2.5 mM less lactate but 2 mM
more acetate than MG1363.
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Figure 4.7. Primary metabolites produced by MG1363 and evolved strains. A) lactate and B) acetate concentration
from the supernatant of cultures in GM17 at 30 °C under indicated conditions. Data from three independent
experiments, error bars represent SEM. *indicate significant difference compared to MG1363 under the same
condition (p < 0.05).

Evolved strains showed common mutations in Idh and gapB gene

Whole genome sequencing revealed the mutations in evolved strains comparing to strain MG1363
(Table 4.1). All three evolved strains contained single nucleotide polymorphisms (SNPs) in genes Idh
(IImg_1120), ps435 (IImg_2107) and gapB (lImg_2539) encoding proteins L-lactate dehydrogenase,
hypothetical protein and glyceraldehyde 3-phosphate dehydrogenase, respectively. Evol and Evo2
shared a SNP in lImg_0907 encoding an YIbN-like protein. Evo3 contained two unique mutations: a
SNP in ftsL (Ilmg_1680) encoding a cell division protein and a deletion in purR (llmg_2551) encoding
a pur operon repressor. A few more unique mutations in Evo2 and Evo3 were revealed, but these
were in pseudogenes or noncoding sequences; except for a SNP in Evo2 that could be in the promoter
region of rplA (llmg_2276), the rest were not expected to have regulatory effects on gene expression.
No mutations were identified in genes that are predicted to be involved in vitamin K2 biosynthesis in

any of the evolved strains.
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Proteomes of evolved strains differed most from MG1363 under aerobic
condition

The proteomes of evolved strains and strain MG1363 were examined when cells were cultivated under
static, aerobic and respiration-permissive conditions in GM17 media overnight. In total 1387 proteins
were quantified by the proteomics analysis, out of the 2383 proteins predicted for MG1363 proteome
(UniProt proteome ID UPO00000364).

Table 4.2. Numbers of differentially produced proteins in the evolved strains compared to MG1363 under
different cultivation conditions.

Conditions

No. of proteins

overproduction 0 5 1
Evol underproduction 2 12 1
total different 2 17 2
overproduction 2 6 1
Evo2 underproduction 1 10 2
total different 3 16 3
overproduction 126 172 160
Evo3 underproduction 108 128 132
total different 234 300 292

Among the three tested cultivation conditions, all three evolved strains showed the highest numbers
of proteins with significantly different production level (cut-off p < 0.05, fold change > 2) compared
to MG1363 under aerobic conditions (Table 4.2). Evol and Evo2 had 17 and 16 proteins differently
produced compared to MG1363 under the aerobic condition, while under static and respiration-
permissive condition only 2-3 proteins were identified to be differently produced. Evo3 showed the
biggest proteome change compared to MG1363, and the numbers of differentially produced proteins
under static, aerobic and respiration-permissive conditions were 234, 300 and 292 respectively. Under
all tested conditions, a significant number of the differentially produced proteins in Evo3 compared to
MG1363 are identified to be ribosomal proteins and proteins involved in purine nucleotide and amino
acids biosynthesis (supplementary Fig. S4.1 and Fig. S4.2).
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Table 4.3. Common proteins overproduced in all mutants compared to MG1363 under aerated conditions.
Protein ID Protein name/Gene name (GN) GO terms and functions
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Figure 4.8. Quantity of common differentially produced proteins in evolved strains than MG1363 under different
cultivation conditions. LFQ intensities of A) Glyceraldehyde 3-phosphate dehydrogenase, GapA (A2RIN9), B)
Universal stress protein A2, UspA2 (A2RK64), and C) Formamidopyrimidine-DNA glycosylase, MutM (A2RI84).
Samples were from three independent experiments, error bars represent SEM.
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Under the aerobic condition, three proteins were identified to be significantly (p < 0.05, fold change >
2) overproduced in all evolved strains compared to MG1363 (supplementary Fig. $4.3): glyceraldehyde
3-phosphate dehydrogenase (A2RIN9), universal stress protein A2 (A2RK64) and formamidopyrimidine-
DNA glycosylase (A2R184) (Table 4.3). Quantities of these three proteins in all strains under different
cultivation conditions were examined closely (Fig. 4.8). Under static condition, the levels of the three
proteins in Evol, Evo2 were similar to thatin MG1363, while Evo3 showed doubled amount compared
to the rest. Under aerated conditions, the levels of the three proteins in the evolved strains were in
general 2 - 4 times higher than in MG1363. Under respiration-permissive condition, the amounts of
the three proteins in MG1363 were close to the evolved stains, about 2 - 4 times higher than that of
MG1363 under aerobic conditions.

Proteomics analysis did not reveal many cases of differential production of proteins encoded by genes
with mutations in evolved strains compared to MG1363 in all cultivation conditions (supplementary
Table S4.1), with the exception that purR encoded protein was at least 10 times less in Evo3 than the
other strains in all conditions. Moreover, we also did not observe significant changes in proteins that
are predicted to be involved in the vitamin K2 biosynthesis pathway among all strains in the three
tested cultivation conditions: static, aerobic and respiration-permissive condition (supplementary
Table 54.2).

Discussion

Enhancing vitamin K2 content in lactic acid bacteria represented by L. lactis via non-GM approaches
is highly relevant for enrichment of this valuable vitamin in fermented foods and supplements. Since
in previous studies, it was observed that aerated cultivation conditions increased vitamin K2 content
in L. lactis (Chapter 3 of this thesis - Liu et al., 2019), and because vitamin K2 has been suggested to
contribute to oxidative stress resistance in bacteria (Sgballe and Poole, 2000; Vido et al., 2005), we
performed laboratory evolution through aerated cultivation using the model strain L. lactis MG1363.
Prolonged cultivation time (72 h) in aerobic conditions was applied for each passage during the
evolution experiment, to impose strong selection pressure as evidenced by the decline in culturable

cells of the original wild type cells along this time line.

The evolved strains did not only show significantly higher stationary phase survival under aerated
conditions, but also showed 50% - 110% higher total vitamin K2 content than the original strain under
static fermentation condition, which is the most relevant cultivation condition for (food) fermentations
with L. lactis. This increase is considerable, comparing to the 30% - 100% increase obtained by selecting
resistant mutant against a menaquinone analogue for Bacillus subtilis (Sato et al., 2001; Tsukamoto
et al., 2001). Liu et al. reported that aerated cultivation conditions and a different carbon source such
as fructose, improved vitamin K2 content in MG1363 compared to static cultivation with glucose
(Chapter 3 of this thesis - Liu et al., 2019). Here we could reproduce this result in strain MG1363, but
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not with the evolved variants of this strains (supplementary Fig. S4.4). Aeration and different carbon
source did not result in the same level of increase of vitamin K2 content in the evolved strains as they

did for MG1363, and in some cases even lowered the vitamin K2 content in the evolved strains.

As the evolved strains showed desirable traits in vitamin K2 content, essential aspects for application
of these strains, such as growth performance, acidification capacity and oxidative stress resistance,
were studied. Evol and Evo2 performed as good as MG1363 in growth and acidification in static
fermentation, while Evo3 showed a slightly lower turbidity and a delay in acidifying the culture
medium. This could be explained by the unique mutation in Evo3 in the cell division protein encoding
gene ftsL and the pur operon repressor purR, the latter supported also by proteomics analysis, showing
a big global proteome change in ribosomal proteins, purine and amino acid synthesis proteins in Evo3
compared to the other strains. The PurR regulon has indeed been shown to include promoters in
nucleotide metabolism, (p)ppGpp Mmetabolism, translation-related functions and more (Jendresen et
al., 2012), and mutations in purR can thus influence the cell growth, metabolism and stress response.
The mutation in ftsL can result in hindered cell growth as well as morphological changes (Guzman et
al., 1992), and both factors may contribute to the slightly lower turbidity of Evo3 comparing to other
strains under static fermentation. Evo3 also differed from the other strains with respect to growth
under respiration-permissive condition. MG1363, Evol and Evo2 all showed nearly doubled biomass
in respiration-permissive conditions as compared to static and aerated cultivation, which is a well-
known effect of aerobic respiration in L. lactis. Evo3 did not show increased biomass under respiration-
permissive condition. An explanation for this observation can be derived from the proteome data
(supplementary Table S4.3): Evo3 showed a 4 - 6 times lower amount in NADH dehydrogenase
NoxA and slightly less NoxB than the other strains under all tested conditions. NoxA and NoxB, are
membrane bound type Il NADH dehydrogenases in L. lactis which, together with menaquinone and
cytochrome bd forms functional electron transport chain (ETC) (Brooijmans et al., 2007; Tachon et
al., 2010). The reduced amount of NoxA and NoxB in Evo3 could have compromised the efficiency of
the ETC under respiration-permissive condition. Moreover, Evo3 also produced about 50% less NoxE
(supplementary Table S4.3), another NADH dehydrogenase that directly donates electrons from NADH
to oxygen. Together with the reduced amount in NoxA and NoxB, this could explain the lower oxygen
consumption rate in Evo3 under aerobic and respiration-permissive conditions compared to the other

strains.

Given the conditions used during the laboratory evolution process, the evolved mutants were selected
for both resistance to acid and starvation stress in stationary phase, as well as to oxidative stress.
For the improved stationary phase survival, it is likely that the 3 evolved strains adopted different
approaches: Evol and Evo2 produced less lactate in aerated conditions (Fig 4.7), which could be
beneficial for reducing acid stress for the two strains. Evo3 showed unique proteome profile, where
a whole group of proteins involved in arginine biosynthesis/metabolism were differentially produced
comparing to the other strains (supplementary Fig. $4.2). L. lactis is known to utilize arginine as an

alternative energy source when the sugar source is deprived (Brandsma et al., 2012), and the unique
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profile of arginine biosynthesis/metabolism proteins of Evo3 could offer advantage to this strain when
facing starvation stress in the stationary phase. This was also in line with the observation that Evo3
was one of the best survivors throughout prolonged cultivation in static fermentation conditions (Fig.
4.3A).

The high resistance of evolved strains against oxidative stresses was also confirmed separately by
exposing bacteria to hydrogen peroxide, and putative factors involved were identified in our proteomics
analysis. In the proteomics analysis, the three proteins that were found to be overproduced in each of
the evolved strains under aerated conditions were identified (supplementary Fig. S4.3). These three
proteins, glyceraldehyde 3-phosphate dehydrogenase (GapA), universal stress protein A2 (UspA2) and
formamidopyrimidine-DNA glycosylase (MutM) could explain the oxidative stress-resistant phenotype
of the evolved strains. Solem et al. reported that gapA is only expressed under certain stress conditions
(Solem et al., 2003), and Rochat et al. reported that overproduction of GapA led to increased resistance
to H,0, in MG1363 (Rochat et al., 2012). In this study, proteomics analysis revealed that in MG1363,
GapA production was low in static condition, increased 2-fold in aerated conditions and 8-fold in
respiration-permissive conditions, where in evolved strains GapA was produced at very high level
in both aerated and respiration-permissive conditions. Similar trends were also observed for UspA2
and MutM, proteins involved in universal stress response and DNA repair upon oxidative damages,
respectively. In the evolved strains, these proteins were produced at high levels in both the aerated
conditions and respiration-permissive conditions, but in MG1363 they were only present at high levels
under respiration. A high degree of resistance against stresses is one of the known traits for L. lactis
when achieving functional respiration (Duwat et al., 2001; Rezaiki et al., 2004); this was confirmed for
MG1363 in this study, and also supports the explanation on the oxidative stress-resistant phenotype
of the evolved strains: key proteins represented by GapA, UspA2 and MutM were overproduced in
these strains upon oxidative stress, to a similar level as in cells undergoing respiration, and that most

likely offered protection to cells.

Common mutations in genes Idh and gapB were identified in the evolved strains, but the encoded
proteins produced in evolved strains were at a similar level as in MG1363 (supplementary Table S4.4).
However, the protein quantity does not always reflect possible changes in the activity and functionality
caused by the mutations, and further studies are required to obtain a more detailed characterization of
relevant enzyme activities. It is conceivable that the difference in lactate and acetate productionin Evol
and Evo2 compared to the wildtype under aerobic condition could be a result of the SNP in the lactate
dehydrogenase encoding gene, as the quantity of other proteins involved in pyruvate metabolism
could not explain the difference in lactate and acetate production otherwise (supplementary Table
S4.4). Moreover, the mutation in GapB could influence the level of GapA, of which a higher protein
quantity was observed in the evolved strains under the aerated conditions. It has been reported that
gapA and gapB both encode glyceraldehyde 3-phosphate dehydrogenases (GAPDH), and that GapB
mainly performs GAPDH activity in L. lactis during normal growth while GapA activity increases under

stressed conditions (Willemoés et al., 2002).
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Although most phenotypes of the evolved strains, especially the high resistance against oxidative
stresses, could be explained by genomics or proteomics data, we could not fully elucidate the
mechanism explaining increased vitamin K2 content in the evolved strains with the same collection
of data: the evolved strains did not show any difference in gene sequence or protein production in
the vitamin K2 synthesis pathway compared to strain MG1363 (supplementary Table S4.2). However,
proteomics data obtained in this study were from stationary phase cells to avoid variations caused
by the timing of protein production and different growth rates of the strains, and thus do not reflect
the dynamics during cell growth. Gene expression data in exponential phase cells could provide extra
insight into any possible difference in regulation of vitamin K2 production in evolved strains. Moreover,
vitamin K2 is a group of secondary metabolites. Its production is not only determined by expression
level or activity of genes and proteins directly involved in vitamin K2-specific biosynthesis pathway,
but also by fluxes towards the precursors or competing reactions. Therefore, the increased vitamin K2
content in evolved strains can be best understood by using a genome-scale metabolic model in future

studies.

Despite a clear correlation, the high resistance against oxidative stresses in the evolved strains could
not be linked directly to the elevated vitamin K2 content in L. lactis. Given the challenges of exogenously
supplementing the hydrophobic long-chain MKs, opportunities could be provided by supplementing
additional short-chain MKs to L. lactis, as previously reported by (Rezaiki et al., 2008), who showed
that exchange/exogenous supplementation of short-chain MKs in bacteria can activate respiration and
stimulate growth in Group B Streptococcus. Supplemented short-chain MKs can possibly be converted
to the native long-chain MK forms in bacteria including L. lactis, by a widely conserved isoprenyl
diphosphate synthase (part of MK biosynthesis pathway, homologs of IspB described in Escherichia
coli) (Wang and Ohnuma, 2000; Franza et al., 2016; Bge and Holo, 2020), allowing investigation on
the effect of elevated vitamin K2 content in L. lactis. Nevertheless, to confirm the physiological roles
of vitamin K2/MKs in L. lactis, studies can be best performed using dedicated L. lactis mutants with

different MK profiles but otherwise identical genetical background.

Given the wide applications in fermented food products, L. lactis provides unique opportunities for
vitamin K2 fortification in our diets. This holds particularly true for the long-chain vitamin K2 forms,
which shows a longer half-life in the human body allowing contributions to additional health benefits
in vascular and bone health associated with vitamin K2 intake (Gast et al., 2009; Beulens et al., 2013;
Schwalfenberg, 2017; Zwakenberg et al., 2017). Although the delivery of these hydrophobic molecules
by bacteria cells to the human body remains a challenge and also deserves future attention, efforts to

increase the content of vitamin K2 in food grade producers like L. lactis is a valuable first step to take.

The evolved L. lactis strains obtained and their reported phenotypes, highlight the potential of
laboratory evolution as a non-GM approach to obtain dairy starters with desired functions in industrial
applications. Firstly, the evolved strains, especially Evol and Evo2, retained essential features of the

original strain in terms of growth and acidification capacity; secondly, the increased vitamin K2 content
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in the evolved strains enables better fortification of this valuable vitamin in fermented products; finally,
the high resistance to oxidative stresses in the evolved strains is desirable for optimal performance of
starter cultures (Cretenet et al., 2014; Dijkstra et al., 2014; Ghandi et al., 2012), as L. lactis is often
subjected to oxidative stresses associated with preservation procedures like spray drying, or linked to

processing operations such as stirring in the first stages of cheese manufacturing.

Conclusions

In this study, we obtained three strains evolved from L. lactis ssp. cremoris MG1363 by sequential
aerated cultivation. Most evolved strains retained essential features of the original strain in terms
of growth and acidification performance. In addition, the evolved strains showed not only increased
vitamin K2 content but also high resistance against oxidative stresses comparing to the original strain.
Genome and proteome analysis provided explanations for most of the phenotypes observed for
evolved strains. The laboratory evolution approach therefore showed great potential in obtaining
non-GM dairy starters in fermentation industry, where traits of starter cultures such as resistance to
oxidative stress, and potentials for enrichment of valuable vitamins like K2, are desired. In conclusion,
this study demonstrated a non-genetical modifying approach to obtain vitamin K2 overproducers that
are highly relevant for food applications, and contributed to the understanding of oxidative stress

resistance in L. lactis.
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Figure S4.1. Venn graph showing the differentially produced proteins in Evo3 versus MG1363 in all three tested

conditions. There are 129 proteins showing differential production between the two stains in all three conditions.
ST, static; AE, aerobic; RES, respiration-permissive condition.
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Figure S4.2. Protein network/associations of the 129 proteins differentially produced in Evo3 versus MG1363
under all conditions.
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Figure S4.3. Volcano plots of proteome changes between evolved strains and MG1363 under aerobic condition.
A) MG1363 vs. Evol; B) MG1363 vs. Evo2; C) MG1363 vs. Evo3. In all three comparisons, proteins A2RK64, A2R184
and A2RIN9 were significantly (p < 0.05, fold change > 2) overproduced in the evolved strains compared to
MG1363 (i.e. underproduced in MG1363 compared to evolved strains), as indicated by black circles. Data from

three independent experiments.
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Figure S4.4. Changes in the total vitamin K2 production under varied conditions in respective strains. MG1363
and evolved strains were cultivated in M17 media supplemented with 0.5% (w/v) indicated carbon source (glucose
or fructose), under indicated conditions (ST or AE), at 30 °C for 48 h. Fold changes were calculated taking values of
“glucose ST” condition as the reference of respective strains.
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Chapter 5

Abstract

Lactococcus lactis is well-known for its occurrence and applications in dairy fermentations, but its
niche extends to a range of natural and food production environments. L. lactis produces MKs (vitamin
K2), mainly as the long-chain forms represented by MK-9 and MK-8, and a detectable amount of short-
chain forms represented by MK-3. The physiological significance of the short-chain and long-chain
MK forms in the lifestyle of L. lactis has not been investigated extensively. In this study, we used L.
lactis MG1363 to construct mutants producing different MK profiles by deletion of genes encoding (i)
a menaquinone-specific isochorismate synthase (menF), (ii) a geranyltranstransferase (ispA) and (iii)
a prenyl diphosphate synthase (/Img_0196). These gene deletions resulted in (i) a non-MK producer
(AmenfF), (ii) a presumed MK-1 producer (AispA) and (iii) a MK-3 producer (Allmg_0196), respectively.
By examining the phenotypes of the MG1363 wildtype strain and respective mutants, including
biomass accumulation, stationary phase survival, oxygen consumption, primary metabolites, azo dye/
copper reduction, and proteomes, under aerobic, anaerobic and respiration-permissive conditions, we
could infer that short-chain MKs like MK-1 and MK-3 are preferred to mediate extracellular electron
transfer (EET) and reaction with extracellular oxygen, while the long-chain MKs like MK-9 and MK-8
are more efficient in aerobic respiratory electron transport chain (ETC). The different electron transfer
routes mediated by short-chain and long-chain MKs likely support growth and survival of L. lactis in
a range of (transiently) anaerobic and aerobic niches including food fermentations, highlighting the

physiological significance of diverse MKs in L. lactis.
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Introduction

Lactococcus lactis is a lactic acid bacterium (LAB) that plays important roles in food fermentation
processes, especially in the manufacturing of fermented dairy products: it is the main constituent of
various dairy starter cultures used all over the world for the production of cheese, butter milk and
sour cream (Cavanagh et al., 2015). The essential involvement of L. lactis in the fermentation of food

raw materials highlights the interest in understanding the physiology and lifestyle of this bacterium.

Although L. lactis is best known for its application and occurrence in dairy products, it is found in a
diverse range of natural niches such as the gastrointestinal tract of particular fish species and various
plant materials (Cavanagh et al., 2015). In fact, the dairy isolates are believed to originate from plant
isolates which successful adapted to thrive in the dairy environment (Kleerebezem et al., 2020). It
has been suggested that the niche adaptation history is reflected in the lifestyle and adaptability of L.
lactis in different environmental conditions. For instance, although L. lactis is classified as a facultative
anaerobe with a fermentative metabolism, evidence has also been provided that in presence of oxygen
and exogenous supplemented of heme, the organism can switch to aerobic respiration, a process
enabled by the menaquinones (MKs, also referred to as vitamin K2) produced by L. lactis as electron
carriers (Duwat et al., 2001; Brooijmans et al., 2009c). Notably, many other LAB species commonly
applied in food fermentation processes, e.g., Lactiplantibacillus plantarum [previously referred to as
Lactobacillus plantarum (Zheng et al., 2020)], have lost the ability to produce MKs (Pedersen et al.,
2012). The ecological and physiological significance of MKs and their contribution to the successful

applications of L. lactis in food fermentations is an interesting, but under-explored topic.

MKs accumulate in the cell membrane of producing bacteria (Walther et al., 2013). All MKs share a
naphthoquinone structure but the variants differ in the length of sidechains consisting of isoprenyl
units (Lenaz and Genova, 2013). In the abbreviation MK-n, the number of isoprenyl units in the side
chainis indicated by n. The variants of MKs produced in different bacterial species are distinct and have
even been proposed as taxonomic markers (Collins and Jones, 1981). For example, Bacillus subtilis
produces MK-7, Escherichia coli produces mainly MK-8 and Propionibacterium freudenreichii produces
MK-9(4H) (Walther et al., 2013). L. lactis is known to produce a range of MK variants, including MK-3,
MK-5 through MK-10, among which MK-8 and MK-9 are the major forms (Brooijmans et al., 2009c;
Chapter 3 of this thesis - Liu et al., 2019).

MK is the sole quinone that shuttles electrons in the respiratory electron transport chain (ETC) in
Gram-positive bacteria, essential for both aerobic and anaerobic respiration processes (Kurosu and
Begari, 2010). For respiring Gram-positive bacteria, MK is essential for growth and survival, and
enzymes in the biosynthesis pathway in pathogens have therefore been considered as targets for
developing antibacterial agents. As mentioned, functional respiration in response to oxygen and
heme supplementation has been observed L. lactis strains, where the NADH dehydrogenase complex,

MKs and the bd-type cytochrome complex (where heme is required as a cofactor) together form
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a functional ETC in the cell membrane (Brooijmans et al., 2009c). L. lactis is not able to synthesis
heme, thus heme has to be supplied exogenously to allow aerobic respiration in L. lactis (Pedersen
et al., 2012). Nevertheless, heme is not considered to be present in dairy environment, and aerobic
respiration is not a common or essential metabolic mode for L. lactis in food fermentations. In fact,
in the production processes of fermented dairy product, L. lactis is considered to mainly encounter
anaerobic conditions during the fermentation. However, L. lactis may be exposed to oxygen during
starter culture production and during early stages in cheese production, i.e., aerobic conditions in

absence of heme (Cretenet et al., 2014).

Under anaerobic conditions, MKs are known to endow some bacteria with the ability to utilize
extracellular electron acceptors as alternative for oxygen, e.g., nitrate or fumarate, allowing anaerobic
respiration as reported for E. coli, Enterococcus faecalis and Lb. plantarum (with exogenously supplied
heme and MK). (Huycke et al., 2001; Brooijmans et al., 2009b; Kurosu and Begari, 2010). Moreover,
MKs or precursors such as demethylmenaquinones (DMKs) or naphthoquinones were shown to be
crucial for extracellular electron transfer (EET) in various Gram-positive bacteria species including L.
cremoris, which has been shown to be able to reduce Cu?* ions, transfer electrons to electrodes and
decolorize azo dyes conceivably via flavin-based EET (Rezaiki et al., 2008; Freguia et al., 2009; Pérez-
Diaz and McFeeters, 2009; Light et al., 2018, 2019).

Under aerobic conditions, L. lactis is known to be oxygen tolerant. (D)MKs were found to mediate
reduction of exogenous oxygen to reactive oxygen species (ROS) such as superoxide in L. lactis and
En. faecalis (Huycke et al., 2001; Rezaiki et al., 2008). On the other hand, Liu et al. obtained L. lactis
vitamin K2 (MK) overproducers that showed high resistance to oxidative stress by laboratory evolution
under aerobic conditions, although a direct relationship between elevated MK content and enhanced

resistance to oxidative stress remains to be established (Chapter 4 of this thesis - Liu et al., 2021).

Interestingly, a significant amount of MKs was found in L. /actis stationary phase cells from different
growth conditions: anaerobic/microaerophilic, aerobic and respiration-permissive (aerobic conditions
with addition of heme) (Brooijmans et al., 2009¢c; Chapter 3 of this thesis - Liu et al., 2019). Notably,
L. lactis produces multiple MK forms, whereas most MK producing bacteria are known to produce one
specific form, or one major form with two adjacent forms in very minor amount. L. lactis produces
noticeable amounts of both short-chain MKs represented by MK-3, and long-chain MKs represented
by MK-8 and MK-9, and the distribution of the short-chain and long-chain MK forms alters depending
on the growth conditions (Brooijmans et al., 2009¢c; Walther et al., 2013; Chapter 3 of this thesis - Liu
et al., 2019). It remains to be elucidated whether the short-chain or long-chain forms of MKs are
favored for particular functions under the different aeration conditions (anaerobic or aerobic) and
metabolic modes (fermentation or respiration) that L. lactis could be exposed to in a range of natural

and food production environments, for example in dairy fermentations.
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To examine the physiological significance of the short-chain and long-chain MKs in L. lactis, we
constructed dedicated mutants using model strain L. lactis ssp. cremoris MG1363, based on
annotation of putative genes in the MK biosynthesis pathway in L. lactis (Fig. 5.1) (Wegmann et al.,
2007)(Brooijmans et al., 2009¢): candidate genes encoding a menaquinone-specific isochorismate
synthase (menF), a geranyltranstransferase (ispA) and a prenyl diphosphate synthase (//mg_0196)
were deleted, with the prediction to create mutants producing no MK (AmenF), only MK-1 (AispA)
and only MK-3 (Allmg_0196) respectively. These mutants, together with the original strain MG1363
producing mainly MK-9 and MK-8, allowed the study of functionality of short-chain and long-chain MK
forms in L. lactis under anaerobic, aerobic and respiration-permissive conditions, where involvement
of MKs in bacterial metabolism and physiology has been proposed. Under these conditions, relevant
phenotypes including MK profile, biomass accumulation, viability/survival, oxygen consumption,
electron transfer to extracellular acceptors (e.g., azo dye, Cu?*), metabolites and proteomes were

examined for strain MG1363 and mutants.

Materials and methods

Strains and conditions

Lactococcus lactis ssp. cremoris MG1363 and derived gene deletion mutants Allmg_0196, AispA and
AmenF were cultivated in GM17 medium [M17 broth (Difco, BD Biosciences) supplemented with 0.5 %
(w/v) glucose] at 30 °C. Cultivation times and conditions are specified in the Results section and figure
legends for each particular case. For mutants with gene complementation, 5 ug/mL erythromycin was

added to the medium.

For general static cultivation, cultures were incubated statically in closed Greiner tubes in maximal
volume under normal atmosphere. For specified anaerobic cultivation, cultivation vessels with
bacterial cultures were placed in anaerobic jars flushed with gas mix (10% CO,, 10% H, and 80% N,)
using the anaerobic cycle programme by Anoxomat (WS9000, Mart Microbiology, Netherlands) unless
specified otherwise. For aerobic cultivation, bacterial cultures filled up to 10% volume of Erlenmeyer
flasks and were shaken at 180 rpm. Respiration-permissive cultivation conditions were the same as

those applied for aerobic cultivations but with the addition of 2 ug/mL heme (hemin, Sigma).

E. coli strains used in the genetic modification procedures, harbouring plasmids with an erythromycin
resistance gene (ermAM), were cultivated/selected in LB medium supplemented with 150 pg/mL
erythromycin at 37 °C. Liquid cultures were shaken at 160 rpm with 90% headspace for no longer than

16 h, agar plates were incubated at normal atmosphere for maximal 22 h.
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Genetic modification

Selection of targeted genes

The MK biosynthesis pathway in L. lactis MG1363 was predicted based on information retrieved
from KEGG (Kanehisa and Goto, 2000) and genome of L. lactis MG1363 (Wegmann et al., 2007) and
homology searches based on sequences from other bacteria with experimentally confirmed functions
(Fig. 5.1). To obtain mutants of L. lactis MG1363 with different MK profiles, several genes were selected
and subsequently targeted for gene deletion procedures. For the mutant producing no MK at all, it was
decided that the gene involved in the first step of MK-specific synthesis pathway would be the target,
to eliminate possible interference of intermediate products on the mutant phenotype (Fig. 5.1). We
used BLAST to identify MenF homologs in the microbial protein database (Joint Genome Institute)
(Chen et al., 2019). Gene product of menF (llmg_1828) in L. lactis MG1363 was identified with 26%
identity with MenF protein sequence (Uniprot ID: P38051) from E.coli K12, for which the function has
been confirmed (Daruwala et al., 1996), and was chosen as the first target gene to delete in strain
MG1363. For the mutant producing short-chain MKs, genes encoding the geranyltranstransferase and
prenyl diphosphate synthase were the targets. Combining previous knowledge (Kobayashi et al., 2003),
sequences of genes hepT (P31114), hepS (P31112) and yqiD (P54383) from Bacillus subtilis 168 were
used to search for homologs in L. lactis MG1363 using BLAST. No sequences similar to B. subtilis hepS
were found in L. lactis MG1363. Moreover, ispB (llmg_1110), llmg_0196 and ispA (llmg_1689) in L.
lactis MG1363 were identified with 34%, 31% and 35% identity to B. subtilis hepT respectively. Finally,
ispB (IImg_1110), lImg_0196 and ispA (lImg_1689) were identified with 30%, 28% and 45% identity to
B. subtilis yqiD respectively. Genes encoding ispB (Ilmg_1110), lImg_0196 and ispA (llmg_1689) were
all chosen as the target genes for modifying MK side chains to obtain mutants producing only MK-3
or MK-1 (Fig. 5.1). The ispB (llmg_1110) deletion mutant did not show any alteration in MK profile
compared to MG1363 and will not be discussed in further details in this study.

Plasmid construction

Gene deletion in L. lactis MG1363 was achieved by homologous recombination. To construct the
plasmids for gene deletion, the upstream and downstream homologous regions of 700 - 800 bp of
the target genes were amplified, and desired restriction sites were introduced by PCR using primers
listed in supplementary Table S5.1. Phusion High-fidelity PCR kit (Thermo Fisher Scientific) was used
according to manufacturer’s instruction. Both upstream and downstream homologous regions of each
target gene were inserted in plasmid pCS1966 [gift from Solem et al. (Solem et al., 2008)] by restriction
digestion and ligation following basic guidelines provided with the enzymes (Thermo Fisher Scientific).
In brief, restriction site Pstl was used to connect the upstream and downstream homologous regions
of each target gene, Hindlll and Xbal sites were used to insert the two homologous regions to the
backbone of pCS1966. As a result, plasmid pYLOO5, pYLO04 and pYLOO3 harboring the surrounding
homologous regions of menF, Img_0196 and ispA, respectively, were constructed.

For gene complementation, promoter regions (ca. 50 bp upstream of the start codon) and open reading

frames of menF, limg_0196 and ispA were amplified by PCR using primers listed in supplementary
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Table S5.2. PCR products for each gene were inserted in the backbone (8301 bp fragment obtained
by Xbal and Bglll digestion) of plasmid pMSP3545 [gift from Gary Dunny (Bryan et al., 2000), Addgene
plasmid # 46888] using NEBuilder HiFi DNA assembly cloning kit (New England Biolabs) according to
manufacturer’s instruction. As a result, p45-menF, p45-0196 and p45-ispA containing the promoter

and gene sequences of menF, [Img_0196 and ispA, respectively, were constructed.

Assembled plasmids were first transformed into E. coli competent cells Mix & Go Zymo 5a (Zymo
research) according to product manuals, and transformed candidates were made into liquid culture for
plasmid isolation. Assembled plasmids were checked for correctness by restriction digestion analysis
after propagation in transformed E. coli. The correctness of PCR amplified sequences were checked by

Sanger sequencing (BaseClear, Leiden, Netherlands).

Transformation and homologous recombination in L. lactis

For gene deletion, plasmid pYLOOS5, pYLO04 and pYLOO3 were separately transformed into MG1363
with the protocol described by (Holo and Nes, 1989) with the following modifications: MG1363 was
cultured in SMGG media (M17, 0.5 M Sucrose, 0.5% Glucose and 0.5% Glycine) till mid-log phase (ODs00
=0.6-0.9). An additional washing step was performed in between the original two washing steps, with
0.5 volume EDTA washing buffer (0.05 M EDTA, 0.5 M sucrose, 10% glycerol). For transformation,
500 — 1000 ng plasmid pYLOO5, pYLOO4 or pYLOO3 in volume 1 - 2 uL was added. Electroporation was
done using the Gene Pulser Xcell Electroporation Systems (Bio-Rad) at 2500 V, 25 uF, 200 Q. Cells were
plated on selection plates (GM17, 1.5% agar, 0.5 M sucrose and 3 pg/mL erythromycin), and were
incubated at 30 °C for 2-3 days till colonies emerge.

At this stage the plasmids, having no replication origin in L. lactis, are integrated into the genome of
MG1363 at either homologous region of the target genes. To eliminate the plasmid backbone and
achieve gene deletion, transformants were inoculated in 2 mL SA medium (Jensen and Hammer, 1993)
containing 1% glucose and incubated at 30 °C overnight. Then they were diluted 10x in SA (1% glucose)
medium and incubated at 30 °C for 6 h. The culture was then plated on SA (1% glucose) agar plates
supplemented with 10 pug/mL 5-Fluoroorotate (Sigma). Plates were incubated at 30 °C until colonies
emerge. Due to the oroP gene on the plasmid of pCS1966, the presence of 5-fluoroorotate selects for
mutants that have eliminated the plasmid backbone. From these mutants, the ones with gene deletion
were selected by PCR (DreamTaq DNA polymerase, Thermo Fisher Scientific) using the primers listed in

supplementary material Table S5.3.

For gene complementation, p45-menF, p45-0196 and p45-ispA were transformed into mutants AmenfF,
AispA and limg_0196 respectively with the electroporation protocol described above. Transformants
were checked by PCR (DreamTaq DNA polymerase, Thermo Fisher Scientific) using the primers listed

in supplementary material Table S5.2.
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MK analysis

MKs were extracted from cells as described previously (Chapter 3 of this thesis - Liu et al., 2019).
Briefly, the biomass was first treated with lysozyme and then MKs were extracted with organic solvent
n-hexane and eventually dissolved in iso-propanol. All samples were diluted in methanol and subjected
to analysis in the ultra-performance liquid chromatography (Thermo Scientific Vanquish) coupled with
mass spectrometry (Thermo Q-Exactive hybrid quadrupole-Orbitrap) (UPLC-MS), exactly as described
in (Chapter 4 of this thesis - Liu et al., 2021). Calculations from analytical standards were performed

as described previously (Chapter 3 of this thesis - Liu et al., 2019).

Biomass quantification
For cell dry weight (CDW) determination, PBS washed cell pellets from bacterial cultures were kept at

80 °C for 48-72 h to evaporate water content. The dried biomass was then weighed.

For optical density (OD) determination, OD,, of cell cultures was measured by a spectrophotometer
(600 nm; path length 10 mm).

Viable cell count enumeration
Bacterial cultures were subjected to serial dilution series in 96-well plates using PBS. Each dilution was
spotted (10 pL) in triplicate on GM17 agar plates. Agar plates were incubated at 30 °C for 24 hours

under microaerobic conditions before colonies were counted.

Oxygen consumption rate analysis
The measurement and calculation of oxygen consumption rate in L. lactis were performed exactly as

described previously (Chapter 4 of this thesis - Liu et al., 2021).

Decolorization of azo dyes
Most azo dyes are not permeable to the cell membrane, and get decolorized upon reduction (Fang et

al., 2019). Therefore, here we use the decolorization of an azo dye as an indicator for EET.

Strains were all cultivated under anaerobic conditions overnight in GM17 to obtain biomass for oxygen
consumption analysis. The cells were harvested and washed in PBS once, and OD, was standardized
to 1in PBS. Azo dye Reactive Black 5 (Sigma) was added to the cell suspension at a final concentration
of 0.005%. The infusion bottles were flushed with N, gas for 2 min to ensure an anaerobic environment.
Reaction was at 30 °C and was initiated by adding glucose to a final concentration of 1%. OD of cell-
free supernatant was followed for 4 h with 1 h interval at 595 nm. The OD,, at time 0 h was regarded
as 100% colour intensity. The absolute value of the initial slope of the linear correlation between
colour intensity and time for each measurement was taken as the absolute azo dye decolorization rate.
Thereafter, a relative azo dye reduction rate was calculated by comparing the absolute decolorization

rate among the strains, setting the highest absolute decolorization rate as 100%.
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Reduction of copper ions
The reduction of Cu* was measured indirectly in L. lactis. When Cu?*is reduced to the toxic species
Cu*, growth of L. lactis will be inhibited (Abicht et al., 2013). Therefore, inhibition of growth of L. lactis

was used as an indication of Cu?* reduction.

Strains were cultivated statically in GM17 overnight, and then the cultures were diluted to an OD_
value of 0.1 in fresh GM17. For Cu?" reduction tests, 300 nM CuCI2 was added to the media, and
for growth controls CuCl, was not added. For anaerobic cultivation, aliquots of 450 uL were brought
into 100-well Honeycomb microplates (ThermoFisher) and incubated at 30 °C for 48 h in Bioscreen
C (ThermoFisher), where the OD,,, was measured at 1 h intervals. For aerobic cultivation, aliquots of
350 ulL were transferred to microplates which were subsequently incubated with continuous shaking
at medium intensity. For respiration-permissive conditions, cultures were incubated the same way as

for aerobic conditions, albeit with the addition of 2 ug/mL heme (hemin, Sigma).

The time to reach (TTR) OD_ value 0.4 was used as a measurement of growth; the factor difference
between TTRs in the test of 300 nM CuCl, and in the growth control without CuCl, was eventually used

as the indicator of Cu?* reduction-induced growth inhibition/toxicity.

Metabolite analysis

Metabolites including lactate, formate, acetate, acetoin, ethanol and succinate were measured in
cell-free supernatant from overnight cultures by high-performance liquid chromatography (HPLC)
analysis exactly as described previously (Chapter 4 of this thesis - Liu et al., 2021). The amount of each
metabolite measured in uncultured GM17 medium was used as level zero to calculate the production

or consumption of metabolites in the bacterial cultures.

Proteomics analysis

Cells from overnight culture (16 h) were used for proteomics analysis. For each strain and condition
combination, samples were collected from three independent experiments. Sample preparation,
LCMS analysis and data processing were performed exactly as described previously (Chapter 4 of this
thesis - Liu et al., 2021). The proteome of L. lactis MG1363 (UniProt ID UPO00000364) was used as the
protein database.

Data analysis

Statistical significance analysis was performed in JASP (0.11.1) (Love et al., 2019) using two-way analysis
of variance (ANOVA). Post hoc multiple comparisons were conducted using Tukey’s test (2-sided) and
in all cases the control group was L. lactis MG1363 (*P < 0.05).
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Results

MK profiles in mutants AmenF, AispA and Allmg_0196

First, we evaluated the gene deletion mutants derived from L. lactis strain MG1363, by examining
whether the MK profiles of the respective mutants were as predicted in silico. Wildtype strain
MG1363 is known to produce mainly MK-8 and MK-9, but also MK-3 and a minor amount of other
forms. The three gene deletion mutants were predicted to produce either no MK (AmenF), only MK-1
(AispA) or only MK-3 (Allmg_0196) based on the putative roles of respective gene products in the MK
biosynthesis pathway (Fig. 5.1). The MK profiles as well as other phenotypes of strain MG1363 and
the mutants were evaluated under three cultivation conditions (Fig. 5.2A): anaerobic, aerobic and

respiration-permissive (meaning aerobic cultivation with heme supplementation).

Under all three tested cultivation conditions, substantial amounts of MKs mainly in the forms of MK-8
and MK-9, and noticeable amounts of MK-3 could be found in the biomass of wildtype strain MG1363.
In addition, minor amounts of MK7 and MK-10 were also detected (Fig. 5.2A, supplementary Fig. S5.1A).
The total amount of MKs in MG1363 was highest when cultivated under aerobic conditions, reaching
90 nmol/g cell dry weight (CDW), followed by respiration-permissive conditions of approximately 70
nmol/g CDW, while the amount found in cultures growing under anaerobic conditions was the lowest,
less than 60 nmol/g CDW.

MG1363AlImg_0196 produced solely MK-3 in the biomass, with the highest amount of about 25
nmol/g CDW was observed under aerobic and respiration-permissive conditions, and 12 nmol/g CDW
under anaerobic conditions, confirming the hypothesis that gene /Img_0196 encodes a (nona)prenyl
diphosphate synthase. The molar amount of MK-3 produced in Allmg_0196 was higher than the
MK-3 amount found in wildtype MG1363, but counted up to only one-third of the total MK amount
in MG1363.

It was expected that mutant AmenF would not produce MKs at all, and AispA would produce only
MK-1. Indeed, MG1363AmenF showed no MK production except for trace amounts of MK-9 under
anaerobic conditions (2 nmol/g CDW). MG1363AispA showed low concentrations (3-5 nmol/g CDW)
of MK-9 in all three conditions, while MK-1 was not detected.

Besides examining the MK profiles in the biomass of L. lactis, the cell-free supernatants of bacterial
cultures were also examined for the presence of MKs. In all strains, no MK was detected in the
culture supernatant except for Allmg_0196 culture: a detectable amount of MK-3 was found in the

supernatant, counting to 2% of the MK-3 quantity found in the cells obtained from the same culture.

When the mutants were complemented with the respective genes, the MK production levels were

restored and profiles were similar to the original MG1363 (Fig. 5.2B, supplementary Fig. S5.1B).
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Figure 5.2. MK content in the biomass of L. lactis strains. A) MK content in strain MG1363 and mutants with gene
deletions. All strains were cultivated in GM17 media under indicated conditions for 16-18 hours at 30 °C before MKs
were extracted from the biomass. AN: anaerobic; AE: aerobic; RES: respiration-permissive, i.e. supplement of both
heme and aeration. Data from three independent experiments. B) MK content in mutants with respective gene
complementation. Strains were cultivated under anaerobic conditions. Data from four biological replicates. Error
bars show SEM for MK-3, MK-8 and MK-9.

Anaerobic conditions: mutants showed distinct phenotypes in azo dye and Cu®
reduction

Under anaerobic conditions, all mutants showed similar biomass accumulation as compared to
wildtype MG1363 after overnight cultivation, which was about 1 g/L in cell dry weight (Fig. 5.3A, and
OD measurement in supplementary Fig. S5.2A showed identical trend). The presumed MK-1 producer
AispA and MK-3 producer Allmg_0196 showed 1-2 log higher survival than non-MK producer AmenF
and wildtype MG1363 (MK-9, 8, 3 producer) after prolonged cultivation for 72 h (Fig. 5.3C).

The most distinct phenotypes among the mutants under the anaerobic conditions were observed
when subjecting the mutants to an azo dye reduction (decolorization) and a Cu?* reduction test.
In these tests, indicators for the functionality of the different forms of MKs in L. lactis EET, which
are mostly described for anaerobic conditions, were obtained. In the azo dye reduction test, AispA
showed the highest rate of decolorization among all strains (Fig. 5.3D, and example pictures of azo
dye discoloration are provided in supplementary Fig. S5.4). The reduction rates for strains MG1363,
Allmg_0196 and AmenF were 65%, 75% and 30% as compared to AispA. Observations in line with
the azo dye decolorization test were obtained from the Cu?* reduction test, which was reflected by
the degree of growth inhibition in presence of Cu? (Fig. 5.3E). Strain AmenF was least inhibited in
growth (factor 2) and AispA was most inhibited (factor 8), while wildtype strain MG1363 and the MK-3
producer Allmg_0196 showed an intermediate degree of growth inhibition (factor 4) under anaerobic

conditions.
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The primary metabolite profiles of MG1363 and mutants were mostly similar among each other
under anaerobic conditions: all strains produced mainly lactate (ca. 55 mM) and hardly any acetate
or acetoin (Fig. 5.4A). The analysis of the succinate concentration in culture supernatants revealed
that AispA produced noticeable amount of succinate (0.5 mM) while in cultures of the other strains
succinate was not detectable indicating consumption of the small amount of succinate presentin M17

media, and this effect is most pronounced under anaerobic conditions (Fig. 5.4B).

Aerobic conditions: mutants showed distinct phenotypes in long-term survival
and Cu? reduction

Under aerobic conditions, all mutants showed similar biomass accumulation as compared to the
wildtype strain MG1363 after overnight cultivation. The biomass yields were found to be at the same
level as those observed under anaerobic conditions (Fig. 5.3A, supplementary Fig. S5.2A). Also the
oxygen consumption rates for all strains were similar, ranging between 80 and 100 nmol/(min x OD
unit) (Fig. 5.3B). The primary metabolite profiles of all strains cultivated under aerobic conditions were
also similar to each other, with a small decrease in lactate (by 5 mM) and an increase in acetate (by 5

mM) concentration as compared to the anaerobic conditions (Fig. 5.4A).

The tested strains showed distinct phenotypes in survival when cultivated for a prolonged period of
time under aerobic conditions (Fig. 5.3C): the presumed MK-1 producer AispA showed 1 log lower
viability than the other strains after 24 h cultivation, and the difference even further increased after
48 h. While the culture of the non-MK producer AmenF remained at a viable plate count of 10 log
CFU/mL, for strain AispA this value was lowered to 4 log CFU/mL, followed by the MK-3 producer
Allmg_0196 and MK-9, 8, 3 producer MG1363 (6-7 log CFU/mL). After 72 h, none of the strains showed
detectable viability (below 2 log CFU/mL) except strain AmenF which stood out with 8 log CFU/mL.

Big differences among the strains were also observed when the reduction of Cu?* was tested under
aerobic conditions (Fig. 5.3E). The growth inhibition, as reflected by the factor difference in the time it
took the bacterial culture to grow from 0D, of 0.1 to 0.4 in absence and presence of Cu*, was used
to indicate Cu® reduction as the reduced product Cu* poses toxicity to the cells. The Cu?* reduction
induced growth inhibition was most severe with strain AispA (factor 11), even more than under
anaerobic conditions. While AmenF remains the least inhibited (factor 2), Allmg_0196 showed less
inhibition (factor 3) than under anaerobic conditions, followed by MG1363 (factor 4).

119



Chapter 5

A. 18 B. 300
16 |
o 250 f
14 * K ?::
>
12 | . X § 4200
=1
e}
&5 & * E =
3 2 g 150
- |
gox 85 *
[=]
© o6 S g 100 - *
g c
0.4 x
° 50}
02
o 0

AN AE RES AE RES

mAmenF mAispA mAllmg_0196 m MG1363

10

log CFU/mL

mAmenF = AispA mAllmg_0196 m MG1363

o
i

120 12 ¢ "

=
® o

relative azo dye reduction rate (%)
Cu?*reduction — induced toxicity
(growth inhibition factor)
o

AN AE RES

mAmenF mAispA mAllmg_0196 m MG1363

Figure 5.3. Phenotypical characterization of L. lactis MG1363 and mutants under anaerobic, aerobic and
respiration-permissive conditions. A) Biomass accumulation. Cell dry weight (CDW) was measured for strains
cultivated in GM17 medium under respective conditions for 16-18 hours at 30 °C. B) Oxygen consumption rate. For
AE test, cells were obtained from overnight culture in GM17 media under anaerobic conditions. For RES test, cells
were obtained from overnight culture in GM17 media supplemented with heme under anaerobic conditions. C)
Viable plate count. All strains were cultivated in GM17 media under indicated conditions at 30 °C, culturability was
determined at 24 h, 48 h and 72 h. All strains were inoculated at 10° CFU/mL at 0 h. The dotted line indicates the
detection limit. D) Relative azo dye reduction rate. Biomass was obtained from overnight culture under anaerobic
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conditions, washed and suspended in PBS. Initial azo dye reduction rate was measured by monitoring the decrease

in color intensity (OD,,.) for 1 hour, and the relative azo dye reduction rate was calculated by setting the initial azo

595
dye reduction rate in AispA as 100%. E) Cu? reduction-induced toxicity reflected by growth inhibition. Growth

of strains in GM17 media was monitored in a Bioscreen at 30 °C in absence and presence of 300 nM CuCIZ, with
initial OD = 0.1. The time to reach (TTR) OD = 0.4 was determined for each strain and condition, and the factor
difference between the TTR in presence of 300 nM CuCl,and in absence of CuCl, is an indicator of growth inhibition,
which reflects Cu? reduction. A) — D) data from three independent experiments, and E) data from biological
triplicates. *shows significant (p<0.05) difference to MG1363. Error bars show SEM. AN: anaerobic; AE: aerobic;
RES: respiration-permissive, i.e. heme and aeration.

Respiration-permissive conditions: mutants showed distinct phenotypes in
biomass accumulation, oxygen consumption and metabolite profiles

Under respiration-permissive conditions, differences were observed among the tested strains in
biomass accumulation after overnight cultivation (Fig. 5.3A, supplementary Fig. S5.2A). The MK-9, 8,
3 producer MG1363 reached about 1.7 g/L in cell dry weight, which is almost a doubling compared to
the yield found in anaerobic and aerobic conditions. In the non-MK producer AmenF and presumed
MK-1 producer AispA, the biomass accumulation remained the same level (1 g/L dry weight) as in
anaerobic and aerobic conditions. In the MK-3 producer Allmg_0196, about 1.3 g/L dry weight was
obtained under respiration-permissive conditions, which is significantly higher than in AmenF and
AispA but lower than MG1363. When the mutants were complemented with the respective genes, the
biomass accumulations became similar to strain MG1363 (supplementary Fig. S5.3). The stationary
phase survival for all strains under the respiration-permissive conditions were not significantly

different throughout 72 h, all maintained at about 9 log CFU/mL (not shown).

The oxygen consumption rates in strain MG1363 and mutants under respiration-permissive conditions
also showed differences. While AmenF and AispA remained at the same level as in aerobic conditions
(80-100 nmol/(min x OD unit)), MG1363 and Allmg_0196 showed much higher oxygen consumption

rates, reaching values over 200 nmol/(min x OD unit).

Less difference among the strains were observed for the Cu?* reduction test under the respiration-
permissive conditions, all strains showed no growth inhibition caused by Cu?* reduction (factor 1)

except for AispA which still showed an inhibition factor of 5.

The metabolite profiles of strain MG1363 and mutants differed the most under respiration-permissive
conditions (Fig. 5.4A). Strain MG1363 produced the lowest concentration of lactate (ca. 20 mM) and
the highest acetate (20 mM) and acetoin (10 mM) concentrations among all strains. The metabolite
profiles of AmenF were similar under the respiration-permissive and aerobic conditions. For AispA
and Allmg_0196, about 40 mM lactate and ca. 10 mM acetate, 5 mM acetoin was observed under
respiration-permissive conditions, showing differences in comparison to their own profiles under
aerobic conditions. Moreover, the profiles of strains AispA and Allmg_0196 also differed largely from

that of strain MG1363 under respiration-permissive conditions.
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Additional insights provided by proteomics analysis

Finally, we examined the proteome profiles of strain MG1363 and mutants under anaerobic, aerobic
and respiration-permissive conditions to further understand the phenotypic differences, which likely
result from differences in bacterial metabolism, physiology and functionality caused by the short-
chain and long-chain MK forms. Cells from stationary phase (16 h) were used for this analysis, and

1394 proteins in the sample set were quantified.

We examined changes in the proteome profile between the wildtype strain MG1363 and the MK
mutants under the various cultivation conditions (Fig. 5.5). The proteome profiles obtained under
anaerobic and aerobic conditions of cultures of the non-MK producer AmenF and the MK-3 producer
Allmg_0196 were found to be very similar to that of strain MG1363. Under respiration-permissive
conditions, Allmg_0196 showed a proteome profile similar to that of strain MG1363. In the comparison
with strain MG1363, the presumed MK-1 producer AispA showed the most different proteome profile

in all three conditions.

When closely examining the protein list, we identified proteins that are predicted to be involved
in MK biosynthesis, aerobic respiration, aerobic growth and EET/anaerobic respiration (Table 5.1 —
5.4). Among proteins predicted to be part of the MK biosynthesis pathway (Table 5.1), we could first
confirm that in respective mutants, the protein products of the deleted genes were indeed absent/
only showed signals at very low levels possibly due to cross contaminations in sample preparations and
quantification errors. Most other MK biosynthesis proteins in this list showed constitutive presence in
all strains and conditions, and for the protein product (A2RM75) of menB for example, a slightly higher
level was observed under the aerobic conditions, which could contribute to the higher MK content in
L. lactis under aerobic conditions observed in this study (Fig. 5.2). The protein product (A2RHR6) of the
gene annotated as menA was not detected in all cases, but the homologous protein (A2RJB1) encoded
by ubiA was present constitutively, suggesting that the gene annotated as ubiA is in fact functional in
merging the head and tail group of MKs in strain MG1363 instead of the gene annotated as menA. The
absence of protein product of gerCA (gene deletion mutant of gerCA) and ispB showed no influence
on the MK profile) and inconsistent detection of menX product, also highlighted the necessity to

experimentally confirm the functionality of the genes predicted in the MK biosynthesis pathway.

122



Roles of menaquinones in L. Lactis

A. 70 -
60 |7 B e _ g
B B -‘ E g R R R . )
s0 b I ‘ I l I g B
S I <
& | i acetoin
‘5’40 -
2 m ethanol
ESO
g B m formate
s
o
20 |+ M acetate
lactate
10
0
e 32 08 8|t € & 8|t 3 & @
: £8 8/ § 8 3|8 § 8 ¢
< w 2|49 w 2|9 ow 2
£ = £ = g =
g | =]
AN AE RES
B 08 r

06 | ]’
04 | T [

succinate concentration (mM)
o
o N
:

04 L AN AE RES
B AmenF AispA ®mAllmg_0196 m MG1363

Figure 5.4. Metabolites in MG1363 and mutants. A) Concentration of primary metabolites including lactate,
acetate, formate, acetoin and ethanol in the culture supernatant. B) Concentration of succinate in the culture
supernatant. Metabolites were from the supernatant of cell cultures incubated in GM17 at 30 °C for 16-18 hours
under indicated conditions. The concentration of metabolites in uncultured GM17 was used as level zero. A minor
amount of succinate is present in GM17, and negative values from samples indicate consumption of the succinate
present in GM17. AN: anaerobic; AE: aerobic; RES: respiration-permissive, i.e. heme and aeration. Data from three
independent experiments, error bars show SEM.
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Figure 5.5. Differential proteome. Numbers of differentially produced proteins between MG1363 and mutants
under each cultivation condition. Cells were obtained from cultures incubated in GM17 media at 30 °C for 16-18
hours under indicated conditions, samples from three independent experiments. AN: anaerobic; AE: aerobic; RES:
respiration-permissive, i.e. heme and aeration. Proteins considered to be differently produced were selected when
the LFQ intensity showed fold change > 2 and p < 0.05.

When examining the proteins predicted to be involved in aerobic respiration (Table 5.2), including the
NADH dehydrogenase and cytochrome bd oxidase in the respiratory ETC, we see that these proteins
are present in all strains under all cultivation conditions at similar levels. Protein products of two heme
traffic/synthesis genes hemN and hemK were constantly present in most cases. Two type Il NADH

dehydrogenases have been identified in the proteome, encoded by genes noxA and noxB.

We also examined other proteins relevant for the aerobic cultivation conditions (Table 5.3), including
NADH oxidase and several oxidoreductases. In general proteins in this category were produced at
higher levels under the aerobic conditions than anaerobic, as expected. The NADH oxidase (A2RIB7) in
MG1363 and Allmg_0196 was produced at a lower level in respiration-permissive conditions compared
to aerobic conditions, which could be a result of the activated respiratory ETC taking over the reduction
of oxygen in these two strains. Antioxidation proteins like thioredoxins (A2RIB5, A2RJC9, A2RI31) were
in general more abundant under the aerobic conditions than anaerobic conditions. Moreover, the low
level of glutaredoxin-like protein (Q48708) in the AmenF under the aerobic conditions indeed reflects

particular roles of MKs under oxidative/aerobic conditions.

Furthermore, we examined proteins predicted to be relevant for EET/anaerobic respiration (Table
5.4). While the NADH dehydrogenase encoded by noxB and most flavin synthesis or oxidoreduction
related proteins were constantly present at similar levels in all strains and conditions, one riboflavin

biosynthesis protein (A2RLE1) was more abundant in the MK-1 producer AispA than other strains
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under aerobic and respiration-permissive conditions. A fumarate reductase flavoprotein subunit
protein (A2RL55) showed the highest level under anaerobic conditions in all strains, pointing to a

potential role in anaerobic respiration.

Besides the proteins that are expected to be highly relevant for the several cultivation conditions and
electron transfer pathways, much more information could be derived from the proteomics analysis. For
example, when examining the proteins involved in primary metabolism (supplementary Table S5.4),
we observed protein level changes across the three cultivation conditions in the tested strains, which
corresponds to the production of primary metabolites (Fig. 5.4A). When examining the remainder of
the proteins that showed significant changes across the strains or cultivation conditions, membrane
proteins, oxidoreductases, stress proteins, metal ion (copper, iron, etc.) transporters, ATP-binding
cassette (ABC) transporters were among the most often observed categories. A non-exhaustive list of

these proteins is provided in supplementary Table S5.5.
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Chapter 5

Discussion

L. lactis is best-known for its occurrence and applications in dairy fermentations, but its niche extends
to a range of natural and food production environments, where L. lactis encounters different growth
conditions including anaerobic, aerobic and respiration-permissive conditions. L. lactis is one of the
few LAB species that maintained the ability to produce MKs (vitamin K2), in both short-chain (MK-
3) and long-chain forms (MK-9, MK-8). The physiological significance of the short-chain and long-
chain MK forms in the lifestyle of L. lactis has not been investigated extensively. In this study, we
constructed L. lactis mutants producing short-chain and long-chain MKs: deletion of genes menF, ispA
and /Img_0196 resulted in a non-MK producer, a presumed MK-1 producer and a MK-3 producer,
respectively. Together with the wildtype MG1363 producing mainly MK-9 and MK-8, these mutants
with gene deletions served to further elucidate the functionality of MKs in L. lactis. By exposing this
set of strains to anaerobic, aerobic and respiration-permissive conditions, functionalities of long-chain

and short-chain MKs in L. lactis under different environmental conditions could be inferred (Fig. 5.6).

Extracellular electron acceptors
e.g., azo dye, Cu?*

€| MK-1(?) > MK-3 > MK-8, 9 Extracellular space
e MKH2 e Terminal
AN ~ MK o —p- Reductase Cell membrane
1 (?
MSall (Fumarate
reductase?)
Extracellular electron acceptors 02_> ,
e.g. Cu®*
e MK-1 (?) > MK-3 > MK-8, 9 Extracellular space
e ,~MKH
AE Cell membrane
MK =
Extracellular electron acceptors
e.g. Cu?*
Heme
e | MK-1(?) Extracellular space
p
e ~ MKH2 e Terminal
> Cell membrane
RES MK /MK-?», 8,9 Reductase
(cytochrome
oxidase)

Figure 5.6. Proposed model of electron flows facilitated by MKs under anaerobic, aerobic and respiration-
permissive conditions. The predominantly involved MK forms are annotated next to the arrows indicating
electron flows, with “>” symbols indicate preferences. Lightning symbol represents loss of viability in the cells.
AN: anaerobic; AE: aerobic; RES: respiration-permissive, i.e. heme and aeration. Note that the illustration is only a
schematic presentation of proposed electron flow routes, the location of enzymes are not confirmed in this study.
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We could confirm that /Img_0196 indeed encodes a (nona)prenyl diphosphate synthase as the
corresponding gene deletion mutant only produced MK-3. The level of MK-3 in Allmg_0196 was lower
than the total MK level in MG1363, indicating that there are feedback mechanisms influenced by the
intermediate compounds of the MK biosynthetic pathway. Another possible explanation to this is a
lower efficiency of the DHNA polyprenyltransferase (MenA) in incorporating the farnesyl diphosphate

group (containing 3 isoprene units) to the head group.

Based on the observed MK profiles alone, it can be concluded that strains AmenF and AispA hardly
produce MKs. The remaining low amount of MK-9 produced in strain AispA could be a result of
additional activity of the prenyl diphosphate synthase encoded by /img_0196. Combining other
analyses that demonstrated the role of MKs, we saw distinct phenotypes of AmenF and AispA: in
AmenF, phenotypes from all processes including aerobic respiration or copper reduction suggested
absence of MK-related functions. In AispA, clear activities of e.g. azo dye/copper reduction could be
observed, suggesting presence of (a) MK form(s) that was not detected in the MK profile analysis.
It is most plausible that MK-1 was produced by AispA but was not revealed in the analysis, because
the MK extraction method used in this study is based on hexane extraction of hydrophobic/lipophilic
molecules. This method works well for long-chain MKs and lipids, but it is likely that MK-1 is too low
in hydrophobicity to be extracted by hexane from the aqueous environment. Notably, this extraction
method is commonly adopted for MK analysis in scientific research, which could mean that the

presence and role of MK-1, if any, may have been missed so far in MK related studies.

Nevertheless, we could infer the function of MK-1 in the current study from the different phenotypes
of the mutants. In this context it is worth mentioning that, we did not analyze the presence of any
MK precursors such as demethylmenaquinones DMKs, previously studied in L. lactis (Rezaiki et al.,
2008) and Listeria monocytogenes (Light et al., 2018). Here we focused on the MK forms with various
side-chain length, and will therefore not discuss the effect of the methylation (DMK to MK) separately.
Moreover, deletion of gene ispA as reported for other bacteria is expected to display pleiotropic effects
including impaired growth (Krute et al., 2015). This was also observed for strain AispA in this study
since AispA shows a slightly lower growth rate in comparison to the other strains (supplementary Fig.
S5.2B).

Based on existing knowledge on MK roles in bacteria (Duwat et al., 2001; Koebmann et al., 2008;
Rezaiki et al., 2008; Light et al., 2018), we examined the phenotypes of mutants in anaerobic, aerobic
and respiration-permissive conditions. The common or different functional features of short-chain

MKs and long-chain MKs were revealed in the three conditions (Fig. 5.6).

Under anaerobic conditions, the most distinct phenotypes among the strains were the ability to
reduce azo dye and copper ions, which are indications of EET. The EET efficiency appeared to be higher
in the presumed MK-1 producer AispA than the MK-3 and long-chain MKs producers, indicating a

preference in anaerobic EET for short-chain MKs over long-chain MKs (Fig. 5.6). The same preference
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was suggested by the metabolite analysis where succinate was formed by AispA, plausibly as a result
of anaerobic electron transport chain with fumarate serving as the electron acceptor. The role of MKs
in anaerobic respiration via reduction of fumarate to succinate has been reported for E. coli and En.
faecalis (Huycke et al., 2001; Brooijmans et al., 2009a). Genome annotation of L. lactis strain MG1363
indeed reveals the gene frdC encoding a fumarate reductase, homologous to the fumarate reductases
reported for E. coli and En. faecalis. In fact, activity of a fumarate reductase was indeed reported
in L. lactis a long time ago (Hillier et al., 1979). In agreement with the theory, a fumarate reductase
flavoprotein subunit protein (A2RL55) was also identified in this study in the proteome of all strains,
with high abundance under anaerobic conditions. In addition, the higher stationary phase survival
of AispA and Allmg_0196 under anaerobic conditions supports the hypothesis that short-chain MKs
offer an advantage for L. lactis in anaerobic respiration/EET, allowing additional energy generation for

maintenance in the stationary phase cells.

Under aerobic conditions, large differences were observed in stationary phase survival of the strains,
where non-MK producer AmenF maintained high viability throughout the incubation period while
the presumed MK-1 producer AispA lost viability fastest followed by the MK-3 producer Allmg_0196.
Under aerobic conditions where the cytochrome oxidase is not functional (no heme supplementation),
MKs have been suggested to mediate the reduction of oxygen, promoting ROS formation in L. lactis
(Rezaiki et al., 2008). The MK-mediated ROS formation could reduce the viability of cells, explaining
the observed differences in the tested strains. In the proposed model, we assume MK-mediated
ROS formation as an extracellular activity. This model is supported by measurement of extracellular
superoxide formation mediated by (D)MKs in L. lactis (Rezaiki et al., 2008) and En. faecalis (Huycke
et al., 2001) under aerobic conditions. However, we do not exclude the possibility that MK-mediated
ROS formation also takes place in the cytoplasm, but this intracellular ROS fraction is not expected to
pose major damage to the cells due to the activity of an intracellular superoxide dismutase (Huycke
et al., 2001; Ballal et al., 2015), which has also been identified in the proteome determined in our
study (Table 5.3, protein ID POA4J2). Therefore, the difference in cell viability observed after prolonged
cultivation under aerobic conditions is considered to be mainly a result of the extracellular ROS
formation mediated by MKs. Here a preference for short-chain MKs seemed to exist for the reaction

with oxygen/ROS formation too (Fig. 5.6).

Furthermore, the copper reduction still took place under aerobic conditions, but to a lesser extent in
Allmg_0196 as compared to anaerobic conditions. This could mean that, in absence of a functional
cytochrome oxidase, the electron flow via MKs towards oxygen and EET can both be active, with

possible competition between the two pathways of the electrons (Fig. 5.6).

Under respiration-permissive conditions, it was consistently shown that MG1363 demonstrated all
aerobic respiration-related phenotypes: increased biomass yield in comparison to fermentative growth
due to more efficient ATP generation, higher oxygen consumption rate than under aerobic conditions,

large decrease in lactate production and increase in acetate and acetoin as compared to cultures
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in the fermentative growth mode as a result of redox cofactor (NAD/NADH) changes caused by the
membrane embedded ETC, etc. (Duwat et al., 2001; Brooijmans et al., 2009c). The MK-3 producer
Allmg_0196 demonstrated these phenotypical changes, but to a lesser extent than MG1363, which
could be explained by the lower content of MKs. The non-MK producer AmenfF as well as presumed
MK-1 producer AispA did not shown these changes. The proteome profiles reflected the same change/
difference among the strains. It could be collectively deduced that long-chain MKs (MK-9 and MK-8)
and MK-3, but not MK-1, complement the respiratory ETC in L. lactis.

As a functional cytochrome oxidase was provided, the copper reduction activity was attenuated
in MG1363 and Allmg_0196. This observation agrees with the previous findings: heme-induced
respiration of L. lactis suppressed copper reduction (Abicht et al., 2013); L. lactis could decolorize
azo dyes only under anaerobic conditions (Pérez-Diaz and McFeeters, 2009); the EET in En. faecalis
was attenuated by cytochrome bd oxidase activity (Pankratova et al., 2018). The remaining copper
reduction activity in AispA suggest that MK-1 has the highest affinity for EET among all studied electron

transfer routes.

The different efficiency of long-chain and short-chain MKs in the various electron transfer pathways
is considered to be a result of the hydrophobicity of the MK forms in relation to the location where
electron transfer takes place. The respiratory ETC has all components located in the lipid bilayer of
the cell membrane, and long-chain MKs are well-embedded in the membrane due to the strong
hydrophobicity. In contrast, pathways like EET direct electrons towards the extracellular electron
acceptors, and thus the short-chain MKs with higher hydrophilicity demonstrate advantages in
transferring electrons to the free flavin shuttles (Light et al., 2018), or even act as soluble electron

shuttles themselves (Freguia et al., 2009).

This study examined the functions of short-chain and long-chain MKs in L. lactis in lab conditions, but
the significance can be inferred for L. /actis in natural settings too. For example, the role of MKs in EET
allows more options for bacteria to utilize carbon sources that are otherwise not fermentable (Light
et al., 2018). Although not investigated extensively in this study, we did identify a putative fumarate
reductase flavoprotein (Table 5.4, protein ID A2RL55) that is overproduced under anaerobic conditions
in L. lactis. This fumarate reductase shows homology to a cell surface-associated fumarate reductase
described in Ls. monocytogenes (Light et al., 2019). The fumarate reductase in Ls. monocytogenes
was found to rely on EET to reduce fumarate to succinate, supporting growth of the bacterium via
an anaerobic respiration mechanism; an EET mutant showed competitive disadvantage in the gut of
mouse (Light et al., 2018). Similarly, competitive advantages offered by EET mediated by MKs can be
inferred for L. lactis: for its application in cheese production, the ripening process takes place when
L. lactis faces nutrient limitation/carbon starvation, but metabolic activity is still desired for flavor
development in cheese (Smid and Kleerebezem, 2014). EET mediated by MKs, especially the short-
chain MKs, are expected to offer advantage to L. lactis for additional nutrient source utilization and

133



Chapter 5

maintaining longer survival/metabolic activity period, ideal for successful or even accelerated cheese

ripening.

The possible role of MKs in ROS formation and the consequence for stationary phase survival of L.
lactis suggest disadvantages of MK production in this bacterium, in particular under aerobic conditions
when heme is not supplied. This knowledge can be applied for selecting natural variants of L. lactis
that are extra resistant to the oxidative conditions during starter culture production and initial
stages in cheese production, given the improved robustness of the non-MK producer under aerobic
conditions. Interestingly, a previous study demonstrated that adaptive laboratory evolution of L. lactis
under highly aerated conditions resulted in evolved mutants showing elevated vitamin K2 content and
enhanced resistance to oxidative stress (Chapter 4 of this thesis - Liu et al., 2021). This supports that
natural selection methods, based on the roles of MKs in L. lactis, allow us to obtain different types of

variants that are of interest for applications.

Nevertheless, as the effect of MKs in L. lactis survival is only displayed after prolonged exposure to
oxygen (48-72 h), MKs can be considered to be beneficial for L. lactis in dairy fermentation, where
the bacterium is more exposed to anaerobic conditions. In other natural settings, such as the original
niche of L. lactis, i.e., plant surfaces, heme and oxygen are often available (Pedersen et al., 2012;
Cavanagh et al., 2015). Under such circumstances, maintaining the MK producing ability indeed offers
advantage to L. lactis as the aerobic respiration promotes the growth and survival of this bacterium
(Duwat et al., 2001; Gaudu et al., 2002). The heme-induced respiration has been applied in starter
production to obtain higher yield and more robust L. lactis for dairy industry (Pedersen et al., 2005;
Garrigues et al., 2006).

Notably, MKs are also known as vitamin K2, a fat-soluble vitamin essential to human health (Vermeer
and Schurgers, 2000; Beulens et al., 2013). In the human body, vitamin K2 acts as the co-factor for
y-glutamyl carboxylase catalyzing the carboxylation of the glutamate residues in Gla-proteins, thereby
ensuring biological functions of Gla-proteins in essential human physiological processes including
hemostasis, calcium metabolism and cell growth regulation. Dietary intake of vitamin K2 has been
associated with reduced risk of coronary heart disease and improved bone health (Geleijnse et al.,
2004; Fujita et al., 2012). In terms of benefits for human health, the interest often goes to the long-
chain MKs for the higher bioavailability they demonstrated compared to the short-chain MKs; the
association with cardiovascular health was also demonstrated prominently with intake of long-chain
MKs (Geleijnse et al., 2004; Sato et al., 2012). The insight in the physiological functions of MKs in L.
lactis also provides opportunities for vitamin K2 enrichment of fermented food products: suitable
conditions can be designed accordingly for natural selection procedures to obtain variants with

desired vitamin K2 production profiles.

Taken together, the set of both long-chain and short-chain MKs produced by L. lactis, in combination

with the different functionality of MK variants in anaerobic, aerobic and respiration-permissive
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conditions, points to an efficient strategy to adapt to diverse aeration and nutritional conditions
that L. lactis strains may encounter in their natural niche or during food fermentation processes. It
is highly desirable to extend the inferred significance of MKs in L. lactis from lab settings to natural
ecological systems with further investigations. As the short-chain MKs are more water soluble and
allow possibilities for cross-feeding (Rezaiki et al., 2008), their relevance for interacting not only with
the environment, but also with hosts or cohabitating microbes extends the significance to diverse
habitats.
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Figure S5.1. MK profile in the biomass of MG1363 and mutants. A) Relative abundance of tested MK forms in
MG1363 and mutants with gene deletions. Note that only trace amount of MKs were detected in AmenF and AispA,
and the relative abundance is therefore not shown. All strains were cultivated in GM17 medium under indicated
conditions for 16-18 hours at 30 °C before MKs were extracted from the biomass. AN: anaerobic; AE: aerobic; RES:
respiration-permissive, i.e. heme and aeration. Samples for each strain and condition were from three independent
experiments. B) Relative abundance of tested MK forms in mutants with respective gene complementation. Strains
were cultivated in GM17 medium under anaerobic conditions for 16-18 hours at 30 °C, 5 ug/mL erythromycin was
added to the medium, data were from four biological replicates. Error bars show SEM for MK-3, MK-8 and MK-9.
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Figure S5.2. Growth performance of MG1363 and mutants. A) Biomass accumulation measured by OD. Data from
four independent experiments. AN: anaerobic; AE: aerobic; RES: respiration-permissive, i.e. heme and aeration.
*shows significant (p<0.05) difference to MG1363. B) growth curves. The growth was monitored under anaerobic

conditions. Data from three independent experiments. Error bars show SEM.
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Figure S5.3. Biomass accumulation of MG1363 and mutants with gene complementation. A) Cell dry weight
(CDW). Data from four independent experiments. B) OD measurement. Data from three independent experiments.
Error bars show SEM. AN: anaerobic; AE: aerobic; RES: respiration-permissive, i.e. heme and aeration.
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AmenF AispA

Figure S5.4. Example pictures of azo dye decolorization by L. lactis. A) Reaction of AispA at 0 h and 4 h. B) Reaction
of AmenF and AispA at 4 h. C) Reaction of AispA at 0 h and 24 h. D) Reaction of all strains at 24 h. Azo dye reduction
was monitored in anaerobic conditions.
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Table S5.1. Primers used for PCR amplifying upstream and downstream homologous regions for the target
genes.

Name?® Primer sequence 5’ — 3’®

0196_HR1_Hindlll_Fw AACGTGAAGCTTTACTGACAG

0196_HR1_Pstl_Rv CGCGCGCTGCAGCAATGTTTTTCTCTTTCCTCTCG

0196_HR2_Pstl_Fw AAGAAGCTGCAGTAAAAGCCTGTCACCGATAGG

0196_HR2_Xbal_Rv GGCGGCTCTAGAATCACAGGTGTTATTCGCTAAC

ispA_HR1_HindIll_Fw CCACCAAAGCTTCCCTCCTCGACTAACATATCG

ispA_HR1_Pstl_Rv AAGAAGCTGCAGGAACAACTGGAAGTGGAATAAATG

ispA_HR2_Pstl_Fw CGCGCGCTGCAGTGGCTCTTGAAAGCCTTTGC

ispA_HR2_Xbal_Rv CGCGCGICTAGACAACCAGATTGACATGAGCAAC

menF_HR1_Hindlll_Fw TTGTTGAAGCTTGCACTATATTGGTTGCTTCC

menF_HR1_Pstl_Rv ATATATCTGCAGCATAGAAATTATAACATAGCTCAC

menF_HR2_Pstl_Fw TATATACTGCAGGAAGCCTTATGACTTCTATTTAG
menF_HR2_Xbal_Rv ATATATICTAGATTCAGAAGAATTGGCTCCTG :..' .,_'
2In the primer names, the target gene, up or down stream homologous region (HR 1 or HR2), introduced restriction § E: 5
site, forward (Fw) or reverse (Rv) primer is indicated. ."'., »

°In the primer sequences, the annealing sequences are bold, and introduced restriction sites are underlined.
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Table S5.2. Primers used for PCR amplifying the promoter and open reading frame for each target gene.

Name Primer sequence 5’ — 3"

45-menF-Fw TTGAAAACCGCTACGGATCACATATAATTGTTGGCAATCG
45-menF-Rv TCAAAGAAAGCTTGAGCTCTGATATTCTAAATAGAAGTCATAAGG
45-0196_Fw TTGAAAACCGCTACGGATCAAGCGTTCTCGGGAGATTG
45-0196_Rv TCAAAGAAAGCTTGAGCTCTAACCTATCGGTGACAGGC
45-ispA_Fw TCAAAGAAAGCTTGAGCTCTCATTCTCTGTGAGAATTCTAAG
45-ispA_Rv TTGAAAACCGCTACGGATCAGAATTGGTGGCCAACAATATTC

2In the primer sequences, the annealing sequences are bold.

Table S5.3. Primers used for PCR checking mutants with target genes deleted.

Name Primer sequence 5’ — 3’

final check 0196 KO Fw GCACACAATATTCAAAGTTGGC
final check 0196 KO Rv CAAAGTCCACCAAATGAGTGC
final check ispA KO FW GCATCACATCAGTAAATCCTCC
final check ispA KO Rv GACGAGAAAGGAGAAGAAATTCC
final check menF KO Fw GCAATCCCACGAACACTGAC

final check menF KO Rv AGCATCATAGCTGTCCATGAC
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Chapter 6

Abstract

Our previous study on a model microbial community originating from an artisanal cheese fermentation
starter revealed that bacteriophages not only co-exist with bacteria but also are highly abundant. Here
we describe the genomic content of phage particles released by 6 different strains in the starter culture.
The identified prophages belong to three different subgroups of the Siphoviridae P335 phage group.
Remarkably, most analyzed prophages show disruptions in different tail encoding genes, explaining
the common tailless phenotype. Furthermore, a number of potentially beneficial features for the host
carried by prophages were identified. The prophages carry up to 3 different phage defense systems
per genome that are potentially functional in protecting the host from foreign phage infection. We
suggest that the presumably defective prophages are a result of bacteria-phage coevolution and could

convey advantages to host bacteria.
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Introduction

Cells from all domains of life are susceptible to viral infections. As prokaryotes outnumber eukaryotes,
their viruses (bacteriophages or simply phages), are estimated to be the most abundant biological
entities on Earth. Total number of bacteriophages is estimated to be 103! in the biosphere (Comeau et
al., 2008). Phages are ubiquitously distributed in nature and play an important role in the ecology of
their bacterial hosts. In complex microbial consortia such as those found in a marine environment, the
gastrointestinal tract and in complex food fermentations, bacteriophages can alter the dynamics and
diversity of microbial communities (Stern and Sorek, 2011; Erkus et al., 2013; Smid et al., 2014; Spus
et al., 2015). Additionally, bacteriophages help to drive microbial evolution through phage-mediated
gene transfer (Canchaya et al., 2003; Penadés et al., 2015).

Bacteriophages can also occur naturally in food. Lactic acid bacteria have been used for centuries in
the production of fermented food products, with for instance Lactococcus lactis as an important player
in various dairy fermentations. Bacteriophages infecting L. lactis strains are mostly studied because of

their detrimental impact on industrial milk fermentation processes (Mahony and van Sinderen, 2015).

All described L. lactis phages are members of the Caudovirales order and possess a double-stranded
DNA genome and a non-contractile tail. The vast majority of lactococcal phages belong to one of the
three main groups within Siphoviridae family: 936, c2, or P335 (Mahony et al., 2017). Groups 936
and c2 consist of only virulent phages, while the P335 group consists of both temperate and virulent
phages (Chmielewska-Jeznach et al., 2018). P335 phages resemble lambdoid phages, are genetically
heterogeneous and have a mosaic genome structure with functional modules exchangeable through
homologousrecombination (Moineauetal., 1994; Chopinetal.,2001; Desiere etal., 2002). Maintenance
of a temperate bacteriophage inside a bacterial chromosome in the form of a prophage, also referred
to as lysogeny, is a common phenomenon in L. lactis strains (Brgndsted and Hammer, 2006; Kelleher et
al., 2018). Lysogenic bacterial strains, carrying inducible prophages in the chromosome, usually do not
find their way into commercial fermentation practice when it concerns a defined starter composition
(Garneau and Moineau, 2011). Nevertheless, lysogenic bacteria are often found in undefined mixed
starter cultures. It was discovered that a naturally evolved complex starter culture (named Ur),
featured by stable composition and robustness, is composed of mainly lysogenic strains (Alexeeva et
al., 2018). Remarkably, all released bacteriophages from the complex starter culture Ur were found
essentially tailless. Up to 10%° tailless phage particles per mL of culture are spontaneously produced by
cultures of the individual strains without the occurrence of clear signs of lysis of the lysogenic strain.
In this study, we subjected phage particles released from 6 representative strains to DNA sequencing
followed by annotation and attribution of functions based on in silico approaches, with the objective

to understand the unusual phage phenotype and explain the evolutionary relevance of such case.
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Materials and Methods

L. lactis strains and bacteriophages

Representative strains of Lactococcus lactis TIFN1-TIFN7 were used throughout this study. These
strains represent isolates from different genetic lineages originally isolated from single colonies from
a complex starter culture Ur and the genome sequence has been determined (Erkus et al., 2013). L.
lactis Tl1c is a phage cured derivative of TIFN1 described earlier (Alexeeva et al., 2018). The strains
were maintained as 15% glycerol stocks at -80 °C and routinely grown in M17 broth (OXOID) with 0.5%
(wt/vol) glucose or lactose addition (OXOID). Bacteriophages used in the phage sensitivity screen are

listed in supplementary Table S6.1.

Phage preparation and DNA isolation

Induction of the prophages was performed using mitomycin C (the stock 0.5 mg/mL solution in
0.1M MgSO, was stored at 4 °C). Overnight cultures were grown in M17 supplemented with 0.5%
glucose at 30°C. The cells were diluted in fresh medium to 0D,,, = 0.2 and incubated 1-2 hours, until
middle/late exponential phase was reached (0D, = 0.4 - 0.5). At this point mitomycin C solution was
added to final concentration 1 pg/mL. The cultures were further incubated for 6 hours, as 0D, was
monitored hourly. Cultures were centrifuged for 15 minutes at 6000 x g at 4 °C and the supernatant
was filter-sterilized using 0.2 um polyethersulfone (PES) filters. The phage particles in the filtrate were
precipitated using 1 volume of 20% polyethylene glycol 8000 and 2.5 M NaCl to 4 volumes crude
bacteriophage suspension. The samples were incubated overnight at 4 °C and then centrifuged at
11000 x g for 60 min at 4 °C. Supernatants were discarded and the pellets were left to dry on clean

absorbent paper.

The pellets were directly used for DNA extraction using Promega Wizard® Genomic DNA Purification
Kit. The phage pellets were re-suspended in 600 pL of Nuclei Lysis Solution and transferred into clean
1.5 mL micro-centrifuge tubes. The suspension was incubated at 80 °C for 5 min and then cooled to
room temperature. Three pL of RNase solution (provided with the kit) was added to each sample.
The samples were mixed by inversion and incubated at 37 °C for about 50 min. Proteinase K (20 mg/
mL) was added to a final concentration 200 mg/L and then samples were incubated at 50 °C for 30
min. The samples were cooled to room temperature and 200 pL of Protein Precipitation Solution was
added to the tubes. The tubes were vortexed vigorously for 20 seconds and incubated on ice for 5 min.
After this step the samples were centrifuged (17000 x g, 3 min, room temperature). The supernatant
was transferred in a new 1.5 mL micro-centrifuge tube containing 600 pL of isopropanol kept at room
temperature. Next the samples were mixed by inversion until strands of DNA were visible, centrifuged
(17000 x g, 2 min, room temperature) and the supernatant was poured off. Six hundred pL of 70%
ethanol (kept at room temperature) was added to the tubes. Tubes were inverted several times to
wash the DNA pellet and then centrifuged (17000 x g, 2 min, room temperature). Ethanol was allowed

to evaporate and the tubes were dried on clean absorbent paper. The tubes were left open for 15 min
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to air dry the pellet, then 100 pL of DNA Rehydration Solution was added and DNA was rehydrated
at 65 °C for 1 h. Alternatively, the DNA was rehydrated by incubating the solution overnight at 4 °C.

The isolated and rehydrated DNA was additionally purified from low molecular weight DNA species
using Amicon® Ultracel 100 K columns (cut-off 100 kDa or double-stranded nucleotide cut-off > 600
bp). DNA solution was brought to 0.5 mL using 5 mM Tris buffer (pH = 8) and added to the column.
The samples were centrifuged at 14000 x g and washed 3 times with 0.5 mL buffer. The quality of DNA

before and after micro-column purification was examined by agarose gel electrophoresis.

Sequencing and assembly of sequences

Library preparation using TruSeq DNA sample kit and genome sequencing was performed by BaseClear
BV (Leiden, The Netherlands). A paired-end DNA library with a mean gap length size between 230 and
360 bp was constructed and the sequencing was performed using HiSeq 2500 Illumina technology
(Hlumina Inc, Hayward, CA) using a 50-cycle or 100-cycle (proPhi7) paired-end protocol. The sequencing
yielded on average 1350000 reads (135 MB, for 50-cycle) and 800000 reads (155 MB, for 100-cycle).

Next-generation assembly was performed using SeqMan NGen de novo algorithm (v12, DNAStar, USA).
In 4 of 6 cases 68 - 88% of all reads assembled in a single contig (see Table 6.1 for assembly statistics).

000000,
oo 9o

The assemblies were also checked with host genome data.

Table 6.1. Phage genome assembly statistics.

Phage N reads Number of Contig Contig Background %reads x covarage
contigs lengthraw  coverage average in contig above

coverage background

proPhil 5,815,949 1 41886 7211 59 68 121

proPhi2 3,336,448 1 37935 3175 27 75 119

proPhi4 2,927,954 1 38129 3106 28 88 112

proPhi5 2,288,894 3 41186 2292 40 88 58

proPhi6 2,248,210 1 38549 2189 38 82 58

proPhi7 1,547,972 15 40045 1146 47 29 24

The sequences were initially subjected to automated annotation using MyRAST (Rapid Annotation
Subsystem Technology (RAST) server (Aziz et al., 2008). All predicted protein-coding genes were
screened using BLASTP and Psi-BLAST algorithms against the non-redundant protein database at NCBI
and for conserved motifs using InterProScan 5 (Jones et al., 2014). Where applicable, nucleotide BLAST
was performed at NCBI and gene ontology (GO) annotations on the gene products were performed by
UniProt “QuickGO” (The UniProt Consortium, 2019).

All contigs > 600 nt long with high coverage or > 25000 nt long obtained from SeqMan NGen analyses
were annotated using MyRAST server (Aziz et al., 2008) and screened for phage-related features.
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The genome extremities of the prophages were determined by identifying the attachment sites,
followed by conformation by PCR analysis [Fig. 8 in (Alexeeva et al., 2018)]. The sequence assembly
was checked for correctness by comparison with restriction data obtained by using restriction enzymes

Scal and Avall. The data indicated that the assembly was correct.

Phylogenetic analysis and classification

Alignment of sequences was run on MAFFT server. The evolutionary history was inferred by using
the Maximum Likelihood method based on the Tamura-Nei model (Tamura and Nei, 1993). The
percentage of trees in which the associated taxa clustered together is shown next to the branches.
Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Joining and
BioNJ algorithms to a matrix of pairwise distances estimated using the Maximum Composite Likelihood
(MCL) approach, and then selecting the topology with superior log likelihood value. The tree is drawn
to scale, with branch lengths measured in the number of substitutions per site (next to the branches).
The analysis involved 10 and 22 nucleotide sequences. All positions containing gaps and missing data

were eliminated. Evolutionary analyses were conducted in MEGA6 (Tamura et al., 2013).

Nucleotide and protein sequences accession numbers

The sequence data reported in the present study have been deposited in GenBank database under
accession no. MN534315 - MN534320. The complete genomic sequences of the P335 group phages
analyzed in this study are available under the following GenBank accession numbers: phage name
(accession number): (P335 (DQ838728), 4268 (AF489521), bIL285 (AF323668), bIL286 (AF323669),
bIL309 (AF323670), BK5-T (AF176025), phiLC3 (AF242738), rlt (U38906), TP901-1 (AF304433),
Tuc2009 (AF109874), and ul36 (AF349457). Prophage sequences of L. lactis SK11 (SK11-1, SK11-2,
SK11-3, SK11-4 and SK11-5) were derived from (NC_008527) (Ventura et al., 2007).

Bacteriophage sensitivity tests

Plaque assays were conducted to quantify the phage sensitivities of wild type strains and their cured
derivatives. One hundred pL of phage suspensions in 3 - 4 dilution series were mixed with 100 uL
overnight culture of the target bacterium. The mixtures were incubated for 10 min prior to adding to
tubes containing 2.8 mL soft agar. After 24 h incubation at 30 °C, plaques were counted and plaque-

forming units per mL values were calculated.

Results

Genomic organization and annotation

Whole phage genome sequences were obtained for phage particles released by L. lactis strains
TIFN1, TIFN2, TIFN4, TIFN5, TIFN6 and TIFN7 upon mitomycin C (MitC) induction. The host strains are
representative isolates from different genetic lineages and the genome sequence has been determined

(Erkus et al., 2013). With whole genome sequencing, two prophages were predicted for all host strains
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mentioned above, but one of the predicted prophages in TIFN1, TIFN5 and TIFN6 and both prophages
in TIFN7 have questionable completeness (Alexeeva et al., 2018). In this study only one phage genome
per strain was assembled in a single scaffold of high coverage (above 1100x). We cannot exclude the
possibility that more than one prophage from each strain was induced, but we confirmed that only
one phage from each strain was released in great abundance. The bacteriophages released by TIFN1,
TIFN2, TIFN4, TIFNS, TIFN6 and TIFN7 strains were named proPhil, proPhi2, proPhi4, proPhi5, proPhi6
and proPhi7 respectively. The genome sequence of proPhil was found to be identical to proPhi5, and
the sequence of proPhi2 was found to be identical to proPhi4. The sequence assembly was checked
for correctness by comparison with restriction analysis data obtained by using two restriction enzymes
(Scal and Avall). The data indicated that the assembly was correct and no additional fragments were
detectable, confirming that only the described prophages were released from each host in high
abundance (data not shown). All prophage genome sequences with annotations have been deposited
in GenBank database under accession no. MN534315 - MN534320.

General characteristics of the released phages such as the genome size, the GC content and the
number of open reading frames (ORFs) are summarized in Table 6.2. The initiation codon AUG is
present in most protein-coding genes, but GUG and UUG are also found in all phage genomes albeit

with lower frequency (Table 6.2).

Table 6.2. General characteristics of the 6 phage genomes.

Genome size (bp) % GC OREFs total The frequency of initiation codon

usage, % AUG/GUG/UUG
proPhil & proPhi5? 41249 35.92 62 89/5/6
proPhi2 & proPhi4® 36976 35.61 49 90/4/6
proPhi6 37410 35.4 55 89/7/4
proPhi7 38158 35.24 56 95/2/4

2Genome sequences of proPhil and proPhi5 are identical to each other, proPhi2 and proPhi4 are identical to each
other.

Analysis of phage genomes revealed that all released phage genomes have mosaic structure, organized
in two clusters of divergently transcribed genes, typical for temperate lactococcal phages. The cluster
transcribed leftwards mainly comprises genes encoding functions for integration and maintenance of
lysogeny. Genes encoding proteins involved in DNA replication, transcriptional regulation, packaging,

structural proteins and phage release are mostly transcribed rightwards.

Taxonomy and comparative genomics

To establish the degree of diversity between the newly described phages and their relatedness to
other lactococcal phages, a comparative genome analysis was carried out. In total, 16 published P335
phage genomes (Ventura et al., 2007; Kelly et al., 2013), along with proPhil & proPhi5 (sequence
identical), proPhi2 & proPhi4 (sequence identical), proPhi6 and proPhi7 were used to construct a
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phylogenetic tree (Fig. 6.1). The 16 phages of the lactococcal P335 group of temperate bacteriophages
were selected based on earlier studies describing 4 subgroups of the P355 group lactococcal phages
(Ventura et al., 2007): SK11-1 and SK11-5 belong to subgroup 1; Tuc2009, TP901-1, SK11-2, SK11-3,
ul36 and blL285 belong to subgroup 2; P335, bIL309, BK5-T and blL286 belong to subgroup 3; rit and
LC3 belong to subgroup 4; SK11-4 and 4268 were not classified.

The phages proPhil & proPhi5 are most closely related to Tuc2009, TP901-1 and SK11-2. The genome
sequence of proPhi6 showed most similarity to that of prophage SK11-3 and phage uI36. All of these
phages fall into subgroup 2 P335 bacteriophages, all of which seem to share pac-type packaging
mechanism (Labrie et al., 2008).

The sequences of proPhi2 & proPhi4 clustered into subgroup 3 and proPhi7 is found among subgroup
4 bacteriophages, with blL286 and rlt as most closely related bacteriophages respectively. The
members of these subgroups share, in contrast to the subgroup 2 members, cos-type packaging

mechanism (Labrie et al., 2008).

Tail disruptions

Thorough sequence analysis of genes encoding structural tail elements (Fig. 6.2) provided an
explanation for the tailless phenotype of the released phage particles [(Alexeeva et al., 2018);
additional EM pictures in supplementary Fig. S6.1]. In proPhil/proPhi5, ORF48 and ORF51 resemble
most the N- and C terminal parts of a structural tail protein in prophage SK11-2 (98 and 94% amino
acid (aa) identity, respectively) (Fig. 6.2A). ORF51 is 90% identical to 475 aa C terminal part of tail
length tape measure protein (TMP, ORF45) of phage TP901-1, a tail protein determining tail length
(Pedersen et al., 2000; Vegge et al., 2005). ORF48 shares 36% identity to N terminal part of TMP
(ORF45) of phage TP901-1. Whereas SK11-2 and TP901-1 both encode a complete protein of 874 and
937 amino acids long respectively, in proPhil/proPhi5 the two open reading frames are separated by
insertion of two mobile elements (transposase/integrase) encoded on the opposite strand (Fig. 6.2A).
These observations suggest that ORF48 and ORF51 of proPhil/proPhi5 encode the putative TMP that

is disrupted by insertions, resulting in the tailless phenotype of the released phages.

In proPhi6 a different tail element is the target of disruption. ORF39 of proPhi6, 75 aa, is 97% identical
to first 75 aa of ORF40 in Tuc2009 (102 aa) and 95% to ORF39 in TP901-1 (103 aa). This protein seems
to be highly conserved, identical proteins are also present and intact in phages pl36, P335 and in
proPhil/proPhi5 (Fig. 6.2B). It functions at head-tail interface and has been described earlier as putative
head to tail joining protein (Brgndsted et al., 2001). In proPhi6, however, the C-terminal sequence is
separated from its N-terminus by insertion of a mobile element (transposase, ORF40) encoded on
the opposite strand. This fits with the observed phenotype of proPhi6: TIFN6 is the only strain that
released separated tails next to the phage heads [(Alexeeva et al., 2018); additional EM pictures in

supplementary Fig. S6.1c] indicating that the head to tail joining function is indeed impaired.
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Figure 6.2. Alignment of structural tail elements encoding regions of prophages, disrupted by insertions of mobile
elements. The tail elements are aligned to their homologous counterparts of earlier described bacteriophages
using MUSCLE (Madeira et al., 2019). Green bar represent homology regions, similarity profile height represents
the level of conservation, regions in grey lack detectable homology. Corresponding scale (in base pair) and encoded
features are shown under each sequence. The alignments are shown for A) putative TMP of proPhil/proPhi5; B)
putative head-tail joining protein of proPhi6; C) putative TMP of proPhi7. No disruption in the tail elements was

identified in proPhi2/proPhi4 and therefore no information of these phages are shown in this figure.
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The 3450 bp-region encompassing ORFs 44, 45, 46 of proPhi7 shares 90% nucleotide identity to
ORF40, 41 and 42 of phage rit (Fig. 6.2C). ORF 44 and 46 in proPhi7 and ORF 40 and 42 in phage rit
encode the N and C-terminus of a TMP. It has been suggested that r1t ORF41, identical to proPhi7
ORF45 and separating N and C-terminus of the TMP, belongs to HNH homing endonuclease or a group
| introns (van Sinderen et al., 1996; McGrath et al., 2006). However, r1t has been shown to possess a
tail (Lowrie, 1974). On the other hand, phage phiLC3 encodes 843 aa long TMP, identical to rlt and
proPhi7, but not interrupted by an insertion (Fig. 6.2C). It is therefore unclear, whether or not the
insertion between N and C-terminus of proPhi7 TMP results in the tailless phenotype of proPhi7. In
addition, no obvious disruptive elements could be identified in the tail module of proPhi2/proPhi4

despite the observed tailless phage morphology.

Potentially beneficial prophage encoded features

Next to the obvious phage-related features, e.g. integration, the regulation of lytic/lysogenic
conversion and structural proteins, the prophages also encode proteins with potential benefits to the
host. Phage-defense protein encoding genes are among the most frequently observed ones (Table
6.3). ORF2 in proPhil/proPhi5 is 98% identical to the gene encoding Sie family SielL409 protein of
Lactococcus phage 409, and SielL409 has been shown to mediate phage resistance by a DNA injection
blocking mechanism (McGrath et al., 2002; Mahony et al., 2008). The terminal ORF62 in proPhil/
proPhi5 is also assigned to have methyltransferase activity by GO annotation and is possibly part of an
restriction-modification system. ORF61 of proPhil/proPhi5 codes for an abortive infection AbiD/AbiF-
like protein, showing conserved domain of Abi_2 protein superfamily and about 50% identity to the
amino acid sequences of abortive infection bacteriophage resistance proteins in several Streptococcus
phages. The Abi system is another feature potentially involved in a phage defense mechanism: it allows
phage absorption and phage DNA injection but interfere with further phage development, so that
the death of infected cells occurs but no viral progeny is released (Labrie et al., 2010). Also proPhi7
carries two genes (ORF55 & ORF56) encoding Abi-like proteins near the attR terminus: ORF55 shows
conserved domain of AAA_21 protein superfamily (AbiEii proteins) and 30% - 50% identity to the
amino acid sequences of abortive phage resistance proteins in several Lactobacillus phages; ORF56
shows conserved domain of RloB protein superfamily (AbilLii proteins) and up to 40% identity to the

amino acid sequences of RloB domain-containing protein in plenty members of Firmicutes bacteria.

Furthermore, proPhi6 carries a gene for a membrane protein related to a metallopeptidase (ORF49,
with 80% identity to ORF53 in proPhil/proPhi5). The product of ORF33 in proPhi2/proPhi4 is a putative
protease (ATP-dependent serine endopeptidase, ClpP) and finally proPhi6 possesses prepillin peptidase
(ORF13) encoding gene. Whether products of these genes could offer competitive advantages to the

hosts in a microbial community by inhibiting other species remains to be elucidated.

161



Chapter 6

Table 6.3. Phage-defence protein encoding genes identified in Ur prophages.

ORF2 Sie protein superinfection-exclusion
proPhil/proPhi5 ORF61 Abi-like protein abortive infection

ORF62 N-4/N-6 DNA methylase restriction modification

ORF55 abortive phage resistance protein abortive infection
proPhi7

ORF56 abortive phage resistance protein abortive infection
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Figure 6.3. Phage sensitivity in TIFN1 and Tl1c. A) Spot clearance and morphology produced on the lawns of TIFN1
(left) and Tl1c (right) by DSM Phi5 (upper spots) and DSM Phi6 (lower spots), in duplicate. B) Quantification of
phage sensitivity by plaque assay. Data from two to seven experimental replicates, error bars represent standard
errors. * indicates p < 0.1; **indicates P < 0.05; *** indicates p < 0.01.
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The variety of phage resistance genes carried by prophage genomes suggests that the prophages likely
contribute to host’s ability to counteract superinfections. To assess this contribution we challenged
lysogenic wild-type strains TIFN1 in parallel with its phage-cured derivative Tllc with 16 lactococcal

phages (supplementary Table S6.1).

Six phages (phage TN1, TN5, TN7, DSMPhi4, DSMPhi5 and DSMPhi6) from the phage collection
were lysis-positive for TIFN1 and Tllc as revealed by spot tests, and clear differences in sensitivity
of the two strains were already visualized towards some of the phages (example Fig. 6.3A). Further,
phage sensitivity towards the 6 lysis-positive phages was quantified for the two strains (Fig. 6.3B).
TIFN1 showed significantly (p < 0.1) lower phage sensitivity towards phages DSMPhi4, DSMPhi5 and
DSMPhi6 compared to Tllc. Moreover, it was also noticed that the plaques were smaller and more

opaque on TIFN1 than Tl1c for these 3 phages (supplementary Fig. S6.2).

Discussion

In our previous study we described morphologically tailless bacteriophages, abundantly and
continuously released by all analyzed L. lactis strains originating from a complex dairy starter culture
Ur without showing obvious cell lysis (Alexeeva et al., 2018). Because of their distinct morphology,
behavior and no apparent impact on host cell integrity, we hypothesized that these bacteriophages
belong to a separate (novel) group of temperate lactococcal phages. However, detailed genome
analysis of the released phages presented here, revealed that the bacteriophages possess a typical
lactococcal P335 group Siphoviridae family genome structure, and that the phages fall under three

different known subgroups of P335 phages (Ventura et al., 2007).

Temperate lactococcal phages of Siphoviridae family, belonging to the P335 group, are usually
characterized by a long non-contractile tail - a structure responsible for host recognition, adsorption
and the initiation of phage infection by envelope penetration and DNA ejection (McGrath et al., 2006).
Despite the fact that all inducible prophages found in strains from the complex starter culture Ur
so far are essentially tailless, phage sequencing revealed the presence of genes encoding most of
the tail structural elements: head-tail connector, major tail protein (MTP), tail length tape-measure
protein (TMP), distal tail protein, tail associated lysin, upper and lower base plate protein (Vegge et
al., 2005; Veesler and Cambillau, 2011; Veesler et al., 2012; Stockdale et al., 2015). Detailed sequence
analysis identified the presence of insertions of mobile genetic elements in the tail module in most
of the phage genomes analyzed in this study. Furthermore, the insertions occurred at different sites
of the tail module: proPhil, proPhi5 and proPhi7 contained (different) insertions in the TMP while
proPhi6 in the head-tail joining protein. TMP determines the length of the phage tail (Katsura, 1987;
Pedersen et al., 2000) and serves as a component of the precursor complex, involved in the initiation of
polymerization of MTP. It has been shown for A phage that in the absence of TMP, MTP polymerization
may be initiated but the formation of tail-tube related structure is abolished (Katsura, 1976). The
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tailless morphology of proPhi2/proPhi4 could not be explained by this sequence analysis as no obvious
disruptive elements could be identified in the tail modules. It is postulated that the absence of tails
for the phage proPhi2/proPhi4 belonging to these particular L. lactis strains is caused by modifications

at transcriptional and translational level of the phage genes, or minor mutations in gene sequence.

Bacteria-phage coevolution has been regarded as an important driver of evolutionary processes and
an essential player in shaping of microbial communities (Koskella and Brockhurst, 2014). This is also
reflected in the results of the phage genomics analysis performed in this study. In the Ur strains,
most of the inducible prophages have mutational insertions in different tail encoding genes, resulting
in tailless phage particles that are likely to be defective to infect their hosts as the tail is required
for adhesion and subsequent injection of phage DNA, which is possibly a host strategy to minimize
the phage impact. In fact, defective prophages are commonly observed in bacterial genomes. Out
of more than 200 prophages from 83 bacterial genomes analyzed in a study (Casjens, 2003), only
9 prophages were experimentally shown to be fully functional. All other prophages were found to
have experienced different levels of mutational decay. Moreover, it is also acknowledged that many
genes in the defective prophages remain functional and contribute to various traits of the hosts, and
that the prophage functions are a result of purifying selection in the bacterial chromosome (Bobay et
al., 2014; Kelleher et al., 2018). Prophage genes encoding core phage-related functions, e.g. tail and
lysis proteins, were found to be under stronger purifying selections (Bobay et al., 2014), presumably
due to the critical functions in phage spreading or host integrity carried by these genes. This finding
coincides with our observation that prophages in bacterial community members of the dairy starter
culture Ur, showed disruptions in the tail protein encoding genes. This could be explained, as the loss
of the key structure to re-infect the same bacterial species was likely advantageous for the species to
be maintained in the microbial community. In addition, the current genetic analysis also predicted
prophage-encoding phage resistance systems in some of the Ur prophages, which could be linked to

the phage resistance phenotype of the host; this could be also a result of purifying selection.

Another uncommon phenotype of the studied Ur phages was the spontaneous, continuous release
of phage particles, even when no stress or prophage-inducing condition was applied (Alexeeva et
al., 2018). For lambda phage the spontaneous excision rates are approximately 10 per cell division
(Gottesman and Yarmolinsky, 1968; Bobay et al., 2014) while another study (Muhammed et al.,
2018) observed up to 107 mL* spontaneous release of P335 phages. It is remarkable that up to 10%°
mL? phage particles are released by Ur strains spontaneously (Alexeeva et al., 2018). Attempts to
explain this phenotype were made by examining the repressor sequences in the prophages. In all the
prophages, a repressor has been identified: orf3 in proPhil & proPhi5, orf2 in proPhi2 & proPhi4, orf3
in proPhi7 and orf4 in proPhi7. All identified repressors showed homology to full-length repressor
genes in other phages and we did not identify obvious disrupting elements or mutations leading to
premature stop codons. However, as described by (Kot et al., 2016), even single point mutations in
the Cl repressor of phage TP901-1 were enough to affect the maintenance of the lysogenic state. It is

therefore plausible that the phage-host coevolution has resulted in (minor) mutations in sequence,
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or modifications in the transcriptional or translational levels in the regulatory elements, that allow
continuous assembly of these phage particles. Notably, the fitness of the host does not seem to be
compromised by the continuous phage release, when comparing the growth performance of TIFN1 to

its proPhil-cured derivative Tl1c based on OD measurement (supplementary Fig. S6.3).

It should be noted that although prophage-encoded phage-resistance elements were predicted and
TIFN1 showed higher phage resistance than its phage-cured derivative, this study does not intend
to provide direct conclusions on the functionality of the phage-resistance elements but to provide
possible explanations based on the genome data available. The phage-resistance phenotype in the
prophage-harboring strain could also be a result of self-immunity mediated by repressors, or the
continuous phage producing phenotype inhibits successful infection of other incoming phages by

competing and interfering with the assembly process.

Allthese could serve as the explanation of the phenomenon that in the bacterial community of the dairy
starter Ur, presumably after a long-term selection, predominantly strains with a prophage sequence
were maintained. In conclusion, the analysis of the genomic content of phage particles released by
6 different strains in the starter culture Ur provided insights for bacteria-phage coevolution, and this
may also provide new leads in for future research and implications in practice, for example in defining

strain selection criteria in (dairy) industry, where traits like phage resistance are desired.
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Supplementary materials

Table S6.1. Bacteriophages used in phage sensitivity screen.

Phage/code Relevant features Source or reference

skl 936-type lytic isometric-headed phage Chandry et al., 1997

jiso 936-type lytic isometric-headed phage Josephsen et al., 1989

p2 936-type lytic isometric-headed phage Higgins et al., 1988

Phage TN1 P335-type temperate phage =FTIFN1 in Erkus et al., 2013
Phage TN5 936-type lytic =FTIFN5 in Erkus et al., 2013
Phage TN7 P335-type temperate phage =FTIFN7 in Erkus et al., 2013
DSM Phil c2-type lytic DSM Food Specialities B.V.
DSM Phi2 c2-type lytic DSM Food Specialities B.V.
DSM Phi3 P335-type temperate phage DSM Food Specialities B.V.
DSM Phi4 936-type lytic DSM Food Specialities B.V.
DSM Phi5 936-type lytic DSM Food Specialities B.V.
DSM Phi6é 936-type lytic DSM Food Specialities B.V.
DSM Phi7 936-type lytic DSM Food Specialities B.V.
DSM Phi8 not typed DSM Food Specialities B.V.
DSM Phi9 not typed DSM Food Specialities B.V.
DSM Phil0 c2-type lytic DSM Food Specialities B.V.
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Figure S6.1. Transmission electron microscopic (TEM) pictures of Ur phages. a) proPhil; b) proPhi2; c) proPhi6,
arrow shows a phage tail separated from the head; d) proPhi7. Samples for proPhil, proPhi6 and proPhi7 were
treated with chloroform before TEM imaging, the sample for proPhi2 was not treated with chloroform.
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Figure S6.2. Example of plaque morphology on TIFN1 and Tllc. DSM Phi4 plaque appearance on the lawns of A.
WT TIFN1, B. cured Tllc.
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Figure S6.3. Growth performance of TIFN1 and Tllc based on OD measurement. TIFN1 is represented by black
symbol and Tl1c grey. Data from six independent experimental replicates, error bars represent standard errors.
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Chapter 7

Abstract

Lactococcus lactis strains residing in the microbial community of a complex dairy starter culture
named “Ur” are hosts to prophages belonging to the family Siphoviridae. L. lactis strains (TIFN1 to
TIFN7) showed detectable spontaneous phage production and release (10°-10*° phage particles/mL)
and up to 10-fold increases upon prophage induction, while in both cases we observed no obvious cell
lysis, typically described for the lytic life cycle of Siphoviridae phages. Intrigued by this phenomenon,
we investigated the host-phage interaction using strain TIFN1 (harboring prophage proPhil) as
a representative. We confirmed that during the massive phage release, all bacterial cells remain
viable. Further, by monitoring phage replication in vivo, using a green fluorescence protein reporter
combined with flow cytometry, we demonstrated that the majority of the bacterial population (over
80%) is actively producing phage particles when induced with mitomycin C. The released tailless phage
particles were found to be engulfed in lipid membranes, as evidenced by electron microscopy and
lipid staining combined with chemical lipid analysis. Based on the collective observations, we propose
a model of phage-host interaction in Lactococcus lactis TIFN1, where the phage particles are engulfed
in membranes upon release, thereby leaving the producing host intact. Moreover, we discuss possible
mechanisms of chronic, or non-lytic release of LAB Siphoviridae phages and its impact on the bacterial
host.
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Introduction

Bacteriophages, viruses that infect bacteria, are highly diverse in shape, structure and composition.
They can be icosahedral, spherical, pleomorphic, filamentous, droplet-, bottle- and spindle-shaped;
some are with a long or short tail, some are tailless, engulfed in a lipid bilayer or containing lipids
beneath the protein capsid; the genetic material can be double-stranded or single-stranded, DNA or RNA
(Clokie et al., 2011; Hatfull and Hendrix, 2011). The broad accessibility of high-throughput sequencing
technologies also revealed a high degree of genetic diversity in bacteriophages; mosaic genomes and
numerous novel sequences of unknown function have been reported (Ackermann, 2009; Krupovic et
al., 2011; Parmar et al., 2017; Chapter 6 of this thesis - Alexeeva et al., 2021). Over 90% of reported
phages are tailed double-stranded DNA phages belonging to the order Caudovirales (Ackermann,
2007). Tailed phages primarily interact with their host cell by using tail fibers and baseplate structures,
and use the tail for penetrating the bacterial cell surface and viral DNA injection (McGrath et al.,
2006; Legrand et al., 2016). At the end of infection cycle, virulent tailed phage particles are released
from the cells by holin-lysin induced lysis of the host. So called temperate bacteriophages undergo
an alternative, lysogenic cycle in which the bacteriophage DNA integrates into the chromosome of
the host becoming a prophage (Howard-Varona et al., 2017; Pleska et al., 2018). In this dormant
state the prophage can replicate its genome as a part of the bacterial chromosome. Under conditions
insulting its host’s DNA integrity the prophage can enter the lytic cycle meaning that it excises from the
bacterial chromosome, replicates its genome, assembles into mature phage particles and escapes the

host following phage holin-lysin induced cell burst (Erez et al., 2017; Dou et al., 2018).

About 4% of the described bacteriophages lack genes encoding tail proteins and they represent
polyhedral, filamentous or pleomorphic phages (Ackermann, 2007, 2009). Some members of this
group also apply alternative strategies to release their progeny from infected bacteria. Filamentous
phages of the Inoviridae family are assembled at the cell surface and excreted from infected cells
continuously by extrusion, a process mediated by membrane translocation and channel proteins and
that leaves the host cells fully viable (Russel, 1991; Marvin et al., 2014). Another distinct mechanism
of progeny release is budding, a delicate mechanism typical for animal viruses. During budding these
viruses are encapsulated by the cell membrane and released, without killing the host. So far, budding
has been suggested only for the family of Plasmaviridae, tailless phages infecting wall-less bacteria
Acholeplasma species via membrane fusion (Putzrath and Maniloff, 1977; Krupovic and ICTV Report
Consortium, 2018). In contrast to lytic phage release that kills the host, the non-lytic release is also
referred to as chronic release (Hobbs and Abedon, 2016). The group of tailless phages includes
bacteriophages that have, in addition to nucleic acid and proteins, internal or external lipid constituents
- a property originally associated with viruses infecting multicellular eukaryotes. Currently, the lipid-
containing bacteriophages are classified into four families, Corticoviridae, Cystoviridae, Plasmaviridae
and Tectiviridae (Oksanen et al., 2010).
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In complex microbial communities, for instance the ones from the marine environment, the
gastrointestinal tract and in complex food fermentations, bacteriophages have impacts on the
dynamics and diversity of microbial communities, and the bacterium-phage interactions play a key
role in the evolution of both partners in the interaction (Erkus et al., 2013; Smid et al., 2014). Lactic
acid bacteria (LAB) have been historically used in food fermentation, among which Lactococcus lactis
plays important roles in various dairy fermentations. Phages infecting lactic acid bacteria (LAB), and
in particular L. lactis, are among the mostly studied, for their detrimental impact on industrial (dairy)
fermentation processes - phage activities may result in low/inconsistent quality of products and even
failure of the whole fermentation (Mahony and van Sinderen, 2015). However, recent insights have
revealed that the impacts of phages on the bacterial hosts are not all negative (Erkus et al., 2013;
Alexeeva et al., 2018).

Earlier, we described (pro)phages abundantly released and co-existing within a naturally evolved
microbial community - mixed (originally undefined) complex starter culture of LAB used in dairy
fermentations (Alexeeva et al., 2018). These cultures represent an interesting model ecosystem
because it was established through long term propagation by back-slopping. Practicing back-slopping
creates the boundaries for natural selection which drives adaptive evolution of the culture and its
constituent microbial strains. Although (pro)phages are not desired in industrial fermentations with
defined starter compositions, the common presence of prophages in the naturally evolved, stable and
robust starter cultures like Ur suggests an evolutionary success (Alexeeva et al., 2018, Chapter 6 of
this thesis - Alexeeva et al., 2021). Investigating the behavior of phages and bacteria in such a model
system contributes to the understanding of bacterium-phage interactions, as well as its ecological and

evolutional significance.

Based on analysis of the genomic content the isolated (pro)phages belong to P335 group lactococcal
phages of Siphoviridae family, order Caudovirales. In fact, all currently known phages infecting LAB are
members of the Caudovirales order (Ackermann, 2007), or tailed phages. However, they possess some
peculiar features: phage particles are abundantly released spontaneously and further stimulated by
mitomycin C induction (Alexeeva et al., 2018). They appear to be tailless due to disruptions in tail-
protein encoding genes (Chapter 6 of this thesis - Alexeeva et al., 2021). Moreover, the release of the
(pro)phages from the host cells was not accompanied by detectable cell lysis, a phenomenon which is
typical for release of Siphoviridae bacteriophages (Lavigne et al., 2012; Hertel et al., 2015; Zhu et al.,
2015; Fu et al., 2019). We set out to investigate this phenomenon in this study. Here we demonstrate
that the tailless Siphoviridae phage particles are enclosed in lipid membrane and are released from the

cells by a non-lytic mechanism, a phenomenon not described before in LAB phages.
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Materials and methods

Strains and media

Lactococcus lactis strains used in this study, including the wildtype strain TIFN1 isolated from a
complex dairy starter culture named Ur (Erkus et al., 2013), the prophage-cured derivative named
Tlic (Alexeeva et al., 2018), and the mutants created from strain TIFN1 in this study namely TIFN1::cat
and TIFN1::gfp, were all statically cultivated in M17 broth (OXOID) with 0.5% (wt/vol) lactose addition
(OXO0ID) at 30 °C, unless specified otherwise. All Escherichia coli strains harboring plasmids used in this
study were cultivated at 37 °C, in LB broth (BD Difco) supplemented with 150 pug/mL erythromycin,
incubated at 37 °C with aeration (shaking) at 150 x g in a shaker incubator.

Cell growth, prophage induction, phage purification and quantification

Overnight cultures in M17 broth supplemented with 0.5% lactose (LM17) were diluted up to OD,, =
0.2 and allowed to grow for 1 hour at 30 °C before Mitomycin C (MitC) was added (final concentrations
of 1 pug/mL). For control purposes, the same diluted cultures without MitC were used. Incubation

proceeded for 6 hours unless specified otherwise, and the turbidity (OD. ) was monitored at 1

600
hour intervals. At the end of induction the total cell number was determined by direct counting in
a hemocytometer chamber and the viable count was made by a standard spread plating on M17
agar supplemented with 0.5% lactose. Released phage particles were concentrated from the culture
supernatants by PEG/NaCl precipitation as previously described (Chapter 6 of this thesis - Alexeeva et
al., 2021), and the quantity was estimated based on phage DNA content in culture supernatants or in
PEG/NaCl concentrated phage suspensions using agarose gel electrophoresis as previously described

(Alexeeva et al., 2018).

Construction of plasmids for chromosomal integration into prophage sites
Plasmid pSA114 is a derivative of plasmid pC51966 (Solem et al., 2008) - the chromosomal integration
vector, allowing positive selection of cells in which the plasmid had been excised from the genome,

resulting in unmarked integrations in the chromosome of L. lactis.

Two DNA fragments 671 and 941bp of adjacent loci of prophage (proPhil) were amplified from L.
lactis TIFN1 chromosome using 1M_HR1_Fw+/1M_HR1_Rv and 1M_HR2_Fw/1M_HR2_1Rv+ primer
pairs respectively (see Table 7.1). The two fragments were interconnected by multiple cloning site
(MCS) introduced by PCR overlap extension mutagenesis in order to allow further insertions between
the homology arms. The resulting 1.7 Kb-PCR fragment was digested with Kpnl and Ncol and ligated
into corresponding sites of pPSEUDO-GFP (Pinto et al., 2011) resulting in plasmid pSA114. The 34 bp
MCS between the amplified prophage sequences of pSA114 was used for further cloning. pSA116, the
vector for integration of CmR (chloramphenicol resistance cassette, cat) into prophage was made by
inserting CmR between the prophage homology regions of pSA114. Chloramphenicol cassette (cat)
was amplified by PCR using pGhCAM2_Fw/pGhCAM_Rv primers (Table 7.1) and pVE6007 (pGhost7,
(Maguin et al., 1992)) as a template. The fragment was digested with EcoRl and BamHI and sub cloned
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into corresponding sites of pSA114, yielding pSA116. Plasmid pSA120, the vector for integration of
gfp [the gene of the superfolder variant of GFP, (Pédelacq et al., 2006)] into prophage was made as
follows. The gfp flanked by CP25 artificial promoter (Jensen and Hammer, 1998) and two terminator
sequences was excised from plL-JK2 using EcoRl and BamHI and inserted into the same site (between
the prophage homology regions) of pSA114, yielding pSA120.

Table 7.1. Primers used in this study. Restriction enzyme (RE) sites are underlined.

Name RE Nucleotide sequence (5’-3’)
1IM_HR1_Fw+ MCS GAATTCCCGGGTCGACAAGCTTAGATCTGGATCCTTGTTGGTTTTGGGCCCATCACTTTA
1M_HR1_Rv Ncol TTCCATGGGCGCTCCTTCAGGAAAGACGATTA
1M_HR2_Fw Kpnl TTGGTACCGGCGCTTGGTTATTCTGCTTCTGA
1M_HR2_1Rv+ MCS GGATCCAGATCTAAGCTTGTCGACCCGGGAATTCTTTGGGTGGCCCATTTCCTACA
pGhCAM2_fw EcoRlI AAGAATTCAAGGGGATTTTATGCGTGAGAATG
pGhCAM_rv Bglll/ ATGGATCCTCGAGATCTGAAAACCCTGGCGTTACCC
Xhol/
BamHI

Modification of the chromosomal integration strategy for industrial strains and
construction of new integration vectors

The designed vectors are derivatives of pC51966 and unable to replicate in L. lactis. The original
strategy (Solem et al., 2008) includes both transformation and chromosomal integration by
homologous recombination for the successful acquisition of such vectors by L. lactis cells. Therefore,
the plasmid acquisition is drastically dependent on the efficiency of transformation. Industrial “wild”
strains are usually featured by poor transformability compared to “domesticated” laboratory L. lactis
strains. Therefore, a new strategy has been designed by splitting plasmid transformation and its
homologous recombination events. We constructed vectors that combine L. lactis thermosensitive
(Ts) replication origin repA™ and oroP gene. Ts replication origin allows the plasmid replication under
permissive temperature after the transformation event, followed by integration through homologous
recombination at elevated temperature. Gene oroP enables counterselection for loss of the plasmid

backbone, leaving unmarked integrations in the chromosome of L. lactis at specific target sites.

New vectors, pSA130-YL and pSA132-YL were constructed as follows. E. coli strain EC1000 (Leenhouts
et al., 1998) was used for cloning and plasmid propagation. pG*host9 (Maguin et al., 1992) was used
to provide the backbone with repA® and ermAM. The plasmids pSA116 and pSA120 were used to
provide the cassettes of DNA labels (CmR or sf-gfp) flanked by proPhil homology regions (MHR) and
oroP. The Kpnl/Fspl fragment of pSA116, was ligated into Kpnl/EcoRV digested pG*host9, resulting in
pSA130-YL. pSA132-YL was constructed in two steps: first Kpnl/Sall fragment of pSA120 was ligated
into the corresponding site of pG*host9, then Sall/Fspl fragment of pSA120 was ligated into Sall/EcoRV
site, yielding pSA132-YL.
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Plasmid integration and backbone elimination

L. lactis transformation was performed using a modified protocol as we described earlier (Alexeeva
et al., 2018). The confirmed transformants were propagated at the permissive temperature, 28 °C in
M17 broth (0.5% glucose or lactose) with 3 pug/mL erythromycin, and stored in 15% glycerol at -80
°C until further use. For the integration step, L. lactis cells transformed with constructed plasmids
were incubated at 37 °C overnight, the OD_ of cultures was measured, cells were plated in proper
dilutions (depending on 0D, values) on selection plates (L/GM17, 1.5% agar, 0.5 M sucrose and 3 pg/
mL erythromycin), and incubated at 37 °C till colonies emerged. The presence and orientation of the
whole plasmid inserts were checked with PCR, and correct validated clones were maintained as 15%

glycerol stocks at -80 °C.

For the backbone elimination step, the validated clones with integrated plasmids were inoculated in
2 mL SA medium (Jensen and Hammer, 1993) containing 1% lactose or glucose and incubated at 30 °C
overnight. Then they were diluted 10x in SA (1% lactose or glucose) medium and incubated 30 °C for 6
h. Thereafter 10 pL of the culture was streaked on SA (1% lactose or glucose) agar plate supplemented
with 10 pg/mL 5-fluoroorotate (Sigma). Plates were incubated at 30 °C until 5-fluoroorotate resistant
colonies emerged. For resulting labelled strains, TIFN1::cat and TIFN1::gfp (inserted genes from
corresponding plasmid-donors, pSA130-YL and pSA132-YL), correct inserts and their location on TIFN1
chromosome were confirmed by PCR, sequencing the PCR products and phenotypic analysis: either

green fluorescence or chloramphenicol resistance.

Phage lipid and DNA labelling

The dyes used for labelling of lipids and DNA are shown in Table 7.2. To stain DNA, PEG precipitated
phage particles were incubated with Sybr Green (Invitrogen, Molecular probes Cat. no. S7563) at 80
°C for 10 minutes in 10 final dilution of commercial stock as described earlier (Brussaard, 2009) or
with GelRed nucleic acid gel stain (Biotium,10* final dilution of commercial stock) under the same

conditions.

Table 7.2. Corresponding labelling of lipid and DNA dyes.

Lipophilic dye 1 FM 4-64

Lipophilic dye 2 MitoTracker Green FM
Lipophilic dye 3 CellMask Deep Red

DNA dye 1 Sybr Green

DNA dye 2 GelRed Nucleic Acid Gel stain

For membrane detection CellMask DeepRed (Life Technologies GmbH) was used in final dilution 103
of commercial stock and phages were incubated for 5 minutes at 37 °C; FM4-64 (Molecular Probes)

was used in a final concentration 20 pg/mL, incubation proceeded 15 minutes at room temperature;
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and MitoTracker Green FM (Molecular Probes Cat. no. M7514) was used at final concentration of
20 nM and phages were incubated with the dye for 15 minutes at 37 °C. For double staining of
DNA and membrane, MitoTracker was added to the phages stained with GelRed, the samples were
vortexed and measured immediately by flow cytometry. In control experiment the membranes were
first extracted by adding to the phage suspension equal volumes of chloroform, the samples were
vortexed, centrifuged during 3 minutes at 14000 x g, aqueous phase containing the phage particles

was collected and the staining was performed as described above.

When phages were not added, no detectable fluorescent particles were present in the control samples.
To exclude contamination of phage suspension by bacterial cells, bacteria were added to phage
suspension prior to staining of either DNA or lipids. In these control samples an additional population
of particles with much higher fluorescence intensity was detected (not shown), as anticipated, given

a bacterial cell contains much higher amounts of lipids and DNA per particle compared to phages.

Flow Cytometry

Prior to flow cytometry analysis 2 L of fluorescent microspheres (1x102 of the stock Fluoresbrite® YG
Microspheres 0.75 um, Polysciences) was added and the volume was adjusted to 500 pL by adding
FACSFlow solution (10 mM phosphate-buffered saline, 150 mM NaCl, pH 7.4; Becton-Dickinson).

Samples were analyzed by using a BD FACSAria™ Ill flow cytometer (BD Biosciences, San Jose, CA). The
cytometer was set up using an 85 um nozzle and was calibrated daily using BD FACSDiva Cytometer
Setup and Tracking (CS&T) software and CS&T Beads (BD Biosciences). An 488 nm, air-cooled argon-
ion laser and the photomultipliers with 488/10 band pass filter for forward and side scatter and with
filter 530/30 nm (with 502 LP filter) was used for the detection of GFP, Sybr Green and MitoTracker.
GelRed was excited with a yellow-green 561nm laser and detected using a 610/20 nm with LP 600 nm
filter. CellMask DeepRed was excited with 633 nm laser and detected with 660/20 nm filter. FM4-64
dye was excited with 561 nm laser and detected with a 780/60 nm with LP 735 nm filter. FSC and
SSC voltages of 300 and 350, respectively, and a threshold of 1200 on FSC was applied to gate on the

bacteriophages and bacterial cells population.

Chemical lipid analysis
Normal phase high performance liquid chromatography (NP-HPLC) with evaporative light scattering
detection (ELSD) was used for the quantitative analysis of phospholipids (Christie et al., 1987).

The analyses were performed with a 600E System Controller (Waters), vacuum degasser (Knauer),
231 XL sampling injector (Gilson) and a 3300 (ELSD) evaporative light scattering detector (Alltech).
Extraction of the phospholipids from a freeze dried sample was done with a mixture of chloroform,
methanol and ammonia (NH,) in water. After centrifugation of the sample 10 min at 4500 x g, 10.0
mL of the supernatant was evaporated under vacuum at 40 °C in a heating block. When the sample

was dried, 1 mL absolute ethanol was added and again evaporated to dryness. The dried sample was
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dissolved in 1.0 mL of the phospholipid solvent containing iso-octane, chloroform and methanol in the

ratio 20:55:25 respectively.

Fifty milliliter of the sample solution was injected on an Xbridge amide analytical column, 3.5 um, 4.6 x
250 mm (Waters). The components were eluted at a flow rate of 1.0 mL/min with a gradient of eluent
A (iso-octane and acetone) and eluent B (2-propanol and ethyl acetate) to eluent C (2-propanol, water,

ammonia and acetic acid) in 50 minutes.

1,2-dipalmitoyl-sn-glycero-3-phosphoryl ethanolamine (PE, Matreya), 1,2-dipalmitoyl-sn-glycero-
3-phosphoryl glycerol (PG, Matreya), 3-sn-lyso phosphatidyl ethanolamine (LPE, Sigma), DL-a-
phosphatidyl choline (dipalmitoyl, C16:0) (PC, Sigma), Sphingomyelin (SM, Sigma), phosphatidyl serine
(oleoyl) (PS, Matreya), lyso-phosphatidylcholine (palmitoyl) (LPC, Matreya) and phosphatydyl inositol
(linoleoyl) (PI, Matreya) were used as calibration standards for quantitative analysis. A reference
sample (buttermilk powder) with known amounts of phospholipids was analyzed and recovery of

spiked phospholipids was performed to control for accuracy and precision of the method.

Scanning/transmission electron microscopy

For scanning electron microscopy, L. lactis TIFN1 and Tl1c cultures were subjected to 1 pg/mL MitC
induction as described above. After 5h of induction the samples were fixed with 2.5% glutaraldehyde
in PBS buffer for 1 hour at room temperature. A droplet of the fixed cell suspension was placed
onto poly-L-lysine coated coverslips (Corning BioCoat, USA) and allowed to stand for 1 hour at
room temperature. After rinsing in PBS the samples were post stained in 1% osmium tetroxide in
PBS. Subsequently the samples were dehydrated in a graded series of ethanol followed by critical
point drying with CO, (Leica EM CPD300, Leica Microsystems). The coverslips were fitted onto sample
stubs using carbon adhesive tabs and sputter coated with 6 nm Iridium (Leica SCD500). Samples were
imaged at 2 KV, 6 pA, at room temperature in a field emission scanning electron microscope (Magellan
400, FEI Company, Oregon, USA).

For transmission electron microscopy, purified phage particles were subjected to negative staining and

examined exactly as descried previously (Alexeeva et al., 2018).

Data analysis
The flow cytometry data were acquired by using BD FACSDiva™ software and analyzed by using FlowJo

flow cytometry analysis software (Tree Star, Ashland, OR).

Lipid analysis (HPLC) data was analyzed with Chromeleon software version 7.2 (Thermo Fisher
Scientific). The non-linear response of the ELSD was converted to a more linear signal in order to
increase the accuracy of the quantification of phospholipids differing in fatty acid composition

compared to those of the standard.
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Results

No detectable cell lysis during phage release

A previous study on Lactococcus lactis strains TIFN1-7 originating from the mixed cheese starter
culture indicated no obvious drop in the optical density of the bacterial cultures following prophage
activation (Alexeeva et al., 2018). We were triggered by this observation and therefore we further
examined this phenomenon using strain TIFN1 as a model. We first analyzed the cell viability in
prophage induced cultures supplemented with Mitomycin C (MitC) and control cultures without MitC
induction. The total cell counts determined using a hemocytometer and the number of culturable
cells, i.e., colony forming units, revealed not significantly different, albeit slightly lower average cell
counts in the prophage induced cultures (supplementary Fig. S7.1), indicating that at least the vast
majority of TIFN1 cells present in the tested conditions remained viable. Both cell counting methods
showed no obvious differences in cell numbers from the prophage-induced cultures and non-induced
control cultures, further confirming that in the L. lactis strains, represented by lysogen TIFN1, there

was no detectable cell lysis in spite of the abundant phage release upon phage induction.

The major part of the culture actively produces phages

To elucidate whether phage production is a population-wide activity in a clonal culture of strain TIFN1,
we monitored in vivo phage replication using a reporter strain, in which a gfp reporter was inserted
within the prophage. In cells actively replicating the phage particles, green fluorescence intensity
was expected to increase. As mentioned, we used L. lactis TIFN1 as the model strain, which harbors
the genome of prophage proPhil (Chapter 6 of this thesis - Alexeeva et al., 2021). The insertion site
was selected within the prophage sequence between stop codons of open reading frames (ORFs)
48 and 49 encoded on opposite DNA strands (Fig. 7.1A), resulting in strain TIFN1::gfp. In parallel, a
fluorescence-negative control strain was constructed in which the chloramphenicol resistance gene

cat was inserted at the same site, yielding strain TIFN1::cat.

The derived strain TIFN1::gfp showed similar growth behavior (Fig. 7.1B) to the wild-type TIFN1 (data
see Alexeeva et al., 2018), where prophage induction by MitC led to a merely slight inhibition in growth
instead of a decay in biomass, as indicated by monitoring culture turbidity. TIFN1::gfp also produced
phage particles (Fig. 7.1C) to a similar amount as the wild-type (data see Alexeeva et al., 2018): 10*°
phage particles/mL were found in cultures without added MitC and phage numbers increased to

~10*/mL upon MitC induction in 6 h, as estimated by quantifying phage DNA content.
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Figure 7.1. Phage labelling and examination of phage replication. (A) Schematic drawing of the prophage genome
with marked gfp and cat insertion sites. Arrows represent ORFs and indicate the direction of gene transcription. The
number of arrows does not reflect the real ORF numbers but is only a schematic presentation. The insertion was
made in between two convergent ORFs. Colors in arrows schematically represent different phage gene clusters. (B)
Growth response of TIFN1::gfp to MitC treatment. (C) Phage release by TIFN1::gfp during MitC induction. Green
symbols represent MitC treated cultures, grey symbols represent control cultures without MitC. (D) Dynamics of
phage replication (as derived from average cell fluorescence intensity) during MitC induction (green symbols) and
in uninduced samples (grey symbols) in reporter strain (TIFN1::gfp) compared to base-line fluorescence of non-gfp
cultures (TIFN1::cat, black and grey lines for induced and uninduced conditions respectively). (E) Fluorescence
distribution in the population at 3 hours of induction in non-gfp TIFN1::cat (black unfilled), uninduced TIFN1::gfp
(grey unfilled), and MitC induced TIFN1::gfp (green filled) cultures. The statistics in (e) is shown for induced
TIFN1::gfp: 82.9% of the population was positive for green fluorescence (pos 82.9), 17.1% was fluorescence-
negative (neg 17.1); 60.8% was highly fluorescent (high 60.8) and 39.2% was low in fluorescence (low 39.2).

To study the in vivo dynamics of prophage induction in L. lactis TIFN1 we used strain TIFN1::gfp and
followed in time the fluorescence intensity of the cells by flow cytometry in MitC-induced and un-
induced cultures. As a fluorescence-negative control we used TIFN1::cat. TIFN1::cat exhibited very
low background fluorescence, not changing in time and not affected by MitC addition (Fig. 7.1D).
The un-induced culture of TIFN1::gfp showed moderate fluorescence (time point 0 h), and the

fluorescence increased slightly in time. This is in line with the observed constitutive phage induction
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and replication taking place even without MitC induction (Fig. 7.1C and Fig. 7.1D). The induced culture
of TIFN1::gfp showed a clear increase in fluorescence intensity till the 4" hour post-induction, and
then the fluorescence intensity declined slightly. The increase in fluorescence intensity of the cells
was 2.5 - 3 fold and correlated with the increase in the number of released phage particles (Fig. 7.1C
and Fig. 7.1D).

To examine whether the major fraction of the bacterial population actively produces phage particles,
the distribution of fluorescence in individual cells was measured by flow cytometry. The fluorescence
distribution per particle in the negative control (TIFN1::cat, black unfilled) as well as in un-induced
cultures of TIFN1::gfp (grey unfilled) and MitC induced TIFN1::gfp (green filled) at time point 3 hours
post-induction was measured (Fig. 7.1E). In the MitC induced TIFN1::gfp culture more than 80% of the
cells are green fluorescent and more than 60% are highly fluorescent, which is a distinct population
(second green peak in Fig. 7.1E). This indicates that the majority of the cells in the population actively
replicate phage DNA and produce phage proteins. When relating this observation to the cell count
results (supplementary Fig. S7.1), where the phage inducing condition only led to slight growth
inhibition rather than drastic decay in optical density, the hypothesis of non-lytic phage release is
supported.

Phages are enclosed in lipid bilayers

Non-lytic, chronic phage release has been previously described to occur via budding (Plasmaviridae)
or extrusion (/noviridae) (Putzrath and Maniloff, 1977; Russel, 1991; Marvin et al., 2014; Krupovic
and ICTV Report Consortium, 2018). In case the budding mechanism of cell exit is recruited by the
phage particles, it is expected to be enveloped by cellular lipids upon release. Therefore, first of all, we
analyzed the presence of a lipid bilayer in/engulfing the phage particles. We employed three lipophilic
dyes staining cellular membranes/lipid bilayers, but all essentially non-fluorescent in aqueous media.
All three lipophilic dyes were efficiently staining the phage particles (Fig. 7.2A - C), confirming presence
of lipid membranes. Moreover, when the phage particles were treated with chloroform prior to staining
with lipophilic dye 3, the fluorescence was largely abolished (Fig. 7.2C, blue line). The chloroform
treated particles were visualized by EM and showed typical morphology of phage heads (see Fig. 1A
& B from Alexeeva et al., 2018). We further confirmed that the lipid enclosed particles are indeed
bacteriophages containing DNA: the phage particles were readily stained with the two DNA dyes (Fig.
7.2D & E). Moreover, double staining with DNA dye 2 (red fluorescence) in combination with lipophilic
dye 2 (membrane stain, green fluorescence) resulted in double stained particles, confirming that the
phage particles indeed contain DNA and are enclosed by membranes (Fig. 7.2F). This conclusion is
also supported by the previous study where the tailless phage particles were isolated with the same
method and subjected to DNA sequencing, and full phage genomes were recovered with more than

100-fold higher coverage than background (Chapter 6 - Alexeeva et al., 2021).
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Figure 7.2. Staining proPhil particles with various lipophilic (A, B, C, F) and DNA binding (D, E, F) dyes followed
by flow cytometry analysis. Grey/black - unstained phage particles. (A) Lipophilic dye 1; (B) Lipophilic dye 2; (C)

Lipophilic dye 3, the blue line represents the sample stained after chloroform treatment; (D) DNA dye 1; (E) DNA
dye 2; (F) superimposed dot plot of proPhil particle samples with different staining: unstained (black), lipophilic
dye 2 (green), DNA dye 2 (red), and double stained lipophilic dye 2 and DNA dye 2 (purple-blue).
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Figure 7.3. Transmission electron micrograph of proPhil with (A) and without (B) chloroform treatment.
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Since the hypothesis of phage particles being enclosed in lipid bilayer is now supported by experimental
evidence, we continued to find additional support by studying the phage particles with transmission
electron microscopy (TEM). In this case, phage particles were not pre-treated with chloroform to
retain the lipid membrane, and we compared the particle morphology and size to chloroform-treated
phage particles. It was observed that the morphology of untreated (Fig. 7.3A) and chloroform-treated
(Fig. 7.3B) particles was similar, although they did show different electron-densities as reflected by
the different darkness of particles, possibly indicating differences in compositions as chloroform will
disintegrate lipid bilayers and dissolve lipids. We also noticed a difference in particle sizes caused by
chloroform treatment. When measuring the particle diameters (defined as the distance between two
opposite corners of the hexagon shape, measured by Objectl)), untreated particles showed diameters
of 65.4 £ 4.1 nm (n = 54), significantly (p < 0.00001, 2-tailed, unequal variance) larger than chloroform-
treated particles with diameters 58.0 + 2.0 nm (n = 27). The difference in average diameters, 7.4 + 4.6
nm, coincides with the thickness of two lipid bilayers (Mitra et al., 2004). This analysis also supports
the hypothesis that the released phage particles of L. lactis TIFN1 are enclosed in lipid bilayers.

Lipid composition of phage particles differs from host cells

Next, we extracted the lipids from phage crops produced by strain TIFN1 and also from whole cell-
derived protoplasts and subjected them to chemical lipid analysis using liquid chromatography
coupled with mass spectrometry (LS-MS). As a phage-free control, phage-cured strain Tllc (Alexeeva
et al., 2018) was subjected to the same procedure of prophage induction and purification from the
culture supernatant. The TIFN1 phage specimen lipid signals were well above the background level of
the phage-free control from Tl1c (supplementary Fig. S7.2). Phosphatidyl glycerol (PG) and cardiolipin
(CA) were detected in phage samples as well as in cellular lipid samples, however, the ratio between

the two major lipid species differed between the phage and the cell membrane lipid samples (Fig. 7.4).

The major lipid in the L. lactis cell membrane is cardiolipin and a CA/PG ratio of about 2.2 has been
determined for L. lactis membrane earlier (Driessen et al., 1988). We found the CA/PG ratio value
of 1.5 for cellular lipids extracted from TIFN1 (Fig. 7.4B). Remarkably, lipids of the phage crops were
enriched in phosphatidyl glycerol with a CA/PG ratio of 0.4 (Fig. 7.4A). This suggests that the released
phage particles are possibly enclosed by phospholipids derived from distinct regions of lipid rafts/
domains in the L. lactis cell membrane (Matsumoto et al., 2006; Epand and Epand, 2009).

To further characterize the phage release from the cells we employed scanning electron microscopy to
observe MitC induced cells of wild-type strain TIFN1 and its prophage cured derivative strain Tl1c (Fig.
7.5). The MitC treated Tllc had the usual morphology and smooth surface of a Gram-positive coccus
without any detectable alteration (Fig. 7.5C & D). Strain TIFN1 however, showed a ruffled cell surface
and accumulated numerous budlike, small spherical structures, typically near the cell division septum

(Fig. 7.5A & B). The phage cured strain Tl1c lacked these extracellular structures.

186



Chronic phage release from L. lactis

A. proPhil B. TIFN1

929

Figure 7.4. Phage and cell lipid composition. Composition of lipids extracted from A) isolated proPhil phage

particles and (B) TIFN1 whole cell-derived protoplast. PG, phosphatidyl glycerol; CA, cardiolipin.
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Figure 7.5. Scanning electron micrograph of cells subjected to 6h MitC treatment. (A) and (B) TIFNZ1, (C) and (D)
Tllc.
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From our observation that the lipid compositions differed between the released phages and the host
cells, we speculated that the process of phage engulfing and release could be specific for defined
regions of the cell membrane - this speculation is further supported by the electron microscopic

observation, where the phage particles are accumulated near the cell division planes upon release.

Discussion

Bacteriophages are thought to be the most abundant biological entities on Earth and adopted a
striking variety of forms and mechanisms of interaction with their host cells (Keen, 2015). Combining
observations from this study, we propose a novel mechanism of interaction for lactococcal phages
and their hosts, where the tailless Siphoviridae phage particles are enclosed in a lipid membrane and
are released from the cells by a non-lytic mechanism (Fig. 7.6). This chronic, non-lytic phage release

mechanism has not been previously described for LAB phages or Siphoviridae phages.

Membrane vesicles
|/ containing phage particles

Bacterial chromosome

Prophage
1

Assembled tailless
phage particles

3

2

Figure 7.6. Schematic presentation of the proposed mechanism (step 1-5) of phage release from Lactococcus
lactis TIFN1. Activation of proPhil (step 1 and 2) results in production of tailless Siphoviridae phage particles (3),
enclosed in lipid membrane derived from the cytoplasmic membrane (green) (4), and released from the cells by a

budding-like, non-lytic mechanism (5).

The prophage found in L. lactis TIFN1, referred to as proPhil, is classified in the family of Siphoviridae,
which members are by definition tailed bacteriophages. Genomic analysis also revealed that genes
encoding tail structures are present in these prophages, but due to disruptions in some of the tail
genes, the assembled phage particles show a tailless phenotype (Chapter 6 - Alexeeva et al., 2021).
Interestingly, the lipid-containing phages discovered so far, mostly assigned to families of Corticoviridae,

Cystoviridae, Plasmaviridae and Tectiviridae, are exclusively tailless phages (Madntynen et al., 2019).

188



Chronic phage release from L. lactis

Plausibly, the reason that the membrane-containing feature was not found in any tailed phages is that
they already achieve successful infection with the help of the tail device that efficiently penetrates the
cell envelop, and no alternative infection mechanism was required (Mantynen et al., 2019). Tailless
phages, on the other hand, are evolved to utilize the membrane to infect or interact with their hosts
(Gowen et al., 2003; Mantynen et al., 2019). For example, enveloped phages use a membrane fusion
mechanism to interact with the host and deliver their genetic materials (Bamford et al., 1987; Poranen
and Bamford, 2008; Harrison, 2015). Therefore, it was part of the hypothesis that the tailless proPhil
being enclosed in a lipid membrane could serve as an alternative infection strategy as the tail device is
not available anymore, but we did not obtain evidence demonstrating the (re)infection of host by the
membrane-enclosed tailless phage particles (data not shown). It remains to be investigated whether
the hurdle was for membrane-enclosed phage particles to attach and enter the host, or rather for the
tailless phage particles to inject their genetic material into the bacterial cytoplasm to complete the

life cycle.

In previously described membrane-enclosed phages, the mechanism of incorporation of lipids to
form virus-specific vesicles has been subjected to investigation, and hypothesis concerning underlying
mechanisms have been proposed (Mantynen et al., 2019). For one, phage encoded membrane proteins
trigger cytoplasmic membrane formation in the host, and enclose the phages during assembly in the
cell. For example, Cystoviridae phage phi6 applies a mechanism, in which the protein P9 was found
to facilitate cytoplasmic membrane formation in bacteria (Lyytinen et al., 2019). In this case, phage-
encoded membrane proteins are incorporated into the host membrane, providing a scaffold for phage
assembly, and the assembled phage particles are released upon lysis of the host (Rydman and Bamford,
2003; Krupovic et al., 2007). Examples are Tectiviridae phage PRD1 employing membrane protein P10
(Mindich et al., 1982), and Corticoviridae phage PM2 employing membrane proteins P3 and P6 to
interact with phage-specific areas on the cell membrane (Abrescia et al., 2008; Mantynen et al., 2019).
For all above mentioned phage-encoded proteins, we did not find homology to any of the proteins
encoded on proPhil or any of the other prophages found in lactococci isolated from the starter culture
Ur (Chapter 6 of this thesis - Alexeeva et al., 2021). However, it should be noted that other membrane-
associated protein coding sequences were indeed predicted in the Ur prophages, namely ORF42 in
proPhil&5, ORFO8 in proPhi2&4 and ORF49 in proPhi6 (Chapter 6 of this thesis - Alexeeva et al.,
2021). Targeting phage particles to special areas of cell membrane by membrane-associated proteins
could potentially be an explanation for the distinct lipid composition associated with released phage
particles. Nevertheless, non-lytic release via a mechanism of budding is still not confirmed in other
phages but suggested for plasmavirus (Putzrath and Maniloff, 1977) and is considered a very delicate
life cycle of viruses, as it leaves the host alive while phages get to spread the progeny (Mantynen et
al., 2019). Whether the non-lytic release of membrane-enclosed phages in L. lactis TIFN1 and other
lactococcal strains found in the starter culture Ur is a result of long-term phage-host co-evolution thus
becomes an even more interesting hypothesis, especially as we observed similar growth behavior

during phage release in other Ur strains (Alexeeva et al., 2018).
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Another intriguing question is how the membrane-enclosed phage particles escape from the bacterial
host without lysis, especially given the fact that L. lactis is Gram-positive, possessing thick cell wall
outside the cell membrane. A similar question has been raised for extracellular membrane vesicles
(MVs or EVs) produced by Gram-positive bacteria ever since the discovery of such phenomenon.
It has already been known for a long time that Archaea, Gram-negative bacteria, and mammalian
cells actively secrete the nano-sized, lipid bilayer-enclosed particles named EVs, harboring various
nucleotide and protein cargos as a mechanism for cell-free intercellular interactions (Mashburn-
Warren and Whiteley, 2006; Deatherage and Cookson, 2012; Schwechheimer and Kuehn, 2015). Only
recently, evidence was provided that EVs are also released by organisms with thick cell walls like Gram-
positive bacteria, mycobacteria and fungi (Marsollier et al., 2007; Rodrigues et al., 2007; Lee et al.,
2009; Brown et al., 2015), but the mechanistic insights are still lacking. Brown et al. (2015) proposed
several non-mutually exclusive mechanisms on the formation and release of EVs through thick cell
walls, including the actions of turgor pressure, cell wall-modifying enzymes and protein channels.
The most evidence-supported mechanism is via cell-wall modifying enzymes, namely autolysin (Wang
et al., 2018) and prophage-encoded holin-endolysin (Toyofuku et al., 2017; Andreoni et al., 2019).
Notably, phage particles have also been identified as part of the cargos in EVs produced by Bacillus
subtilis (Toyofuku et al., 2017). Further studies dedicated to elucidating the roles of autolysin and/or
phage-encoded holin-endolysin in L. lactis TIFN1 would serve to reveal the release mechanism in this

case.

Moreover, the effect of turgor pressure could also play a role in addition (Brown et al., 2015). It is
plausible that upon prophage induction, the defective proPhil particles are abundantly assembled
and accumulated in the cells, causing cytoplasmic crowding that results in elevated turgor pressure.
The cell division site is often the target site of autolysins (Vermassen et al., 2019), in combination with
induced phage-encoded endolysins, forming the weakest spot on the cell and giving opportunities for
the phage particles to release under turgor pressure, which could explain our observation that the
membrane-enclosed particles are mostly observed near the cell division sites, and have a distinct lipid
profile comparing the whole cell samples. Therefore, we propose that the phenomenon of non-lytic
membrane engulfed phage release observed in L. lactis TIFN1 could be driven by the concerted action
of enzymatic activity and turgor pressure on the cell envelope, in combination with phage-encoded

proteins to achieve phage-specific engulfment and release.

Although this is the first study to demonstrate non-lytic release of membrane-engulfed phages in LAB,
we would like to point out that this could be a more common but up to now overlooked phenomenon
in other microbial communities for two reasons. Firstly, studies focused on the detection of inducible
prophages, use cell lysis/plaque formation as a benchmark for phage activation. Obviously, when
(tailless) phage particles are released via membrane envelops or other non-lytic ways, no apparent
phenotype will be observed thus discouraging further investigation. Secondly, it is a common practice
in phage isolation protocol to employ chloroform to remove contaminating materials derived from

bacterial cells (Mantynen et al., 2019), however, this treatment demolishes the membrane structures
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and therefore the lipid-containing phenotype is conceivably not retrieved in further analysis of phage
particles. We hope that our findings will inspire further studies, not only in elucidating the detailed
mechanism of this case, but also in awareness and discovery of similar phenomena in other microbial

species, and further shedding light on bacteria-phage interaction and co-evolution.

Conclusions

In this study, we focused on a lysogenic L. lactis strain TIFN1 isolated from a complex dairy starter
culture as the model to examine phage-bacteria interactions. Employing a green fluorescent protein
reporter, we monitored phage replication and release in vivo using flow cytometry. From this result,
in combination with data on bacterial growth and phage particle quantification, we demonstrated
that the majority of the bacterial population is actively producing phage particles when induced with
mitomycin C while all bacterial cells remain viable. Evidence from electron microscopy, lipid staining
and chemical lipid analysis collectively suggest that the released tailless phage particles are engulfed
in lipid membranes upon release, thereby leaving the bacterial host intact. Findings from this study
provide additional insights into the diverse manners of phage-bacteria interactions, which is essential
for understanding the population dynamics in complex microbial communities like fermentation

starters and the co-evolution of phages and bacteria.
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Figure S7.1. Cell count of Lactococcus lactis strain TIFN1 under phage induction conditions. Total cell count
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Figure S7.2. Lipid (sum of phosphatidyl glycerol and cardiolipin) signal detected in culture supernatant of phage-
free control Tl1c and proPhil collected from culture supernatant of TIFN1.
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Chapter 8

Abstract

Although discovered 30 years later than their Gram-negative counterparts, Gram-positive bacterial
extracellular membrane vesicles (EVs) have been drawing more attention in recent years. However,
mechanistic insights are still lacking on how EVs are released through the cell walls in Gram-positive
bacteria, as the peptidoglycan layer had been historically presumed to be a strong physical barrier
preventing such event. In this study, we characterized underlying mechanisms of EV production and
provide evidence for a role of prophage activation in EV release using the Gram-positive bacterium

Lactococcus lactis as a model.

By applying a standard EV isolation procedure, we observed the presence of EVs in the culture
supernatant of a lysogenic L. lactis strain FM-YL11, for which the prophage-inducing condition
(addition of mitomycin C) led to an over 10-fold increase in EV production in comparison to the non-
inducing condition. In contrast, the prophage-encoded holin-lysin knock-out mutant YL11AHLH and
the prophage-cured mutant FM-YL12, produced constantly low levels of EVs, under both prophage-
inducing and non-inducing conditions. Under the prophage-inducing condition, FM-YL11 did not show
massive cell lysis. Defective phage particles were found to be released in and associated with holin-
lysin induced EVs from FM-YL11, as demonstrated by transmission electron microscopic images, flow

cytometry and proteomics analysis.

Findings from this study further generalized the EV producing phenotype to Gram-positive L. lactis,
and provide additional insights into the EV production mechanism involving prophage-encoded holin-
lysin system. The knowledge on bacterial EV production can be applied to all Gram-positive bacteria
and other lactic acid bacteria with important roles in fermentations and probiotic formulations, to

enable desired release and delivery of cellular components with nutritional values or probiotic effects.
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Introduction

Cells from all domains of life produce extracellular membrane vesicles (EVs or MVs). These membrane-
enclosed, nano-sized vesicles have been found to carry a variety of biomolecules and demonstrate
various physiological and ecological functions (Gyorgy et al., 2011; Gill et al., 2019). In the domain
of bacteria, observations and studies of EVs started to appear several decades ago with the Gram-
negative bacteria, while studies of Gram-positive bacterial EVs are catching up in recent years (Brown
et al., 2015; Kim et al., 2015; Toyofuku et al., 2018).

EV-producing Gram-positive bacterial species have been revealed gradually, including a wide range
of pathogens, probiotics and fermentation starters (Chapter 2 of this thesis - Liu et al., 2018; Bose et
al., 2020; Briaud and Carroll, 2020). Nucleic acids, viral particles, enzymes, receptors and many other
effector molecules have been found to be the cargos of Gram-positive EVs, associating EVs with roles

in bacterial survival and competition in a microbial community, as well as in microbe-host interactions.

The delay in discovery of Gram-positive bacterial EV production was largely due to the historical
presumption that the cell wall of Gram-positive bacteria, consisting of a thick peptidoglycan layer,
would act as a strong physical barrier preventing the release of EVs generated from the cell membrane
(Brown et al., 2015). Hence, the mechanism of Gram-positive EV production has not been fully
elucidated. A limited number of studies examining the production mechanism of Gram-positive EVs
so far contributed to theories on two steps: (i) budding of the cytoplasmic membrane and (ii) passage
through the cell wall. Driving forces like turgor pressure and factors improving membrane fluidity
were shown to facilitate the formation of membrane vesicles and cell-wall modifications leading to
compromised integrity were shown to be the key of EV release (Briaud and Carroll, 2020). To explain the
latter, factors such as antibiotics that reduce the peptidoglycan cross-linking, and cell-wall degrading
enzymes like autolysins and prophage-derived endolysins, have been demonstrated to promote EV

release in Staphylococcus aureus and Bacillus subtilis (Toyofuku et al., 2017; Andreoni et al., 2019).

Lactic acid bacteria (LAB) are an important group of Gram-positive bacteria, with many species
recognized for their probiotic effects as well as key players in food fermentation (Pasolli et al.,
2020). EV production has been described for a number of LAB species including Lactiplantibacillus
plantarum [previously referred to as Lactobacillus plantarum (Zheng et al., 2020)] (Li et al., 2017) and
Lacticaseibacillus casei [previously referred to as Lactobacillus casei (Zheng et al., 2020)] (Dominguez
Rubio et al., 2017), and Lactococcus lactis (Chapter 7 of this thesis — Liu et al., 2021a).

L. lactis is extensively used for the production of fermented dairy products (Cavanagh et al., 2015). In
the cases of artisanal cheese production, undefined complex starter cultures containing L. lactis strains
are commonly used. Such complex cultures are usually shaped by historical use through sequential
propagation of starters that lead to successful fermentation (back-slopping), which eventually delivered

a stable and robust microbial community (Erkus et al., 2013; Smid et al., 2014). Complex bacterial
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communities like undefined starter cultures, often show diverse interactions between co-existing
microorganisms and viruses, resulting in co-evolution between for instance bacteriophages (phages)
and bacteria and between different bacterial species and strains. Previous studies of an undefined
complex cheese starter culture (named Ur) revealed many intriguing properties of members in such
a microbial community: in this stable, robust culture, most L. lactis strains appeared to be lysogenic
and to release defective tailless phage particles continuously in a chronic, non-lytic manner, where
the phage particles were enclosed in a lipid membrane layer (Alexeeva et al., 2018; Chapter 6 of this
thesis - Alexeeva et al., 2021; Chapter 7 of this thesis - Liu et al., 2021a).

Given the abundance of prophages and intriguing phage-bacteria interactions of lysogenic L. lactis
strains resident in complex dairy cultures (Alexeeva et al., 2018; Chapter 6 of this thesis - Alexeeva et
al., 2021; Chapter 7 of this thesis — Liu et al., 2021a), as well as earlier findings on the prophage roles
in Gram-positive bacterial EV release (Toyofuku et al., 2017; Andreoni et al., 2019), we decided to

investigate the role of prophages in EV release in L. lactis.

We isolated a L. lactis ssp. cremoris strain FM-YL11 from an artisanal cheese (typically made from
complex starter cultures), which shows similar growth behavior as the previously described Ur culture
strain TIFN1 (Alexeeva et al., 2018; Chapter 7 of this thesis — Liu et al., 2021a) under prophage inducing
conditions. Whole genome sequencing also revealed a prophage sequence in FM-YL11 that is identical
to proPhil and proPhi5 (Chapter 6 of this thesis - Alexeeva et al., 2021) harbored by strains TIFN1 and
TIFN5 in Ur, confirming that this strain is an ideal model to study the role of prophage in EV release. We
demonstrated that L. lactis strain FM-YL11 produces EV, provided evidence for a role of phage holin-

lysin in EV release, and characterized the cargos and compositions of the EVs.

Materials and methods

Strains and conditions

L. lactis ssp. cremoris strain FM-YL11 is an isolate from artisanal cheese, and strain FM-YL12 is a
prophage-cured derivative from strain FM-YL11 obtained in the same manner as described by Alexeeva
et al. (2018). Strains wildtype FM-YL11, prophage-cured derivative FM-YL12 and holin-lysin knockout
mutant FM-YL11AHLH were cultivated in M17 medium (Difco, BD Biosciences) supplemented with
0.5% (w/v) lactose (LM17) and statically incubated at 30 °C, unless specified differently. The strain with
gene complementation, containing pNisA-HLH and the control strain containing pNisA were cultivated
in LM17 media supplemented with 3 pg/mL erythromycin.

Escherichia coli strains used as plasmid hosts in this study were cultivated in LB broth (BD Difco)
supplemented with 150 pug/mL erythromycin, in Erlenmeyer flasks shaken at 120 rpm at 37 °C.
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Genome sequencing

The original strain L. lactis FM-YL11 and its prophage-cured derivative strain FM-YL12 were subjected
to genome sequencing. The genomic DNA was isolated from 1mL overnight culture (cultivated in GM17
media) by using the DNeasy Blood & Tissue Kit (Qiagen, Germany) according to the manufacture’s
instruction. DNA was sequenced using the PacBio RSII technology and sequences were assembled by
Hierarchical Genome Assembly Process (HGAP, v.3) (GATC Biotech, Germany). The genome coverages
for strain FM-YL11 and FM-YL12 were 382 x and 257 x, respectively.

The genome sequences of strain FM-YL11 and FM-YL12 can be accessed in GenBank under accession
numbers CP071729 and CP071728, respectively. The genome annotation was performed using the
NCBI Prokaryotic Genome Annotation Pipeline (PGAP).

Mutant construction

Plasmid construction

Gene knockout in L. lactis FM-YL11 was performed by homologous recombination. Based on 100%
sequence identity of prophage sequence in FM-YL11 to proPhil (Chapter 6 of this thesis - Alexeeva et
al., 2021), bases 1990275-1990499 of FM-YL11 were annotated as a prophage holin gene, while bases
1986322 - 1987874 were annotated as a second holin next to a lysin encoding gene. All three genes

were the targets for gene knockout.

To construct the plasmids for gene knockout, 600 - 800 bp upstream and downstream regions of the
single holin gene as well as the holin-lysin genes were amplified by PCR, during which the restriction
sites were introduced using primers listed in supplementary Table S8.1. Phusion High-fidelity PCR
kit (Thermo Fisher Scientific) was used according to manufacturer’s instruction. The upstream and
downstream homologous regions of the single holin gene and the holin-lysin gene cluster were inserted
in plasmid pG*host9 (Maguin et al., 1992) by restriction digestion and ligation following enzyme
product manuals from Thermo Fisher Scientific. In brief, restriction site Pstl was used to connect
the upstream and downstream homologous regions of the single holin gene, and the Xhol and Eagl
restriction sites were employed to insert the two homologous regions into pG*host9, yielding pYLO06.
Restriction site Hindlll was used to connect the upstream and downstream homologous regions of the
holin-lysin cluster, and the Xhol and Pstl sites were employed to insert the two homologous regions
into pG*host9, yielding pYL002.

For gene complementation, the coding regions of the holin-lysin cluster and the single holin gene
were amplified by PCR using primers listed in supplementary Table $S8.2. The two PCR products were
inserted into the backbone (the 8515 bp Xbal - Pstl fragment) of plasmid pMSP3545 [gift from Gary
Dunny (Bryan et al., 2000), Addgene plasmid # 46888]. NEBuilder HiFi DNA assembly cloning kit
(New England Biolabs) was employed for assembly the three DNA fragments in one step according

to manufacturer’s instruction. This delivered plasmid pNisA-HLH, in which the holin-lysin cluster as
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well as the single holin gene were inserted under the control of a nisin-inducible promoter coming in
pMSP3545,

Transformation

For construction of the plasmids for gene knockout, E. coli strain EC1000 (Leenhouts et al., 1998)
was used for cloning and plasmid propagation. Treatment to obtain competent cells and heat-shock
transformation of EC1000 was performed as described by (Chang et al., 2017) with the following
modifications: prior to the two washing steps with 0.1 M CaCl,, the cells were washed with 1x volume
of 0.1 M MgCl,. The heat-shock at 42 °C was for 90 sec, followed by immediate addition of LB broth

and incubation at 37 °C statically for 1 hour before plating on selection plates.

For constructing the plasmid for gene complementation, assembled plasmids were used to transform

E. coli competent cells Mix & Go Zymo 5a (Zymo research) according to manufacturer’s instructions.

Plasmids pYL002 and pYLO06 were introduced into L. lactis FM-YL11 to knockout the holin-lysin cluster
and the single holin successively. Transformation of strain FM-YL11 with plasmids pYLO02 and pYL006
was performed as described previously (Alexeeva et al., 2018), except that transformed cells were
selected and incubated at 28 °C, which was the temperature that allows the replication of pG*host9-
derived plasmids (containing thermosensitive replication origin). Then, the plasmid integration and
backbone elimination steps were performed as described in Chapter 7 of this thesis (Liu et al., 2021a),
with lactose as the carbon source throughout. The only change was that the mutants propagated in
SA medium were streaked on SA agar plates without 5-fluoroorotate, and the selection of the correct

knockout mutants was performed by colony screening using PCR.

Plasmid pNisA-HLH for gene complementation was used to transform the knockout mutant FM-
YL11AHLH, exactly as described previously (Alexeeva et al., 2018). The empty vector pMSP3545,
renamed as pNisA, was used to transform strain FM-YL11AHLH to obtain a negative control strain for

gene complementation.

EV production and isolation

For EV production in strains FM-YL11, FM-YL12 and FM-YL11AHLH, an overnight culture of L. lactis in
LM17 was diluted to OD,, of 0.2 (light path 1 cm) in fresh LM17 medium and incubated for 1 hour
at 30 °C. Then 1 pg/mL mitomycin C was added, which was referred to as the “prophage inducing
condition”; where no mitomycin C was added, we refer to the “non-inducing condition”. The OD,, of
cultures was monitored every 30 min. After 6 hours treatment at prophage inducing condition or non-

inducing condition, EVs were harvested from the culture supernatant.

For EV production in strains with gene complementation (FM-YL11AHLH containing pNisA-HLH and

control strain containing pNisA), 1 mL overnight culture was diluted with 50 mL fresh LM17 media
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supplemented with 3 pg/mL erythromycin, and 10 ng/mL nisin (Sigma-Aldrich) was added. After 20

hours incubation, EVs were harvested from the culture supernatant.

To harvest EVs, the cell culture was centrifuged at 5000 x g for 15 minutes at 4 °C (low spin), and the
supernatant was collected. The pH value of the supernatant was adjusted to 7.0 with 1 N NaOH. The
supernatant was filtered through a polyethersulfone (PES) membrane filter (Minisart) with a pore size
of 0.45 um. The filtered supernatant was added to Beckman Coulter centrifuge tubes and centrifuged
at 160000 x g for 1 hour in a Beckman L60 Ultracentrifuge (high spin). The supernatant was discarded
and the pellets were then re-suspended in phosphate-buffered saline (PBS) and aliquots were stored
at -80 °C until further use. Repeated freezing and thawing was avoided by using new aliquots in the

different experiments.

EV quantification

Fifty milliliters PBS with EVs in suspension was mixed with 50 pL 10 pg/mL FM4-64 dye (Invitrogen)
solution dissolved in PBS. PBS was mixed with the dye in the same manner as the control for
background signal. The sample-dye mixtures were added to a black polystyrene 96-wells plate, and
incubated for 15 min at room temperature while protected from light. The results were measured in
a spectrophotometer at an excitation and emission wavelength of 515 and 640 nm respectively. After
removing the background signals from all samples, a relative comparison was made between samples

measured in the same assay.

Transmission electron microscopy (TEM)

Negative staining was performed on EV samples prior to TEM imaging, where 2 uL EV suspension was
applied to a 400 mesh copper grid supplied with a formvar/carbon film. After 30 sec incubation, the
grid was washed with 2 pL milliQ water. Then the grid was stained with 2% uranyl acetate for 30 sec,
and dried with filter paper. Samples were analyzed with a Jeol JEM-1400 plus TEM equipment (Jeol,
Japan) with an accelerating voltage of 120 kV.

Flow cytometry analysis

Prior to staining and flow cytometry analysis, the EV suspensions were treated with 1 mg/mL DNase
I (Roche) in a reaction buffer containing 10 mM tris-HCI (pH 7.5), 2.5 mM MgCl, and 0.1 M CaCl,, at
30 °C for 1 hour. EVs were stained for flow cytometry with 10 pug/mL FM4-64 membrane dye and/or
16 pg/mL DAPI DNA dye for 15 min at room temperature while protected from light. A BD-FACS Aria
Il flow cytometer was used for flow cytometry analysis. Particles from the EV suspension were gated
and differentiated based on forward scatter (FSC), side scatter (SSC), DAPI and FM4-64 parameters.
A 405 nm laser with a 502 LP filter (510/50 nm) was used to detect DAPI signals and a 561 nm laser
with 780/60 nm filter for detection FM4-64 signals. For each sample, 50,000 (non-background) events

were analyzed.
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BD FACSDiva™ software was used for data acquisition and FlowJo flow cytometry analysis software

(version 10, Tree Star, Ashland, OR) was applied for data analysis.

Proteomics analysis

The EV samples were sonicated with a sonication probe 2 times for 30 sec. Protein concentrations in
EV and cytoplasmic membrane samples were determined by the bicinchoninic acid (BCA) assay. The
protein aggregation capture (PAC) method (Batth et al., 2019) was used in a slightly modified way for
preparation for proteomics analysis. In brief, in each sample 60 pg protein was reduced with 15 mM DTT
at 45 °C for 30 min, unfolded in 6 M Urea, and alkylated with 20 mM acrylamide at room temperature
for 30 min. The pH of the protein solution was adjusted to 7 using 10% (v/v) trifluoro-acetic acid (TFA).
SpeedBeads (magnetic carboxylate modified particles, GE Healthcare) of product 45152105050250
and 65152105050250 were mixed with 1:1 ratio at 50 pg/uL, and 8 uL SpeedBeads was added to each
protein sample. Acetonitrile was added up to 71% (v/v) to the protein-beads mixture, incubated at
room temperature with gentle shaking for 20 min. A magnet was used to separate the SpeedBeads
from the supernatant for 30 sec, and the supernatant was removed. The SpeedBeads were then
washed with 1 mL 70% ethanol and 1 mL 100% acetonitrile successively, resuspended in 100 ul 5
ng/uL trypsin solution and incubated overnight at room temperature with gentle shaking. The pH of
SpeedBeads suspension was adjusted to 3 using 10% TFA, and the SpeedBeads were separated from
the supernatant by using a magnet. The supernatant was filtered using C8 Empore disk filters. To
improve yield, 0.1% formic acid was used to wash the beads and a 1:1 mixture of acetonitrile and 0.1%
formic acid was used to wash the filter. All eluents were combined and dried to 10 - 15 pL, then topped
up to 50 pL with 0.1% formic acid.

For the LC-MS/MS analysis, 1.5 L prepared sample was injected into the system, and the analysis
protocol was essentially as described in Chapter 4 of this thesis (Liu et al., 2021b). The MaxQuant
quantitative proteomics software package was used to analyze LC-MS data with all MS/MS spectra
as described previously (Cox et al., 2014), and the proteome of L. lactis ssp. cremoris TIFN1 (UniProt
ID UP000015849) was used as the protein database. We used Perseus for filtering and further
bioinformatics and statistical analysis of the MaxQuant ProteinGroups files (Tyanova et al., 2016).
Reverse hits were removed; identified protein groups contained minimally two peptides, of which
at least one is unique and one unmodified. The values of intensity based absolute quantitation
(iBAQ) was calculated by MaxQuant, in which the protein intensities are corrected for the number of

measurable peptides.
Bioinformatics analysis

For detecting DNA sequence similarities, the NCBI Blast-n tool was used. For gene ontology (GO)

annotation, the UniProt Retrieve/ID mapping tool was used in combination with manual curation.
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Results

The genome of strain L. lactis ssp. cremoris FM-YL11

L. lactis ssp. cremoris FM-YL11 was isolated from an artisanal cheese, and its genome was sequenced
(GenBank No.CP071729). In the 2406538 bp chromosome of strain FM-YL11, bases 1984716 —2025964
were shown to share 100% sequence coverage and identity with prophage proPhil (GenBank No.
MN534315) in L. lactis ssp. cremoris strain TIFN1 and proPhi5 (MN534318) from strain TIFN5 (Chapter
6 of this thesis - Alexeeva et al., 2021), and 99.99% identity to corresponding chromosomal regions in
L. lactis ssp. cremoris strain 3107 (GenBank No. CP031538) and JM4 (GenBank No. AP015909).

Sequencing of the prophage-cured derivative FM-YL12 (GenBank No. CP071728) confirmed that the
prophage sequence in strain FM-YL11 (bases 1984716 — 2025964) is absent in strain FM-YL12, and this
difference is the only gap when comparing sequences of the two strains. Except for the absence of the
described prophage sequence, strain FM-YL12 showed 99% sequences identity to strain FM-YL11 with

no rearrangement of the genome.

L. lactis strain produces 10-fold more EVs under a prophage-inducing condition

To investigate the role of prophage in L. lactis EV production, as reported previously for B. subtilis
(Toyofuku, 2017), two derivatives of strain FM-YL11 were employed: strain FM-YL12 is a prophage-
cured derivative of FM-YL11, and FM-YL11AHLH is a mutant in which the two holin genes and one
endolysin gene encoded by the prophage have been knocked out. (Fig. 8.1A). Prophage was induced
by supplementing mitomycin C (MitC), an antibiotic causing DNA damage, which triggers prophage
to enter the active lytic cycle in the lysogenic bacteria (Oliveira et al., 2017; Filipiak et al., 2020),
where prophage-encoded genes are expressed, proteins synthesized and new phage particles formed.
Typically in the lytic cycle, the prophage-encoded holin-lysin system degrades the cell envelope,

leading to cell lysis and liberation of phage progenies.

Growth under non-inducing and prophage inducing (by addition of 1 ug/mL MitC) conditions of the
wildtype strain FM-YL11 and the two derived mutants was compared (Fig. 8.1B - D). The prophage
inducing condition did not result in massive cell lysis in the FM-YL11 culture but only lead to a slight
inhibition of growth (Fig. 8.1B). In addition, growth of strains FM-YL12 (Fig. 8.1C) and FM-YL11AHLH
(Fig. 8.1D) was not and only slightly inhibited by the prophage inducing condition, respectively, as
reflected by the growth curves of all strains with and without prophage induction. The growth behavior
of strain FM-YL11 under both tested conditions was comparable to that reported for the lysogenic L.

lactis ssp. cremoris strain TIFN1 (Alexeeva et al., 2018).

Analysis of EV production under the tested conditions of strain FM-YL11 and mutants at the early
stationary phase, showed the presence of structures with typical size and morphology of EVs in the
recovered supernatant fractions (supplementary Fig. $S8.1). In non-inducing conditions, supernatant

fraction of strain FM-YL11 showed besides EV-like structures, particles with typical size and morphology
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of phage heads (supplementary Fig. S8.1A & B). Under prophage-inducing condition, the quantity
of EVs recovered from FM-YL11 culture supernatant was 10-fold higher than in the culture without
prophage induction, as reflected by fluorescent signals of membrane-specific fluorescent dye (Fig.
8.2A). Again, EV-like structures were observed in the fraction recovered from culture supernatant under
the prophage-induced condition, together with abundant phage head-like particles (supplementary
Fig. S8.1C & D). The sizes of EV-like structures ranged from 50 nm to 300 nm in diameter, while the

phage head-like structures were around 50 nm in diameter.
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Figure 8.1. Strains of study and optical density-based growth curves. A) Schematic presentation of the various
strains used in this study. The bacterial chromosome (non-prophage sequence) is shown in light grey, prophage
shown in dark grey except for prophage holin and lysin genes shown in black. The insertion site of the prophage
is shown as a black line for prophage-cured strain FM-YL12. Growth curves of B) FM-YL11; C) FM-YL12; D) FM-
YL11AHLH under prophage inducing condition and non-inducing condition based on OD, values. For prophage-
inducing condition, 1 pg/mL mitomycin C was added to bacterial cultures in early exponential phase. For non-
inducing condition, no mitomycin C was added to the cultures. Mitomycin C was added at time 0 hour indicated by
the graph. Data from 6 independent experiments. Error bars show standard deviations.

Prophage-encoded holin-lysin system stimulates EV formation

When the strains FM-YL12 and FM-YL11AHLH were exposed to the prophage-inducing condition, we
did not observe an increase of the EV quantities recovered from culture supernatant, as compared to
the non-inducing condition (Fig. 8.2A). The EV quantities of both derivatives under both conditions
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were slightly lower than that from strain FM-YL11 without prophage induction. EV-like structures were
observed in the EV fraction of both FM-YL12 and FM-YL11AHLH, and the phage head-like structures
could be spotted in the sample from YL11AHLH but no longer in FM-YL12 (supplementary Fig. S8.1E -
H). The EV-like structures recovered from FM-YL12 were in general smaller than 150 nm in diameter.

To verify the role of prophage encoded holin-lysin system in EV production of L. lactis, we constructed
a mutant with holin and lysin gene complementation. Mutant FM-YL11AHLH was transformed with a
plasmid containing the prophage encoded two holins and one endolysin gene, using a nisin-inducible
promoter (pNisA-HLH) to drive expression. Addition of nisin resulted in 10-fold increase of EV
production in the mutant with holin-lysin gene complementation but not in the control strain where
only an empty vector (pNisA) was introduced (Fig. 8.2B).
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Figure 8.2. EV quantification by staining with membrane-specific fluorescent dye FM4-64. A) Relative membrane
quantity of EVs isolated from the culture supernatant of strain FM-YL11, FM-YL12 and FM-YL11AHLH (shown as
AHLH) under prophage inducing condition and non-inducing condition. The quantity (as reflected by the fluorescent
signal intensity of dye FM4-64) of EVs from FM-YL11 under prophage inducing condition was regarded as 100%.
For prophage-inducing condition, 1 pg/mL mitomycin C was added to bacterial cultures in early exponential phase,
and EVs were collected from the supernatant by ultracentrifugation after 6 hours treatment. For non-inducing
condition, all treatment were the same except that no mitomycin C was added to the cultures. Samples were from
4-6 independent experiments. B) Relative membrane quantity of EVs isolated from the culture supernatant of
FM-YL11AHLH with holin-lysin gene complementation (pNisA-HLH) and control plasmid (pNisA) under holin-lysin
inducing condition and non-inducing condition. The quantity (as reflected by the fluorescent signal intensity of
dye FM4-64) of EVs from FM-YL11AHLH (pNisA-HLH) under nisin inducing condition was regarded as 100%. For
holin-lysin inducing condition, 10 ng/mL nisin was added to bacterial cultures in early exponential phase, and EVs
were collected from the supernatant by ultracentrifugation after 20 hours treatment. For non-inducing condition,
all treatment were the same except that no nisin was added to the cultures. Samples were from 3 - 4 independent
experiments. Error bars show standard errors of the mean. ***, p <0.001; NS, p > 0.05 in t-tests.
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A subpopulation of holin-lysin induced EVs enclose tailless phage particles

We examined the composition and cargo of the isolated EV fractions from strain FM-YL11 under the
prophage-inducing condition. The EV fractions were first treated with DNase to remove any extra-
vesicular DNA, and then stained with fluorescent dyes for flow cytometry analysis. EVs from FM-YL12

treated under the same condition served as the phage-free control.

The EVs from strain FM-YL11, stained with the DNA dye DAPI showed clear positive signals for all
analyzed particles compared to the unstained samples (Fig. 8.3A), while the majority of FM-YL12 EVs
showed no signal upon DNA staining except for a very small population showing a low DNA signal (Fig.
8.3D). We identified two distinct populations varying in signal intensity in the EV fraction of strain FM-
YL11 (Fig. 8.3A). The population with relatively low DNA signal intensity, but not the population with
very high signal intensity, was observed in the EV fraction from the prophage cured derivative FM-YL12
(Fig. 8.3D). Based on EM pictures, phage head-like particles were spotted in the EV fraction from FM-
YL11 (supplementary Fig. S8.1C & D). It is plausible that the very high DNA signal was achieved by the
tight packing of the phage genome. Therefore, we deduced that the population with very high DNA
signal intensity consisted of the phage heads.

When stained with the membrane-specific dye FM4-64, EVs from FM-YL12 all showed positive signals
compared to the unstained sample (Fig. 8.3E). A small population of FM-YL11 EVs showed negative
signals for the membrane staining, while the majority of the EVs were positive (Fig. 8.3B). The average
signal intensity in FM-YL12 sample was lower than the membrane-positive population of FM-YL11.
This could be caused by the difference in EV sizes in the two samples, as also observed by electron

microscopy (supplementary Fig. S8.1).

When the EV fraction from strain FM-YL11 was stained with the DNA and membrane dye simultaneously,
the majority of the population with low DNA signals showed positive signals for the membrane dye
(Fig. 8.3C, lower orange cloud in Q2), indicating a population of EVs enclosing free DNA molecules. This
was hardly observed from FM-YL12, where the majority EVs showed positive membrane signal but

low/negative for DNA signal with the double staining (Fig. 8.3F).

The population with very high DNA signals in FM-YL11 was divided further into a subpopulation
that is high in membrane signal (Fig. 8.3C, higher orange cloud in Q2) and a subpopulation low/
negative in membrane signal (Fig. 8.3C, orange cloud in Q1). The subpopulation high in DNA signal
but low/negative in membrane signal likely consisted of the free, unenveloped phage heads, while
the subpopulation high in both DNA and membrane signal likely pointed to EVs that enclosed tailless
phage particles. Structures that conceivably represent the subpopulation of EVs enclosing phage

heads were also observed under electron microscope (Fig. 8.4).
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Chapter 8

Figure 8.4. TEM pictures of EVs isolated from FM-YL11 supernatant under prophage-inducing condition. Cases
are shown where phage particles seemed to be enclosed in EVs. Arrows with solid lines point at EV-like structures,
and arrows with dashed lines point at phage head-like particles. Scale bars in A) and B) represent 200 nm, in C) and
D) represent 100 nm and in E) and F) 50 nm.

Proteome of holin-lysin included EVs

The proteome of the EV fraction collected from the culture supernatant of strain FM-YL11 under
prophage-inducing condition was examined. The reference genome used for FM-YL11 contained 2670
predicted proteins, and 1283 proteins were detected in the EV samples. Average iBAQ (intensity-based
absolute quantification) values of samples from two independent experiments were examined. Due to
very high sensitivity of the detection method as well as limitations in the EV purification method, here
we only focus on the top 600 proteins in abundance (supplementary Table S8.3) to describe the main

proteome profile, which counted up to 98% of the total protein quantity.

Phage head protein and scaffolding protein were among the most abundant proteins revealed from
the FM-YL11 EV fraction, counting up to 11% signal intensity of the total top 600 proteins, further
confirming the identity of the phage head-like structures observed next to EVs. Phage tail proteins
were also detected in the top 600 protein list in the EV fraction from FM-YL11, although we did not
observe any phage tail-like structures in TEM analysis. In total about 40 proteins encoded by the
prophage in FM-YL11, including holin and lysin were also among the top 600 most abundant proteins
found in the EV fraction of FM-YL11.
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Figure 8.5. Distribution of top 500 proteins from L. lactis FM-YL11 prophage holin-lysin induced EVs based on their
GO annotations in A) subcellular locations and B) molecular functions. In B), orange bars represent subcategories
under category “catalytic activity”, green bars represent subcategories under “binding”, and blue bars for other

categories under the domain of molecular functions. Some proteins are assigned to more than one category.

When examining the gene ontology (GO) annotations of the top 600 proteins detected in the EV
fraction of FM-YL11, more than 300 proteins were assigned a GO term as cellular anatomical entity
under the cellular component domain, from which more than 140 proteins were assigned a GO term

of membrane, and 120 proteins were assigned to be in the cytoplasm (Fig. 8.5A). Nearly 40 ribosomal
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proteins also made a significant category. For molecular function, more than 320 proteins were
assigned a GO term of catalytic activity, 280 proteins with binding activity and about 40 proteins with
transmembrane transporter activity. Note that it is possible for one protein to get multiple GO terms
(Fig. 8.5B). Among the proteins with catalytic activity, transferase and hydrolase activities were the
most abundant with more than 100 hits. Among the proteins with binding activity, ATP/GTP binding,
nucleic acid binding and metal ion binding (magnesium, zinc, iron and potassium binding) were the
subcategories with the most hits. The proteins in FM-YL11 EVs are predicted to be involved in a variety
of biological processes according to the GO annotation, including translation, localization, cell division,
lipid biosynthesis, peptidoglycan biosynthesis, stress/stimulus response, etc (supplementary Table
$8.3).

Discussion

Recent insight in variety in cargos carried by Gram-positive EVs and the diverse roles they play in
bacterial physiology, ecology and microbe-host interactions, highlighted the importance of this
research field. Gram-positive bacterial species cover a wide range including beneficial commensal
bacteria and pathogens. Hence, knowledge on the biogenesis, composition and functions of Gram-
positive EVs contributes not only to fundamental research in microbiology, but also to understanding
the implications of Gram-positive EV in human health and disease, and to diverse potential
biotechnological or medical applications (Chapter 2 of this thesis - Liu et al., 2018; Briaud and Carroll,
2020).

In this study, we provide further evidence for EV production by the Gram-positive bacterium
Lactococcus lactis, using an artisanal cheese isolate FM-YL11 as a model. We showed that L. lactis
FM-YL11 EV production was largely stimulated by prophage activity, and more specifically, by the
prophage-encoded holin-lysin system. Defective phage particles were found to be released along with

and enclosed by EVs.

Prophage-dependent EV release mechanism has also been demonstrated in other Gram-positive
bacteria namely Bacillus subtilis and Staphylococcus aureus (Toyofuku et al., 2017; Andreoni et al.,
2019). The prophage-triggered EV release in B. subtilis was not found to cause immediate cell death
and explosive cell lysis: the cells remained in shape during EV extrusion, although eventually cell death
took place as the integrity of the cytoplasmic membrane was heavily compromised. Phage particles
(with tails) were found to be enclosed by the B. subtilis EVs. In S. aureus the prophage-dependent
mechanism of EV release was found to be associated with cell lysis upon prophage activation, as
indicated by ghost cells and (tailed) phage particles released along with the EVs. Observed differences
in lysis of B. subtilis and S. aureus producer cells may be explained by extend of prophage induction

and differences in activity of prophage-encoded cell envelop degrading enzymes.
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Combining all information, we propose a new model for EV production in L. lactis that is a mixed
scenario of the gradual extrusion/non-lytic release and cell lysis as a result of prophage holin-lysin
activity (Fig. 8.6). Under prophage inducing condition, the growth of FM-YL11 appeared to be only
slightly inhibited in comparison to the non-inducing condition. The same effect of slight growth
inhibition was observed for FM-YL11AHLH under the prophage inducing condition but not for FM-YL12,
indicating that this growth inhibition was most likely a result of the metabolic burden for producing
intracellularly accumulating phage particles instead of cell lysis during EV production. Other than the
growth inhibition, it is likely that the majority of FM-YL11 cells remained intact throughout the 6 hours
following exposure to mitomycin C, in spite of substantial release of EVs. The presence of phage particles
in the culture supernatant may point to cell lysis of a small subpopulation. In the presented model, the
gradual extrusion of EVs and cell lysis formed EVs were due to the action of prophage-encoded holin
and lysin. Differences in EV production routes may be explained by heterogeneity in prophage gene
expression and production of phage proteins in the population upon prophage induction, with the
subpopulation of lysed cells representing cells with high level holin-lysin production (Fig. 8.6B), while
the majority of cells are considered to have a moderate level of production that allows for gradual,

non-lytic release of EVs (Fig. 8.6A).

B. @

O L )
1,
Y, LR
9
O
, @
@
WH“/\
o cellwall @ (defective) phage particle &3 phage holin
== cytoplasmic membrane o extracellular vesicle G phage lysin

Figure 8.6. Schematic presentation of the proposed model for prophage holin-lysin induced EV production
mechanism in L. lactis. A) When prophage-encoded holin and lysin are produced at moderate levels in L.
lactis under the tested prophage inducing condition, EVs are produced by gradual extrusion of the cytoplasmic
membrane without immediate cell lysis. This is expected to be the case for the major bacterial population in
the culture of strain FM-YL11. The (defective) phage particles accumulated in the cytoplasm may be enclosed
by EVs upon release. B) When prophage encoded holin and lysin are produced at high levels in L. lactis under
the tested prophage-inducing condition, EVs are produced by cell lysis. This scenario is expected to be among
a small subpopulation in the culture of strain FM-YL11. Phage particles are released freely into the extracellular
environment or enclosed by the membrane upon forming EVs. Note that not all illustrated components are drawn
at the same scale.
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Although EV production was clearly stimulated by prophage encoded holin-lysin system in L. lactis,
prophage-independent EV production can also occur. This is reflected by the presence of EVs in the
culture supernatants from both the non-inducing and prophage-inducing conditions of strains FM-YL12
and YL11 AHLH, albeit in low quantity. Prophage-independent triggers have also been described for EV
production in S. aureus, for example antibiotics that weaken the peptidoglycan layer and production of
cell wall degrading autolysins (Wang et al., 2018; Andreoni et al., 2019). L. lactis is known to produce
autolysins (N-acetylglucosaminidases) too. The four lactococcal autolysins, namely AcmA, AcmB, AcmC
and AcmD, have been experimentally confirmed for their functionality in cell separation and autolysis
in the model strain L. lactis ssp. cremoris MG1363 (Buist et al., 1997; Visweswaran et al., 2013, 2017).
In the genome of strain FM-YL11, we identified homologous sequences of all four autolysin-encoding
genes to strain MG1363 (GenBank No. AM406671) with 97% - 98% sequences identity. A possible role

of putative autolysins in EV production in L. lactis remains to be confirmed.

In comparison to the EVs produced by strain FM-YL12, the prophage-encoded holin-lysin induced
EVs in strain FM-YL11 seem to be larger in size, as reflected by both electron microscopy and flow
cytometry of membrane-stained particles. Besides the subpopulation of EVs from strain FM-YL11 that
enclosed phage particles with uniquely high DNA content, most likely there is also an EV subpopulation
that entrapped a substantial amount of other DNA molecules. Prophage holin-lysin induced EVs
generally show a high DNA content in comparison to EVs produced by a prophage independent route.
Similar observations were reported in the study of S. aureus EV production via phage-dependent and
-independent routes, conceivably as a result of fragmentation of the bacterial chromosome caused by
prophage activation (Andreoni et al., 2019). Proteomics analysis in our study also revealed a number
of nucleic acid binding proteins in EVs released by strain FM-YL11. Our finding of nucleic acid cargos
in L. lactis EVs adds to the limited evidence that Gram-positive EVs contain nucleotides as the cargo
(Klieve et al., 2005; Resch et al., 2016; Rodriguez and Kuehn, 2020). DNA containing EVs potentially

facilitate the exchange of genetic material between bacterial cells in a microbial community.

Moreover, the substantial population of holin-lysin induced EVs that contain phage head-like particles is
intriguing. This deduction was supported by EM pictures and flow cytometry. In the latter, a population
with positive membrane signals and distinctly high DNA signals was identified. Notably, in the study
of the lysogenic strain TIFN1, when phage particles were collected from similar prophage induction
conditions, the complete proPhil genome was identified with high DNA sequencing coverage in the
phage particles (Chapter 6 of this thesis - Alexeeva et al., 2021). In addition, the prophage sequence
in strain FM-YL11 showed 100% sequence identity to the Siphoviridae phage proPhil (Chapter 6 of
this thesis - Alexeeva et al., 2021), where the tail tape measurement gene was found to be truncated
by a mobile element, explaining the tailless phenotype of the phages. Interestingly, viral particles or
complete viral genomes have been previously observed in B. subtilis and Thermococcus nautilus EVs
and roles in exchange of genetic material have been suggested (Gaudin et al. 2014; Toyofuku et al.
2017; Y. Kim, Edwards, and Fenselau 2016). In addition, Tzipilevich et al. have demonstrated that B.

subtilis EVs may contribute to phage infection by spreading phage receptors to non-sensitive strains
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and making them susceptible to phage infection (Tzipilevich et al., 2017). Similarly, proteomics analysis
also revealed phage infection protein (TOUL74) in FM-YL11 EVs (supplementary Table S8.3), which may
potentially enable EVs to act as decoy for phage targeting or spread phage sensitivity to other cells.
Whether the EVs enclosing phage particles offer a novel route in lactococcal phage infection remains
to be studied.

Proteomic analysis of holin-lysin induced EVs showed high abundance of membrane proteins and
cytoplasmic proteins, the latter indicating enclosure of cytoplasmic content by EVs, in line with previous
studies of other Gram-positive EVs (Lee et al., 2009; Kim et al., 2016). This is considered a unique
feature for Gram-positive EVs, in contrast to Gram-negative EVs, since EVs from Gram-positive bacteria
are generated from the cytoplasmic membrane allowing direct encapsulation of cytoplasmic content,
while Gram-negative EVs are mostly generated from the outer membrane, and tend to encapsulate
periplasmic components (Kim et al., 2015). It remains to be elucidated whether the proteins in EVs
were loaded randomly or by specific sorting mechanisms generated by specific cellular domains in the
cytoplasmic membrane of L. lactis strain FM-YL11. Protein, lipid and nucleic acid analysis of bacterial
EVs from Streptococcus pyogenes, Streptococcus mutans, S. aureus and Lactiplantibacillus plantarum
also revealed compositional differences compared to the respective cell membranes (Lee et al.,
2009; Liao et al., 2014; Biagini et al., 2015; Kim et al., 2020a), suggesting that active EV production
involves dedicated sorting mechanisms. In this study, the over-representation of proteins involved
in translation, lipid and peptidoglycan biosynthesis, and cell division in FM-YL11 EVs (supplementary
Table S8.3), may point to hotspots for EV production such as the cell division site. Similarly, in the
previous study of membrane-enclosed phage release by L. lactis isolates from the starter culture Ur,
EV release was most prominent at the cell division site, and had a lipid profile that differed from that

of the cytoplasmic membrane (Chapter 7 of this thesis — Liu et al., 2021a).

Protein cargos detected in the holin-lysin induced L. lactis EVs also included metal ion (e.g. iron) binding
proteins and penicillin binding proteins (supplementary Table $8.3). Similarly, EVs from Mycobacterium
tuberculosis, Streptomyces coelicolor and S. aureus were shown to contain iron-binding factors, which
contributed to bacterial survival under iron-limited conditions (Lee et al., 2009, 2015; Schrempf et al.,
2011). The penicillin binding proteins are involved in peptidoglycan synthesis and cell division (David et
al., 2018), but also offer binding sites to penicillin and B-lactam antibiotics. This observation supports
previous findings where EVs have been considered to contribute to bacterial survival by removing the
antibiotics from the extracellular environment, acting as the decoy of antibiotic targeting or containing
antibiotic-degrading enzymes (Lee et al., 2009; Chattopadhyay and Jaganandham, 2015; Kim et al.,
2018, 2020b; Sabnis et al., 2018; Bose et al., 2020).

Besides the solid evidence on the roles of prophage holin-lysin in L. lactis EV production, this study also
highlights the interest for further investigations to answer the remaining important questions: firstly,
comparative analysis of the nucleic acid and protein content in EVs and producer cells, will support

validation of the hypothesized model of EV release (Fig. 8.6), and the occurrence of subpopulations

215



Chapter 8

of EVs, as well as to providing insights on the possible physiological and ecological significance of
EV production. Secondly, mechanisms underlying prophage induction and hence EV production can
be further investigated in relation to possible DNA damage and RecA-mediated damage repair as
described for B. subtilis (Toyofuku et al. 2017). Last but not least, it is of high interest to examine
the effect of prophage activation and EV release on colonization capacity and competitive fitness of

respective producer(s) in selected environments.

To conclude, this study adds L. lactis to the list of EV producing Gram-positive bacteria species. Evidence
is provided for an important role of phage holin-lysin in EV release. As prophages or prophage-
encoded elements are extremely widespread and common in bacterial genomes, the role of prophage
activation, especially the holin-lysin system, in EV production can be generalized to more Gram-
positive bacteria. Considering the important roles of L. lactis and other LAB in a range of fermentations
and probiotic formulations, knowledge of the EV production mechanisms can be exploited to achieve
desired traits and functionalities in fermentation processes, such as efficient release and delivery of
intracellular/membrane embedded effector molecules or nutritional compounds, and in probiotic
applications. Moreover, findings from this study can also pave the way for exploiting bacterial EVs for

biotechnological applications, such as for delivery of genome editing tools (Liu et al., 2019).
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Figure S8.1. TEM pictures of lactococcal EVs. A) and B) are EVs collected from the culture supernatant of strain

K -

FM-YL11, under non-inducing condition. C) and D) are EVs from the culture supernatant of strain FM-YL11, under
prophage-inducing condition. E) and F) are EVs from strain FM-YL12 supernatant under prophage-inducing
condition. G) and H) are from strain FM-YL11AHLH, under prophage-inducing condition. For prophage-inducing
condition, 1 ug/mL mitomycin C was added to bacterial cultures in early exponential phase, and EVs were collected
from the supernatant by ultracentrifugation after 6 hours treatment. For non-inducing condition, all treatments
were the same except that no mitomycin C was added to the cultures. Arrows with solid lines point at EV-like
structures, and arrows with dashed lines point at phage head-like particles. All scale bars represent 200 nm.

Table S8.1 Primers used for constructing plasmids used for holin and lysin gene knockout in strain FM-YL11.

Name Sequence (5’-3’)

HL_up_Xhol Fw GGTGGTCTCGAGACGGTTTCACGACTGTTTATCCG
HL_up_HindlIll Rv CCTCCTAAGCTTATGTTTTTATGCAGTCCGTTGCC
HL_dn_HindlIll Fw CTCCTCAAGCTTAGAAATACCCTTGGCATATTCGC
HL_dn_Pstl Rv CCACCACTGCAGCCAAAAGCTCCATATTGTTCACC
Holin_up Pstl Rv CCGCCGCTGCAGGATCCCTACTTTCTTAATCTATTG
Holin_up_Xhol-Fw ATATATCTCGAGCTCAAGCAAGTACGATTGGG
holin1-dn HR_Pstl Fw GAGGAGCTGCAGAAGGAGTTCCCAATGAGTTTAG
holinl_dn HR_Eagl Rv CCTCCTCGGCCGGTCTGTCATTGCACTTTGTAAGC
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Table $8.2 Primers used for constructing plasmids used for holin and lysin gene complementation in strain FM-
YL11AHLH.

Name Sequence (5’-3’)

45-holin-lysin_fwd CACTCACCATGGGTACTGCAGTAGGAGAGTAAAATGAATCAAATC
45/35-holin-lysin_rev TCCCTACTTTGCCAAGGGTATTTCTTTAATAAAC
45/35-holin2_fwd TACCCTTGGCAAAGTAGGGATCATGGAGG

45-holin2_rev TCAAAGAAAGCTTGAGCTCTGGGAACTCCTTTTAAAGTATTTTAG
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Chapter 9

Abstract

Vitamin K2 (menaquinone, MK-n) is a lipophilic vitamin located in bacterial cell membranes and
essential for human health as a carboxylation co-factor. The long-chain forms of vitamin K2 show a
better retention in the serum and have a better bioavailability for target tissues in the human body
compared to the short-chain forms. However, the strong lipophilicity of long-chain vitamin K2 forms
poses challenges to their uptake by target cells of the human host to achieve desired biological
function. In this study, bacterial extracellular membrane vesicles (EVs) produced by Lactococcus lactis
were shown to carry mainly long-chain vitamin K2 (MK-8 and MK-9). When these EVs were applied
to in vitro grown osteosarcoma cells, the ratio of carboxylated over non-carboxylated osteocalcin
increased, indicating functional delivery of bioactive vitamin K2 by bacterial EVs. The efficiency of
vitamin K2 delivery by EVs was higher than adding solvent-dissolved pure compounds at similar
concentrations. Therefore, this study provides proof of principle that bacterial EVs are ideal vehicles to

deliver lipophilic compounds like vitamin K2 to the human host.
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Introduction

Vitamin K is a fat-soluble vitamin that is essential for human health. It functions in the human body
as a co-factor for the integral membrane protein y-glutamyl carboxylase located on the endoplasmic
reticulum (ER), that functions in post-translational carboxylation of proteins in which the glutamate
(Glu) residues are converted into y-carboxyglutamate (Gla) — during which redox cycling of vitamin
K provides the driving force (Uotila, 1997; Berkner, 2005). The vitamin K-dependent carboxylation is
essential for the maturation and the calcium-binding functionality of Gla-proteins, including blood
coagulation factors and osteocalcin. The latter protein is produced by osteoblast cells and associated
with bone assembly and turnover, matrix Gla protein and Gla-rich protein which are strong tissue/
cardiovascular calcification inhibitors, and growth-arrest-specific gene 6 protein (Gas6) (Cranenburg
et al., 2007; Schurgers et al., 2013; Willems et al., 2014). The wide range of vitamin K-dependent
Gla-proteins highlights the essential role of vitamin K in physiological processes including hemostasis,
bone metabolism, cardiovascular mineralization and cell growth regulation (Booth, 2009; Xiao et al.,
2021).

Vitamin K2 is also referred to as menaquinones (MK-n), and constitutes a group of compounds that
share a naphthoquinone ring but differ in the number of the isoprene side chain units (depicted by
n) (Beulens et al., 2013). Vitamin K2 is primarily synthesized by bacteria, with the only exception of
MK-4 which is formed in animal tissues by converting vitamin K1 — the counterpart of plant origin
(Walther et al., 2013; Halder et al., 2019). In the producing bacteria, menaquinones accumulate in
the cytoplasmic membrane and function as electron carriers, forming an essential component of
the respiratory electron transport chain (Walther et al., 2013). The side chain length of vitamin K2
is variable and depends on the species of producing bacteria. In addition, the vitamin K form has
impact on its delivery to the human host as well as the bioavailability (Schurgers and Vermeer, 2002;
Halder et al., 2019). The long-chain vitamin K2 variants, represented by MK-7 to MK-9, were found to
have longer half-life in the serum after absorption comparing to the short-chain forms represented
by MK-4 or vitamin K1, and therefore the long-chain vitamin K2 variants have greater contribution to
vitamin K status and greater bioavailability in the human body (Schurgers and Vermeer, 2002; Beulens
et al., 2013). In contrast to vitamin K1 which is retained in the liver after absorption, vitamin K2 is
transported to tissues in the whole body by lipoproteins (Schurgers and Vermeer, 2002). In addition,
dietary intake of vitamin K2 has been uniquely associated with a reduced risk of coronary heart
disease and improved bone health (Geleijnse et al., 2004; Cockayne et al., 2006; Beulens et al., 2009).
However, as the side chain length increases, the lipophilicity of vitamin K2 increases, and the difficulty
in absorption by the human body increases. This was indeed observed for MK-9, compared to MK-4
and MK-7 (Schurgers and Vermeer, 2002).

Vitamin K2 absorption in the human body is thought to proceed as follows. The lipophilic vitamins
mixes with lipids present in the ingested food. Next micelle formation takes place by the action of bile

salts, and subsequently, these micelles are taken up by the intestinal epithelium (Meydani and Martin,
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2001; Kiela and Ghishan, 2016). Thereafter, vitamin K2 is transported in the blood by lipoproteins to
reach target tissues, for instance the osteoblasts (Schurgers and Vermeer, 2002; Simes et al., 2020).
The efficiency of vitamin K2 solubilization and absorption depends largely on the (food) matrix it is
embedded. Fermented foods are the dietary source of long-chain vitamin K2 (Walther et al., 2013;
Halder et al., 2019), where vitamin K2 producing bacteria, e.g. Lactococcus lactis (MK-8 and MK-9)
(Chapter 3 of this thesis - Liu et al., 2019), Bacillus subtilis “natto” (MK-7) (Taber et al., 1981), and
propionibacteria (MK-9(4H)) (Hojo et al., 2007), are key players. All these examples of food-grade
vitamin K2 producers have a Gram-positive cell wall. Given that vitamin K2 is accumulated in the cell
membrane of producing bacteria (Bentley and Meganathan, 1982; Walther et al., 2013), the thick
cell wall conceivably acts as a strong physical barrier for the membrane-embedded vitamin K2 to
be accessible for the human body. This fact, together with the lipophilicity of vitamin K2 present as
long chain variants in fortified foods and food supplements, may result in suboptimal absorption and

utilization of vitamin K2.

Some efforts have been made to improve the oral delivery of fat-soluble vitamins like vitamin K2
and many other pharmaceutical compounds using liposomes (Mirafzali et al., 2014; Sercombe et al.,
2015; Emami et al., 2016). Advantages in solubility, chemical stability, epithelium permeability and
bioavailability have been demonstrated with the liposomes. Liposomes are artificially made, but in
nature, similar lipid particles exist, namely extracellular membrane vesicles (EVs or MVs). EVs are
produced by organisms found in all domains of life, including Bacteria (Kim et al., 2015; Chapter 2
of this thesis - Liu et al., 2018b; Gill et al., 2019). These nano-sized spheres enclosed by lipid-bilayers
have been identified to deliver a wide range of biological molecules, from nucleic acids to proteins,
to interact with other microorganisms, the environment, and the host. Depending on the producer
and the cargos, bacterial EVs play various roles in host health and disease. Besides natural secretion
of EVs by bacteria, artificial generation of EVs is also possible by mechanical fragmentation of cell

membranes (Garcia-Manrique et al., 2018; Liu et al., 2018a).

EV secretion has been identified for the vitamin K2 producing L. lactis (Chapter 8 of this thesis). As
vitamin K2 accumulates in the cell membrane, the lactococcal EVs conceivably contain vitamin K2. We
propose that the vitamin K2-containing L. lactis EVs can act as a delivery system, similar to the already
proposed liposomes, for the human host to absorb and utilize vitamin K2, especially the long-chain
forms. In this study, we used L. lactis to produce naturally secreted or artificial bacterial EVs, examined
the vitamin K2 profile in the vesicles, and demonstrated vitamin K2 delivery to human cells using an
in vitro model. As osteoblasts are one of the targets where vitamin K2 functions as the carboxylation
co-factor, the osteosarcoma MG-63 cell line was used for the in vitro model, and the carboxylation
status of vitamin K-dependent protein osteocalcin produced by the cell line was used as the marker

for vitamin K2 delivery and bioactivity in the host cells.
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Materials and methods

Bacterial strains

Lactococcus lactis ssp. cremoris strain FM-YL11 was reported to secrete EVs (Chapter 8 of this thesis),
and was used to produce EVs in this study. Strain FM-YL11 was cultivated in M17 broth (BD Difco)
supplemented with 0.5% (w/v) lactose in 50 mL centrifuge tubes filled with 50 mL medium with closed

caps, incubated at 30 °C statically.

L. lactis ssp. cremoris strain MG1363 and its mutants were used to produce artificial EVs. As reported
previously (Chapter 5 of this thesis), strain MG1363AmenF produces near-zero amounts of vitamin K2
under aerobic condition and strain MG1363A/Img_0196 produces only short-chain vitamin K2. Strain
MG1363 and its mutants were cultivated in M17 broth supplemented with 0.5% (w/v) glucose; fifty
milliliters of culture medium was filled in 500 mL flasks, incubated at 30 °C, shaking at 180 rpm.

Bacterial EV production and collection

EV production by strain FM-YL11 was induced with mitomycin C for 6 hours exactly as described
previously (Chapter 8 of this thesis). Bacterial cells were collected by centrifugation at 6000 x g for 20
min. The supernatant was filtered through 0.45 um filter and then ultra-centrifuged at 160000 x g for
1 h. The pellet containing EVs was suspended in phosphate-buffered saline (PBS) and stored at -80 °C

until further use.

Overnight cultures of strain MG1363 and its mutants were used for the production of artificial EVs.
Bacterial cells from 50 mL culture were collected by centrifugation at 6000 x g for 20 min, and washed
twice with 50 mL PBS. Then the cells were re-suspended in 20 mL PBS containing 0.5 M sucrose and
1 mg/mL lysozyme (from chicken egg white, Sigma). The cell suspensions were incubated at 37 °C
for 1.5 h with gentle mixing at 0.5 h and 1 h, and then centrifuged at 3000 x g to collect protoplasts.
The pellets were washed twice in 20 mL PBS containing 0.5 M sucrose, and eventually re-suspended
in 5 mL PBS. Then the suspensions were sonicated with a sonication probe (Soniprep 150, MSE) for
10 rounds of 30 sec, with 30 sec cooling on ice between the sonication rounds. The cell lysates were
centrifuged at 11000 x g, and the supernatants were filtered through 0.45 um filter and then ultra-
centrifuged at 160000 x g for 1 h, and the pellet containing EVs was suspended in phosphate-buffered
saline (PBS) and stored at -80 °C until further use.

EVs were quantified by membrane-specific fluorescent dye FM 4-64 (Invitrogen) as described
previously (Chapter 8 of this thesis).

Vitamin K2 extraction and analysis
Vitamin K2 was extracted from bacterial cells exactly as described previously (Chapter 3 of this thesis
- Liu et al., 2019) Vitamin K2 was extracted from EVs by mixing the EV suspension with 1x volume iso-

propanol and 2x volume hexane, vigorously vortexed, and centrifuged at 3000 x g for layer separation.
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The hexane layer was collected. Another 2x volume hexane was added to the remaining mix to repeat
the extraction, and the hexane layer was combined with the first extract. The hexane was evaporated

in a fume hood overnight, and then iso-propanol was added to dissolve vitamin K2.

Iso-propanol dissolved vitamin K2 extracts were diluted in methanol before subjecting to ultra-
performance liquid chromatography-mass spectrometry (UPLC-MS) analysis exactly as described

previously (Chapter 4 of this thesis).

Transmission electron microscopy
Transmission electron microscopy was applied to examine the morphology and sizes of EVs from L.

lactis. The procedure was as described previously (Chapter 8 of this thesis).

Cultivation of MG-63 cell line

The human osteosarcoma cell line MG-63 (obtained from European Collection of Authenticated Cell
Cultures, ECACC) was routinely maintained in Dulbecco’s modified eagle medium (DMEM, Corning)
with 4.5 g/L glucose, L-glutamine and pyruvate. DMEM was supplemented with 10% fetal bovine serum
(FBS, non-USA origin, Sigma) and 100 U/mL penicillin-streptomycin (Gibco) solution. This medium is
referred to as “original medium”. Cell cultures were incubated in rectangular canted neck cell culture
flasks with vent caps (Corning) placed in a HERAcell 150 CO, incubator (Heraeus), at 37 °C with 5% CO,,
95% air and 95% humidity. For passing, the cells were detached by TrypLE Express (Gibco).

For our vitamin K2 delivery assay, the cell line was first adapted to serum-free medium. Cells at
90%-100% confluency in the original medium were passed onto serum-reduced media in a stepwise
manner. The original medium was mixed with 50%, 75%, 90%, 92.5%, 95%, 97.5% and 99% Opti-
MEM reduced serum medium (Gibco) at each step of adaptation, with an additional 5 U/mL penicillin-
streptomycin to the media in the last two steps. At each step of adaptation, a passage with 1:8 dilution
was made when cells reach 90%-100% confluency. At the last step, where 99% Opti-MEM was mixed
with the original medium, the FBS concentration was reduced to 0.1%.

Vitamin K2 delivery in vitro assay

Vitamin K2 delivery in vitro assay was performed in 6-well plates (Greiner CELLSTAR). The 6-well plates
were coated by adding 1 mL collagen coating solution (Sigma) to each well, which were then incubated
at 37 °C for 30 minutes. Then the collagen solution was removed and the wells were washed one time
with 3 mL PBS.

MG-63 cells adapted to Opti-MEM with 0.1% FBS were seeded into the collagen-coated 6-well plates at
about 10° cells/well. Each well contained 3 mL medium. Cell from passage 24, 26 and 28 were used for
the assay. When cells reach 95%-100% confluency in all wells, media was removed from the wells and
cells were washed with 2 mL PBS/well. Then 3 mL/well 100% Opti-MEM supplemented with 5 U/mL

penicillin-streptomycin (referred to as assay medium) was added to the cells, incubated for 24 hours.
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The assay medium was then refreshed (3 mL/well), and vitamin solutions or EV suspensions were
added to different wells to initiate the treatment. After 48 h treatment, the supernatant from each
well was collected, centrifuged at 10000 x g for 5 min to remove insoluble particles. The supernatants

were stored at -20 °C until further analysis.

Vitamin D, (1a,25-dihydroxyvitamin D,, Sigma) was added to induce osteocalcin production at a
concentration of 20 nM. Vitamin K2 variants MK-4 (sigma) and MK-9 (Santa Cruz Biotechnology) were
added at 0.1 nM, 1 nM and 5 nM. Both vitamin D, and vitamin K2 were dissolved in pure ethanol. After
adding the vitamin solutions, the ethanol content in each well was 6 uL in total. In controls where no

vitamin D, or vitamin K2 was not added, pure ethanol was added to each well to 6 pL.

Vitamin K2 concentrations of all EV suspensions were made equal based on membrane-dye
quantifications. Vitamin K2 quantity in each EV suspension was measured. To achieve desired vitamin
K2 concentrations, 10 pL - 100 pL EV suspensions were applied to each well. EVs made from strain

MG1363AmenF were used as the vitamin K2-negative control, and 100 pL/well of these was applied.

Cell culture supernatants were exposed to ELISA assays to examine the quantity and carboxylation
status of osteocalcin. Two ELISA kits (MK111 and MK118, Takara) were used to quantify carboxylated
(Gla-OC) and undercarboxylated (Glu-OC) osteocalcin according to the manufacture’s instruction.
Where applicable, the culture supernatant was concentrated with 3K centrifugal ultrafilters (Amicon,
Merck).

Data analysis

Calculation of vitamin K2 content was performed as described previously (Chapter 4 of this thesis).
Calculations of Gla-OC and Glu-OC quantities were performed according to instructions from
manufactures of ELISA kits (MK111 and MK118, Takara). Box plots were made in Excel for Microsoft

365, with option “inclusive median” for quartile calculation.

To compare the effect of vitamin K2 delivery with negative controls, statistical significance analysis was
performed in IBM SPSS Statistics (version 25) using one-way analysis of variance (ANOVA). Passage
number of the cell line was set as a random factor. Homogeneity of variance was examined using
Levene’s test (a = 0.05). The post hoc multiple comparisons were conducted using Dunnett test (>
control, ¥*p £ 0.05). To compare the carboxylation effect of solvent-dissolved and EV-delivered vitamin

K2, t-tests were performed (paired, one-tailed, *p < 0.05).
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Results

EVs produced by Lactococcus lactis contain vitamin K2

We collected lactococcal EVs in two manners: from L. lactis ssp. cremoris strain FM-YL11, the EVs
were naturally secreted by the cells by the action of prophage-encoded holin-lysin system (Chapter
8 of this thesis); from L. lactis ssp. cremoris strain MG1363 and derived mutants Allmg_0196 and
AmenF, EVs were artificially produced by fragmenting the cell membranes. Transmission electron
microscopy confirmed that the EVs produced by the two methods all showed typical EV morphology
with diameters of 50-300 nm (supplementary Fig. S9.1).
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Figure 9.1. Vitamin K2 in L. lactis EVs. A) Vitamin K2 profile in L. lactis EVs. EV-YL11 are EVs secreted by strain FM-
YL11; EV-MG are EVs artificially generated from strain MG1363; EV-d196 are EVs artificially generated from strain
MG1363A/Img_0196. B) Percentage of vitamin K2 present in naturally secreted lactococcal EVs and in bacterial cells
from the culture of strain FM-YL11. Data from three independent experiments for strain YL11 cells and EVs, error
bars represent standard deviations.

We examined the vitamin K2 presence and profile in both the cells and EVs. We found that vitamin
K2 was present in the EVs with a similar profile as the producing bacteria: EVs from strain FM-YL11
and MG1363 contained MK-8 and MK-9 as the major forms, which amounted up to 80 - 90% of all the
forms, followed by minor amounts of other forms including MK-3, MK-7, MK-10, MK-5 and MK-6 (Fig.
9.1A). EVs from MG1363AlImg_0196 (a mutant that produces MK-3 as the only form) only contained
MK-3; from MG1363AmenF (a mutant that produces near zero level of MKs), trace amount of MK-9
was measured just above the detection limit, of which the concentration was 200 times lower than
in MG1363 EVs. From the naturally produced EVs, the vitamin K2 amount was found to be 6% of the
total vitamin K2 recovered from the whole bacterial culture of strain FM-YL11 (102 + 22 nmol/L). This
amount in EVs is considerable, but also highlights the need for an artificial EV producing system to

allow use of the whole-cell biomass containing majority of the vitamin K2.
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All EVs described here with known vitamin K2 profiles were applied to test the delivery of vitamin
K2 in the osteosarcoma cell line in vitro assay: EVs from strain FM-YL11 and MG1363 were applied
to demonstrate delivery of (mainly) long-chain forms MK-8 and MK-9; MG1363A/Img_0196 EVs were
used to demonstrate delivery of short-chain form MK-3; MG1363AmenF EVs were used as negative

controls.

Lactococcal EVs delivered bioactive vitamin K2 to human osteosarcoma cell line
MG-63

We applied solvent-dissolved pure vitamin K2 as well as vitamin K2 containing EVs to the osteosarcoma
cell line MG-63, and then measured the quantity (Supplementary Fig. $9.2) and carboxylation status
(Fig. 9.2) of osteocalcin (OC) produced by the cell line. The carboxylation status, indicated as the ratio

of Gla-OC/Glu-0C, was mainly used as the marker for vitamin K2 delivery and bioactivity.

To induce OC production, vitamin D, was added to all test conditions except for the negative control
of OC production (“no vitamin”), where no vitamin D, nor K2 was given to the cells. Indeed, from this
control, OC was hardly detected (Supplementary Fig. $9.2). A negative control for vitamin K2 effect
was included, where vitamin D, but not vitamin K2 was applied (“no VK”). Detectable OC was found
in this control, but with an extremely low ratio of Gla-OC to Glu/OC (Fig. 9.2A), indicating negative
carboxylation. This negative control was used to distinguish the delivery of vitamin K2 where the
solvent-dissolved compounds were applied to cells. We used pure MK-4 and MK-9 as the representative
for short-chain and long-chain vitamin K2, respectively, at concentrations 0.1 nM, 1 nM and 5 nM. All
conditions, except for MK-9 at 0.1 nM, showed a positive effect of vitamin K2 delivery, demonstrated
by significantly higher Gla-OC/Glu-OC ratios comparing to the negative control. The delivery of MK-9
was less than MK-4 when applied at the same concentration, but the carboxylation effect improved as

the concentrations increased to 5 nM. For MK-4, the effect appeared to be already saturated at 1 nM.

Significant effects of vitamin K2 delivery on carboxylation status were observed for EVs containing
mainly long-chain MK-8 and MK-9 (EV-YL11, EV-MG) and short-chain MK-3 (EV-d196) in all tested
concentrations, in comparison to the negative control (EV-NC) (Fig. 9.2B). When solvent-dissolved MKs

were added to the negative control sample, effect of MK-4 but not MK-9 was observed.

Noticeably, when long-chain vitamin K2 was delivered by EVs, the carboxylation effects were often
more obvious, comparing to solvent-dissolved vitamin K2 added at the same concentration: EV-MG or
EV-YL11 containing 0.1 nM and 1 nM long-chain MK-8 and MK-9, showed significantly higher Gla-OC/
Glu-0OC ratio than pure MK-9 given at the same concentrations (Fig. 9.2C).
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Figure 9.2. Carboxylation status of osteocalcin produced in cell line MG-63 . A) Carboxylation status of OC
indicated by the ratio of Gla-OC/Glu-OC when solvent-dissolved pure vitamin K2 were applied to cells. In the “no

vitamin” control, neither vitamin D, nor vitamin K2 was added. For all other conditions, 20 nM vitamin D, was
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added to induce OC production. In the “no VK” control, no vitamin K2 was added; this was the control for the
effect of adding solvent-dissolved pure vitamin K2 (MK-4 and MK-9) in various concentrations (Dunnett test, one-
sided, *p < 0.05). B) Carboxylation status of OC when EVs containing vitamin K2 were applied to cells. For all
conditions, 20 nM vitamin D, was added to induce OC production. MK (main) forms and quantity carried by EVs
are indicated in brackets. In the “EV-NC” sample, EVs made from MG1363AmenF was added, and was used as
the vitamin K2-negative control for the other conditions with EV treatment (Dunnett test, one-sided, *p<0.05).
In “EV-MG”, “EV-d196” and “EV-YL11”, EVs from strains MG1363,MG1363A/img_0196 and FM-YL12 were added
respectively. C) Carboxylation status of OC when comparing solvent-dissolved and EV-carried vitamin K2 at the
same concentrations (paired t-test, one-tail, *p<0.05). Data were from three independent experiments.

Discussion

Vitamin K2 is valuable for various aspects of human health. The long-chain vitamin K2 forms increase
in lipophilicity, resulting in less efficient absorption by the human host after oral intake. However, the
long-chain vitamin K2 forms are also found to have longer half-life once in the blood circulation and
therefore more available to be utilized by the target tissue (Schurgers and Vermeer, 2002). Moreover,
intake of long-chain vitamin K2 is associated with additional health benefits that are not associated
with the short-chain forms (Halder et al., 2019). These features highlight the importance of improving

vitamin K2 delivery to the host, especially for the long-chain forms.

As vitamin K2 is accumulated in the membrane of various food-grade bacteria, the nano sized EVs
produced by these bacteria potentially serve as ideal vehicles for (long-chain) vitamin K2 delivery.
Using L. lactis as an example, in this study we demonstrated first that vitamin K2 is indeed carried by
the EVs secreted by bacterial cells. We also demonstrated a convenient approach to generate artificial

EVs composed of vitamin K2-containing membranes derived from L. lactis cells (Fig. 9.3).

To the best of our knowledge, this is also the first report demonstrating functional delivery of
bioactive vitamin K2 to host cells using bacterial EVs. Not only did we observe that lactococcal EVs
carrying vitamin K2 lead to improved carboxylation status of OC in vitro in a dose-dependent manner,
most intriguingly, it was demonstrated that the carboxylation was more efficient when the same
concentration of vitamin K2 was delivered in EVs comparing to the solvent-dissolved form, possibly

due to improved uptake of EV-carried vitamin K2 by the cells.

Existing evidence on the interaction between EVs and mammalian cells support that bacterial EVs can
be taken up by the host cells via endocytosis and membrane fusion (Kesty et al., 2004; Nagakubo et
al., 2020), and the same mechanism could be used by osteosarcoma cells to take up lactococcal EVs.
Thereafter, vitamin K2 carried by lactococcal EVs can be brought to the y-glutamyl carboxylase located
on the ER membrane via the membrane vesicle trafficking processes in the cells (Howell et al., 2006),
where the communication and material exchange between the cell membrane and organelles like ER,
are realized. Then, vitamin K2 is able to perform the co-factor function on the y-glutamyl carboxylase
and initiate the carboxylation process, enabling the transformation of Glu-OC into mature, functional
Gla-OC (Fig. 9.3).
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Figure 9.3. Concept scheme of lactococcal membrane vesicles delivering vitamin K2 to the human osteosarcoma
cell line. In this study, EVs were naturally secreted or artificially made from Lactococcus lactis cells, and were
shown to carry vitamin K2 with similar profile as the producing bacteria. When the vitamin K2-containing EVs were
administered to MG-63 osteosarcoma cells, the changes in carboxylation status of osteocalcin protein produced by
the cell line indicated functional delivery of bioactive vitamin K2 by bacterial EVs. Vitamin K2 is represented by the
orange ovals, bacterial cell membrane as dark purple line and cell wall as light purple line. Note that bacterial cells,
EVs and osteosarcoma cells are not drawn at the same scale. VK2, vitamin K2; GGCX, y-glutamyl carboxylase; ER,

endoplasmic reticulum. This figure was created with BioRender.com.

Although this study shows direct delivery of vitamin K2 by EVs to the cells from the target tissue in
vitro, we can only speculate about the in vivo digestion and transportation of vitamin K2-loaded EVs
following oral ingestion. It has been suggested that liposome digestion follows the conventional lipid
digestion route where the liposomes are solubilized by bile salts and pancreatic enzymes, components
absorbed by the intestinal cells as micelles and carried to the whole body by lipoproteins to reach
the target tissues (Liu et al., 2020). The same route can indeed be expected to be followed by EVs.
Most interestingly, an alternative route has been shown for bacterial EVs, where they pass through
the intestinal barrier and enter the bloodstream directly, and interact with host cells in their native
forms (Stentz et al., 2018; Haas-Neill and Forsythe, 2020). In this alternative route, a similar interaction

between EVs and host cells can be expected as demonstrated in the in vitro assay.
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In conclusion, this study provides evidence that bacterial EVs are ideal vehicles to deliver lipophilic
vitamin K2 to human cells. Not only does this finding contribute to the fundamental understanding
of bacteria-host interaction via EVs, but also to applications for improved human nutrition and
conceivable health benefits. Bacterial EVs are currently receiving increased attention as their roles in
human health and disease are gradually revealed. Finally, the application of bacterial EVs as delivery
systems can be extended to other nutritional/pharmaceutical compounds, such as probiotic factors,

antimicrobial compounds, and vaccines.
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Supplementary materials

Figure S9.1. Transmission electron microscopic pictures of EVs. A) Naturally secreted EVs (induced by prophage-
encoded holin-lysin system) from L. lactis FM-YL11. B) Artificial EVs made from L. lactis MG1363. C) Artificial EVs
made from MG1363A/Img_0196. D) Artificial EVs made from MG1363AmenF. Structures with typical EV morphology
are indicated with black arrows. Scale bars are 200 nm.
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Figure $9.2. Quantity of osteocalcin produced in cell line MG-63 . A) Total OC concentration calculated by adding
Glu-OC and Glu-OC concentrations, when solvent-dissolved pure vitamin K2 were applied to cells. In the “no
vitamin” control, neither vitamin D, nor vitamin K2 was added. For all other conditions, 20 nM vitamin D, was
added to induce OC production. In the “no VK” control, no vitamin K2 was added; this was the control for the effect

of adding solvent-dissolved pure vitamin K2 (MK-4 and MK-9) in various concentrations (Dunnett test, one-sided,
*p < 0.05). B) Total OC concentration OC when EVs containing vitamin K2 were applied to cells. For all conditions, b V7NN
20 nM vitamin D, was added to induce OC production. MK (main) forms and quantity carried by EVs are indicated

in brackets. In the “EV-NC” sample, EVs made from MG1363AmenF was added, and was used as the vitamin K2-

negative control for the other conditions with EV treatment (Dunnett test, one-sided, *p < 0.05). In “EV-MG”,

“EV-d196” and “EV-YL11”, EVs from strains MG1363,MG1363A/Img_0196 and FM-YL12 were added respectively.
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The fat-soluble vitamin K is essential for human health for its function as a co-factor for maturation of
proteins that play important roles in hemostasis, calcium and bone metabolism, as well as cell growth
regulation (Cranenburg et al., 2007; Schurgers et al., 2013; Willems et al., 2014). Among the different
forms of vitamin K, long-chain vitamin K2 (menaquinone, MK-n) demonstrated higher bioavailability
and efficacy in the human body (Schurgers and Vermeer, 2000; Schurgers et al., 2007). Additionally,
dietary intake of long-chain forms of vitamin K2 has been associated with reduced risk of coronary
heart disease (Geleijnse et al., 2004; Gast et al., 2009). Therefore, vitamin K2 enrichment in the diet is
of high interest for human health. As long-chain vitamin K2 (MK-5 to MK-10) is exclusively produced by
bacteria, vitamin K2 producing bacteria that are commonly used in food fermentations provide unique
opportunities for dietary vitamin K2 enrichment. Lactococcus lactis has a long history of safe use in
fermented foods including multiple types of cheeses, buttermilk and sour cream, and produce vitamin
K2 mainly in the forms of MK-9 and MK-8 (Walther et al., 2013; Chollet et al., 2017). Knowledge on the
influence of cultivation conditions, biosynthesis pathway and physiological mechanism of vitamin K2

production in L. lactis is important for improved vitamin K2 content in diet.

While it is of interest to improve the content of vitamin K2 in fermentation workhorses like L. lactis
and eventually in the diet, the actual efficiency for delivering this vitamin to the human body is
important as well. Vitamin K2 may not be readily and thoroughly absorbed by the human body due to
the lipophilicity, especially for the long-chain forms like MK-9 (Schurgers and Vermeer, 2002). The thick
cell wall of Gram-positive bacteria like L. lactis could add an additional barrier for accessing vitamin
K2, which is accumulated in the bacterial cell membrane. Efforts to improve the delivery of bacterial

membrane-bound vitamin K2 into the human host are desired, yet not made previously.

Opportunities for bacterial membrane-bound vitamin K2 delivery are expected with extracellular
membrane vesicles (EVs or MVs), which are produced by organisms found in all three phylogenetic
domains of life, including Bacteria, both Gram-positive and Gram-negative (Kim et al., 2015; Toyofuku
etal., 2019). These vesicles are derived from the cell membrane, forming membrane-enclosed spheres
carrying various types of cargos in the lumen and the membrane (DNA, RNA, proteins, metabolites,
etc.) supporting exchange between cells (Nagakubo et al., 2020). Since vitamin K2 is present in the
bacterial cell membrane, EVs are potentially ideal vehicles for efficient delivery of this vitamin to the
human host with a similar principle as liposomes, which improves the solubility and absorption of fat-

soluble compounds (Simdo et al., 2015; Emami et al., 2016; Yang et al., 2016).

In this study, the possibility of improving vitamin K2 content, as well as the physiological roles of MKs
in L. lactis were investigated (Part I, Chapter 3 - 5). In parallel, the production of EVs in relation to
prophage activity in L. lactis was examined (Part Il, Chapter 6 - 8). Finally, the first two research themes
join into the ultimate goal of this study: the delivery of vitamin K2 by L. lactis EVs to human cells (Part
I, Chapter 9). In the current chapter, each part of this research will be discussed from phenotypical

observations to mechanistic insights, from current findings to future perspectives.
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Improved vitamin K2 content in L. lactis: how and why

Possibilities to improve vitamin K2 content in L. lactis were explored by means of optimizing cultivation
conditions (Chapter 3) and laboratory evolution (Chapter 4), resolving the how question. As for why
some of the strategies could successfully enhance the vitamin K2 content, attempts to understand the
mechanisms behind the changes of vitamin K2 content in L. lactis were also made by characterizing

evolved strains (Chapter 4) and mutants (Chapter 5) with altered MK content and profiles.

How - optimization of cultivation conditions, strain screening and improvement

Within the limited set of L. lactis strains tested, up to 10-fold differences in vitamin K2 titers were already
observed (Chapter 3). All tested parameters of the cultivation conditions, namely temperature, carbon
source, aeration and mode of metabolism, were shown to solely and in synergism affect the vitamin
K2 specific concentration and titer of L. lactis ssp. cremoris MG1363 in M17 medium with a maximally
observed fold-change of 5. When tested for quark fermentation, the pre-cultivation conditions of the
starter, especially the aeration conditions, also had impact on vitamin K2 content in the final product.
The diversity and complexity of influencing factors on vitamin K2 content in L. lactis could not only
explain the extreme diversity of vitamin K2 content in various cheese types and products (Vermeer
et al., 2018; Walther et al., 2021), but also highlight the potential of vitamin K2 natural enrichment.

For biotechnological production of vitamin K2 as food supplement, most studies so far focused on
Bacillus subtilis for MK-7 production (Ren et al., 2020). The study described in Chapter 3 obviously
extended the opportunities to L. lactis for MK-9 and MK-8 production. Although only tested as batch
fermentation in this study, it would be highly interesting to apply the optimized cultivation conditions
in controlled bioreactors with biomass retention. Moreover, the possibility of utilizing low-value
substrates such as agricultural byproducts can also be explored for microbial production of vitamin K2,

as demonstrated with the utilization of various carbon sources.

For food fermentations with well-established procedures such as cheese or quark production, changing
conditions during the fermentation is not always desired or possible, but opportunities of vitamin K2
enrichment are seen with strain selection and pre-cultivation of the starters. Moreover, the possibility
of utilizing various carbon sources such as fructose by L. lactis to achieve high vitamin K2 content is
inspiring for vitamin K2 enrichment in (novel) fermented foods based on for instance vegetables/
plants. These developments can contribute to more widespread dietary sources of vitamin K2 besides
cheeses, which is currently the main source of vitamin K2 in typical western diets. It has often been
in dispute whether cheeses, especially hard cheese, should be recommended for a healthy diet due
to the high fat content despite the benefits from the rich vitamin K2 content (Vermeer et al., 2018);
the increasing popularity of vegan lifestyle also puts forward the requirement for non-animal or dairy-

based products as the vitamin K2 source.
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Besides screening for ideal strains and conditions, strain improvement offers an effective approach
for enriched vitamin K2 in both biotechnological production and in situ fermentation. Triggered by
the observation in the study described in Chapter 3, where aerated conditions consistently resulted
in higher vitamin K2 content in L. lactis in comparison to static cultivation, a laboratory evolution
experiment was performed on L. lactis ssp. cremoris MG1363 under aerated condition for a prolonged
cultivation period (Chapter 4). Evolved strains were selected for stationary phase survival under
the aerated condition, and showed considerable increase (50% - 110%) of total vitamin K2 content.
So far, most strain improvement studies aiming for optimized vitamin K2 production have been
focused on Bacillus subtilis, and effective approaches included mutagenesis, selection of vitamin K2
analog-resistant variants and targeted genetic modification by suppressing competing reactions or
overexpressing vitamin K2 synthesis genes (Ren et al., 2020). Only one recent study focused on L.
lactis, showing that over-expressing key genes in the vitamin K2 biosynthesis pathway successfully
improved the content of this vitamin (Bge and Holo, 2020). Although genetic modification has also
been shown to be an effective approach, the stringent regulations in Europe and low acceptance
for genetically modified organisms (GMOs) greatly limit the applications. The non-GM approach of
laboratory evolution provided promising leads for strain improvement that finds wide applications
in food fermentations. To this end, finding the proper condition of laboratory evolution and setting
the selection criteria are key for obtaining the ideal variants effectively. Besides observations on
the influencing factors, understanding of the physiological role of vitamin K2 in L. lactis could also

contribute to accurate definition of the evolution directions: this will be discussed in the next section.

For selection of strains with outstanding vitamin K2 content, a cost-efficient, high-throughput
screening method is of great interest. The HPLC-MS analysis adopted in this thesis study provided
accurate identification and quantification of the various MK forms in the extracts, but in practice
requires dedicated equipment and an analytical method to be setup, and could be costly and time
consuming when large collections of strains are to be screened. Bioassays based on microbial
growth stimulation of non-producers upon receiving cell extracts obtained from potential vitamin K2
producers, could provide opportunities for a quick, initial screening: for non-vitamin K2 producers
such as Lactiplantibacillus plantarum [previously referred to as Lactobacillus plantarum (Zheng et al.,
2020)], supplementation of MKs and heme has been shown to complete a simple electron transport
chain and induce functional respiration when oxygen is present (Brooijmans et al., 2009). As a result
of aerobic respiration, an increased biomass is obtained. In a preliminary trial we observed a linear
correlation of supplemented (solvent-dissolved) MK-4 and the biomass accumulation reflected by
optical density of La. plantarum under respiration permissive condition, and the linear range covered 0
- 20 pg/mL MK-4 in both 12- and 24- well plate format (Fig. 10.1). Although the correlation of biomass
and other MK-forms remains to be established with such bioassays, it provides a proof of principle for

a fast, initial screening of outstanding vitamin K2 producers.
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Figure 10.1. The linear correlation of supplemented (solvent-dissolved) MK-4 and the optical density of
Lactiplantibacillus plantarum cultures under respiration permissive condition in A) 12- and B) 24- well plate
format. La. plantarum WCFS1 was cultivated in MRS medium supplemented with 2 pg/mL heme, shaking at 180
rpm, 37 °C for 24 hours before the optical density was measured. Cheese cloth was used to cover the well plates.
The data were collected by MSc students from Advanced Fermentation Science course 2017: Lewis, Huijboom,

Huang, Jing, Hoang and Wang.

Why - vitamin K2 content is the result of complex factors

It was intriguing to observe that the aerated conditions consistently resulted in higher vitamin K2
content and higher abundance of long-chain MKs in L. lactis in comparison to static cultivation
(Chapter 3), and that strains evolved from aerated conditions showed enhanced vitamin K2 content
and oxidative stress resistance (Chapter 4). The role of MKs in L. lactis has been somewhat mysterious:
the most well-known role of MKs in bacteria is as electron carriers in the respiratory electron transport
chain (ETC), but L. lactis has been historically classified as a non-respiring, facultative anaerobic
bacterium, hence the role of MKs in aerobic respiratory electron transport seems not of evident
significance for such a lifestyle. Previously mentioned observations from this thesis study, as well as a
few suggestions from literature (Sgballe and Poole, 2000; Vido et al., 2005), seemed to point to a role

in reducing oxidative stress by MKs in L. lactis.

Genetics and proteomics analysis of evolved L. lactis strains that showed enhanced vitamin K2 content
did not reveal genetic or proteome changes that could be linked directly to vitamin K2 synthesis.
However, the oxidative stress resistant phenotype could be explained from the mutations and protein
level changes (Chapter 4). While it was not possible to directly link enhanced vitamin K2 content to
improved resistance to oxidative stress in the evolved strains, a more direct approach was adopted by
examining various gene deletion mutants with altered vitamin K2 profiles (Chapter 5). In contradiction
to our assumptions, the mutant that is unable to synthesize MKs (AmenF) showed the best stationary
phase survival under aerobic cultivation condition. It was deduced that under aerobic condition, when
heme is not supplied to enable the function of the terminal cytochrome oxidase, the electron transfer
function of MKs most likely promoted the formation of reactive oxidative species (ROS), which impose
extra oxidative stress on the bacterium. The statement that MKs contribute to reducing oxidative stress

of L. lactis holds true only under the condition that exogenous heme is supplemented to activate the
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terminal oxidase of the respiratory ETC. On the other hand, MKs are produced by L. lactis under both
aerobic and anaerobic conditions, and a role of MKs in extracellular electron transfer (EET) using for
example metal ions as terminal electron acceptors, has been demonstrated in L. lactis under anaerobic

conditions (Chapter 5).

To discuss the evolutionary significance of L. lactis retaining the MK synthesis ability, a few hypotheses
can be put forward. Firstly, although oxygen and heme are considered to be scarce in the dairy
environment, the situation is different in the original habitat of L. lactis: plant surfaces (Cavanagh et al.,
2015). Oxygen is indeed present there, and the source of heme is also diverse: not only from the plants
themselves, but also from heme producing bacteria that are possibly also present in the same habitat
(Espinas et al., 2012; Dailey et al., 2017). Therefore, MK producing ability would offer an advantage to
L. lactis by heme and oxygen induced respiration. Secondly, the role of MKs in EET is of evolutionary
significance for L. lactis under anaerobic condition too, as EET “allows for the respiration of compounds
that are inaccessible in the cell membrane, such as insoluble mineral oxides” (Light et al., 2019). Finally,
evolution is an everlasting process. The various species of lactic acid bacteria are considered to have
experienced a series of gene loss processes for the components in the respiratory ETC (Pedersen et al.,
2012). Species such as L. lactis lost the completeness in heme biosynthesis pathway but maintained
MK biosynthesis pathway and cytochrome oxidase encoding genes; species such as La. plantarum lost
the functionality of heme and MK synthesis but maintained the cytochrome oxidase encoding genes;
species such as Streptococcus thermophilus have lost the ability to synthesis all three components and
therefore never perform aerobic respiration (Pedersen et al., 2012). Whether MK synthesis in L. lactis
is a result of evolutionary advantage during adaptation to its niche, or is a redundancy that can be
further streamlined, can be best found out using the various MK mutants described in Chapter 5. As
L. lactis can grow under both aerobic and anaerobic conditions regardless of the MK profiles, fitness
of the various MK mutants can be examined by co-cultivation and propagation in different conditions,
similar to a back-slopping process; the dynamics in the population of the various mutants can provide

additional insights into the evolutionary significance of MK production in L. lactis.

So far, the physiological roles of MKs in L. lactis also cannot directly explain the observed changes in
MK content under different conditions and in the evolved strains. It should be appreciated that the
synthesis of vitamin K2 in L. lactis is a complicated process involving various pathways in both primary
and secondary metabolism (Nowicka and Kruk, 2010). Therefore, this biochemical process is under the
influence of a series of factors (Fig. 10.2). First, the cultivation conditions including carbon/nitrogen
sources, aeration, temperature and pH, as well as the mode of metabolism all have direct impact on
the primary metabolism, and therefore on the fluxes towards the vitamin K2 precursors. Moreover, the
external factors may also directly influence the vitamin K2-specific biosynthesis pathway, by changing
the expression level of genes involved. Finally, competing reactions, diffusion of intermediates and
feedback inhibition (demonstrated for other vitamin K2 producing bacteria but very likely to be

applicable in L. lactis) can all participate in determining the production level of vitamin K2 (Tsukamoto
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et al., 2001; Bashiri et al., 2020; Ren et al., 2020). It is strongly desirable to construct a genome-scale

metabolic model to understand and predict the changes in vitamin K2 levels.
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Figure 10.2. Scheme of pathways and plausible influencing factors involved in synthesis of vitamin K2 and
precursors in L. lactis. The blue box indicate primary metabolism, and yellow box secondary metabolism. Black
solid arrows indicate reactions towards vitamin K2 synthesis, black dashed arrows point to other products from
competing reactions, red dashed arrows indicate possible feedback inhibitions. An arrow does not necessarily
indicate a single step of reaction. Orange box on the right side shows possible influencing factors of vitamin
K2 synthesis. D-erythrose-4P: D-erythrose-4-phosphate; PEP: phosphoenolpyruvate; DHNA: 1,4-dihydroxy-2-
naphthoic acid; IPP: isopentenyl pyrophosphate; FPP: farnesyl pyrophosphate.

EV production in L. lactis: how and why

EV production in L. lactis has been studied in this thesis research. The role of prophage activation in
EV production was revealed from phenotypical observation to molecular mechanism (Chapter 7 &
8), addressing the intriguing question of how EVs escape the Gram-positive bacteria with thick cell
walls. Based on these observations and combining genetic information of the prophages (Chapter 6),
the evolutionary significance of EV production, or the prophage-EV interaction, delivers a hypothesis
answering why such behavior improves evolutionary success in a mixed microbial community like

cheese starter cultures.

How - role of prophages in EV production

The studies of the two similar cheese starter isolates with identical prophage sequences, L. lactis ssp.
cremoris strain TIFN1 and strain FM-YL11, were indeed initiated from different viewpoints. Starting
with strain TIFN1, the initial intention to explain the non-lytic phage release phenomenon led to the

findings of membrane enclosure of the phage particles (Chapter 7), pointing to EV-like structures. To
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further understanding the mechanisms, FM-YL11 was chosen for its highly similar behavior as TIFN1.
For strain FM-YL11, the stimulating role of prophage-encoded holin-lysin system in EV production was

confirmed, and the cargo and composition of EVs described (Chapter 8).

Therole of peptidoglycan degrading enzymes has been one of the most evidence-supported mechanism
of EV production in Gram-positive bacteria (Toyofuku et al., 2017; Wang et al., 2018; Andreoni et al.,
2019). The effect of prophage-encoded holin-lysin system in stimulating EV production is apparent
under prophage inducing conditions, but observations on the prophage-cured strain FM-YL12 also
demonstrated the presence of a prophage-independent mechanism in EV production, possibly via
the action of autolysins, which play a role in cell division and cell wall remodeling (Visweswaran et
al., 2013; Wang et al., 2018). In support of this assumption, the extracellular particles produced by
strain TIFN1 were mainly found at the cell division sites, where the autolysins naturally accumulate;
with the additional action of prophage-encoded holin-lysin, the cell division sites therefore become
the weakest spots, allowing the release of large amounts of EVs. From the proteomics analysis of
EVs released from strain FM-YL11, autolysins and proteins involved in cell wall synthesis were also

retrieved, in line with the observation that the cell division sites are hotspots for EV release (Fig. 10.3).

The interplay between EVs and phages does not stop with prophages providing extra tools for EV
production, part of the EV population also carries phage particles as cargos and provide the phages a
non-lytic exit from the host. This relationship, or co-occurrence of EVs and phage/viral particles has
been recently described for other bacteria and ecosystems (Soler et al., 2015; Toyofuku et al., 2017;
Andreoni et al., 2019). In the marine ecosystem for example, large amounts of EVs were isolated from
multiple ocean water samples, even outnumbering the viral particles found in the same environment
(Biller et al., 2014). These observations bring up the awareness or concern that bacterial EVs could be
easily confused with viral particles in ecological studies: the methods used for EV isolation are similar
to the ones traditionally used for viral particle isolation, and the two types of particles share great
similarities in terms of size, density, morphology and composition. EVs carrying DNA, including bacterial
genomic DNA, plasmids and even viral DNA, are frequently reported, posing additional complexity to
the effort in distinguishing EVs and viruses (Soler et al., 2015) - this struggle was also seen from this
thesis research. Separating and distinguishing EVs, phage particles, EVs with DNA cargos and EVs with
phage cargos is still desired for a precise description of the various extracellular particle populations
to complement this thesis study, and is also recognized as a major challenge in viral ecological studies.
The increasing awareness of the abundance of EVs in nature and their interplay/co-occurrence with
viral particles may challenge the traditional theories on the abundance and ecological roles of viruses
in nature, and also put forward higher requirement for methodology in isolating and identifying both

entities in future studies.
Another intriguing observation is the encapsulation of phage particles by EVs. Although phages were
occasionally reported to be the cargos in other Gram-positive bacterial EVs (Toyofuku et al., 2017), this

phenomenon seemed to be very pronounced in the two strains used in this thesis study. A substantial
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population of FM-YL11 EVs was indicated to carry phage particles, and in TIFN1 there even seems to
be a specific membrane encapsulation process of the phage particles. Although random encapsulation
is likely when the cytosol is crowded with phage particles under prophage inducing conditions, it is
highly interesting to investigate whether mechanisms exist to promote this encapsulation process. In
the membrane-enclosed phages such as Cystoviridae and Tectiviridae, the specific encapsulation was
proposed to be secured by phage-encoded proteins that integrate/interact with the host bacterial
membrane (Harrison, 2015; Mdantynen et al., 2019). Several types of naked viruses that infect
vertebrates have also been reported to be packed in host-derived EVs (Feng et al., 2013; Santiana et al.,
2018; Gu et al., 2020), and it is being gradually revealed that certain non-structural proteins encoded
by the viruses promote the encapsulation by EVs (van Der Grein et al., 2021) — the EV enclosed viral
population often shows altered infection efficiency and ability to circumvent the antiviral immunity
(van der Grein et al., 2019). From the genomic analysis (Chapter 6) of proPhil isolated from TIFN1
(prophage in FM-YL11 showed identical sequence), membrane-associated proteins were indeed
predicted (Fig. 10.3). Whether this type of phage-encoded protein promotes EV encapsulation is
an extremely interesting question, as insight into such mechanism will not only contribute to the
understanding of EV-phage interaction and EV roles in bacteria-phage interaction, but also is valuable

for applications where specific cargo loading in the EVs is desirable.
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Figure 10.3. Possible interactions of bacteria, EVs and phages suggested by studies on dairy starter isolates L.
lactis strains TIFN1 and FM-YL11.
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Why - ecological and evolutionary significance of (prophage-mediated) EV
release

The L. lactis strains TIFN1 to TIFN7 isolated from a complex dairy starter culture named “Ur” have
been shown to release membrane-enclosed tailless phage particles in a non-lytic manner (Alexeeva
et al., 2018; Chapter 7 of this thesis), and strain FM-YL11 isolated from artisanal cheese showed
prophage-stimulated EV production where phage particles are the cargos (Chapter 8). The artisanal
dairy starter cultures are results of historical use and propagation of starters that lead to successful
fermentation (back-slopping), which eventually shaped the microbial community in a stable, robust
form (Erkus et al., 2013; Smid et al., 2014). It is therefore reasonable to consider the strains in such
an ecosystem are evolutionary successes with their strategies for interacting with other microbes and
with the environment. The EV-phage interplay observed in strains isolated from either mixed dairy
starters or artisanal cheeses, as well as from other complex ecosystems, is likely to be of ecological

and evolutionary significance.

The prophage in TIFN1 (which is identical to the prophage in FM-YL11) was found to contain mobile
elements disrupting the tail proteins, explaining the tailless phenotype of released phages (Chapter
6). The phages are therefore expected to be defective, unable to complete the infection cycle. This
could be the a strategy of the bacterial host to limit phage spread during the co-evolution with
phages. However, most strains found in the Ur culture were lysogenic, suggesting an advantage of
harboring the prophage sequences comparing to prophage-cured strains. In addition, spontaneous
phage induction was observed, without addition of any prophage-inducing factors (Alexeeva et al.,
2018). An explanation could be derived from the genomic analysis of the prophage sequences: most
of the prophages contain genes encoding phage defense proteins (Chapter 6). Continuous expression
of these proteins contribute to defense against other incoming phage infections, and the continuous
assembly of phage particles in the bacteria could also restrict the availability of reproduction for
other phages. However, the cells need to provide exit to the assembled phage particles to be able
to maintain normal cellular functions. This hypothesis is supported by the study on the holin-lysin
knockout mutant, in which the EV release was inhibited and cell growth was retarded especially upon
prophage inducting conditions (Chapter 8). It is likely that the assembled phage particles, having no
efficient way of leaving the cells, cause overcrowding in the cytoplasm, which could affect protein
mobility in the cells and cause stresses in translation, secretion and osmosis (Mourdo et al., 2014).
This assumption can be checked by proteomics analysis in the future. When the expression of cell
wall modifying enzymes like endolysins is finetuned to mediate EV release without causing massive
cell lysis, opportunities of getting rid of redundant, waste cellular components are offered: examples
are defective phage particles as demonstrated in this thesis study, but also misfolded proteins/protein
aggregates/inclusion bodies that cannot be degraded efficiently. In this aspect, EVs contribute to

maintaining the cellular functions by waste disposal (Fig. 10.3).

It is also an interesting question whether the EVs play a role in phage infection. From this thesis study

and available literature, there is no evidence showing that the EVs provided a novel entry route for
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the phages to infect bacteria. For viruses infecting vertebrates the EVs are often found to promote the
infection efficiency and circumvent the antiviral immunity (Santiana et al., 2018; van der Grein et al.,
2019). In the studies on the association of EVs and phage infection, it is mostly recognized that EVs
can serve as decoys for phages and contribute to the survival of bacteria (Manning and Kuehn, 2011;
Kharina et al., 2015). This is plausible for the L. lactis EVs too, as phage receptors have been identified
in the proteome of the EVs from strain FM-YL11 (Fig. 10.3). More recently it was found that the EVs
spread phage receptors from sensitive strains to resistant strains, and enable phages to infect the non-
host strains or even species—in which manner EVs are expected to contribute greatly to not only phage

spread but also to horizontal gene transfer (Tzipilevich et al., 2017).

The production and functions of EVs, the interaction between bacteria, EVs and phages, and the
impact on cell biology, ecology and phage-host co-evolution definitely deserves further insights.
Complex ecosystems like those found in mixed dairy starter cultures, gastrointestinal tract or marine
environment are often interesting models to examine such interactions, and understanding of these
interactions will benefit research in multiple fields for example food fermentation, as well as health
and environment. The knowledge on (Gram-positive) bacterial EV production can also be translated

into diverse applications, which is discussed in the next section.

Good things come in small packages: EVs as the delivery vehicles

Finally, the delivery of vitamin K2 to a human cell line by L. lactis EVs was demonstrated in Chapter 9.
Not only did the holin-lysin induced EVs contribute to the delivery of vitamin K2, EVs artificially made
from L. lactis cells also showed the same effect, demonstrating the possibility to increase the efficiency
of producing EVs as delivery vehicles. It was also evident that the long-chain vitamin K2 particularly
benefits from the delivery by EVs, as shown by the increased efficiency when administrating the same
amount of long-chain MKs to the cell line through EVs as compared to delivery in the solvent-dissolved

form.

Although this is an in vitro study showing direct delivery of vitamin K2 by EVs to the cells from the
target tissue, the scenarios for in vivo digestion and transportation of vitamin K2-loaded EVs following
oral ingestion can be speculated (Fig. 10.4). The first scenario is that the EVs follow the conventional
lipid digestion route, which is also expected for liposome digestion (Shearer et al., 2012; Liu et al.,
2020): the vitamin K2-loaded EVs are expected to remain stable until they reach the intestine, where
they get solubilized by the action of bile salts and pancreatic enzymes to form mixed micelles, which
are taken up by enterocytes. The micelles are converted into chylomicrons in the enterocytes and then
enter first the lacteal and then the bloodstream, where the chylomicrons are degraded by lipoprotein
lipase. Vitamin K2, especially the long-chain forms, are then carried by low density lipoproteins (LDL)
and transported to cells in the target tissue, such as osteoblasts, which display LDL receptors on the

cell surface to facilitate the uptake of LDL and vitamin K2. Alternatively, the EVs may directly enter the
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circulation system: it has been demonstrated that bacterial EVs directly pass through the intestinal
wall and enter the bloodstream (Stentz et al., 2018; Haas-Neill and Forsythe, 2020). Thereafter, EVs
are expected to be taken up by the host cells by endocytosis or membrane fusion, as both mechanisms
have been demonstrated for the interaction of mammalian or bacterial EVs with mammalian cells
(Kesty et al., 2004; Mulcahy et al., 2014; Nagakubo et al., 2020). The contribution of gut microbiota
to the vitamin K2 status, which has been observed since long ago (Barnes and Fiala, 1959), is also
possibly via this alternative route. The two scenarios complement each other, and EVs are expected
to provide advantages for solubilization, digestion and transportation of vitamin K2 as compared to

the intact bacteria.

Vitamin K2-loaded
bacterial EVs

Bile salt,
pancreatic enzymes

Endocytosis

Membrane
fusion

Enterocytes

5 \NE =

/
/
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Lacteal and L; @
bloodstream 5
[

e

Figure 10.4. Proposed scenarios for digestion and transportation of vitamin K2-loaded EVs in vivo. It is expected

Target cells

e.g.
osteoblast

that EVs remain stable until reaching the intestine, and then the EVs follow either a conventional lipid digestion
route (A) or an alternative route (B). In the conventional route (black arrows), vitamin K2-loaded EVs are converted
into mixed micelles (MM), chylomicrons (CM) and low-density lipoproteins (LDL) subsequently, and vitamin K2 is
delivered to target cells, e.g., osteoblasts that display LDL-receptors to facilitate uptake of LDL. In the alternative
route (blue arrows), vitamin K2 loaded EVs pass the intestinal wall and enter the bloodstream directly and get
transported to recipient cells. The uptake of EVs by the host cells could be via (I) endocytosis and (ll) membrane
fusion. Solid arrows show transportation without conversion, dashed arrows show conversion. This figure was

created with BioRender.com.

Following the uptake by the human cells, vitamin K2 needs to reach the intracellular site of function. The
y-glutamyl carboxylase (GGCX) for which vitamin K2 acts as a co-factor, is located on the endoplasmic
reticulum (ER) membrane (Berkner, 2005; Grober et al., 2014). It is logical to presume that upon
taking up EVs at the host cell membrane, the membrane vesicle trafficking in the cells allow vitamin

K2 to eventually reach the ER membrane (Fig. 10.5). It has been established that vesicular transport
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play essential roles in cellular secretion and uptake of cargos, allowing compound exchange between
plasma membrane and a series of membrane-enclosed organelles including the ER and Golgi complex
(Bonifacino and Glick, 2004; O’Connor and Adams, 2010). Notably, the enzyme co-factor function of
vitamin K2 on ER membrane is achieved via its electron transfer capacity (Fig. 10.5): the electron flow
during the reduction of vitamin K2 by a NADH dehydrogenase/quinone reductase and the oxidation by
GGCX supplies energy required for carboxylation of Glu residues, achieving maturation of Gla-proteins
(Berkner, 2005; Grober et al., 2014). This is consistent with the role of vitamin K2 in the membrane of
the producing bacteria as electron carriers (Fig. 10.5), completing for instance the respiratory electron
transport chain, among other discovered electron transfer routes (Brooijmans et al., 2009; Kurosu and
Begari, 2010).

_—|A
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Vitamin K2-loaded NADH NAD* % H,
bacterial EVs
lb N e
I'{ 7/ \,’ Extracellular B. “GGCX
> S ¢ = \
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Target ~, e
human cells
ER
4 e
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Figure 10.5. Proposed membrane interactions for vitamin K2 carried by bacterial EVs to reach the site of function,
and the electron transfer function of vitamin K2 in bacteria and in human cells. After the vitamin K2-loaded
bacterial EVs are taken up by the cell membrane of target human cells via either endocytosis (I) or fusion (Il),
vitamin K2 eventually reaches the endoplasmic reticulum (ER) membrane by vesicle trafficking (1) for exchanging
components between cell membrane and membranous organelles. On the ER membrane, vitamin K2 functions as
a co-factor for y-glutamyl carboxylase (GGCX). The redox reactions of vitamin K2 in human cells allow electrons
flow from a NADH dehydrogenase/quinone reductase (NDH) to GGCX, driving the carboxylation process during
which Glu-proteins are transformed into Gla-proteins (B). Similarly, in L. lactis cell membrane, vitamin K2 transfer
electrons between a NDH and a cytochrome oxidase (COX) when heme (H) and oxygen are present, forming a
simple respiratory electron transport chain (A). Vitamin K2 depicted as K, oxidized form as KO, reduced form as KH,.
Orange ovals represent vitamin K2, red circles represent ribosomes. This figure was created with BioRender.com.
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While the proof of principle has been obtained that bacterial EVs deliver bioactive vitamin K2
to host cells, the characteristics of L. lactis EVs and their influence on the delivery efficiency is an
extremely interesting yet underinvestigated topic. The most outstanding factors that influence the
liposomal intake pathway and its efficiency have been identified as the liposomal size and surface
charge (Liu et al., 2020). The same influencing factors are likely applicable for uptake of bacterial
EVs by host cells. Although not specifically examined, the electron microscopic pictures on L. lactis
EVs produced via prophage-dependent and -independent routes were an initial indication that the
producing mechanisms influence EV size (Chapter 8). For artificially produced EVs, the methods
adopted naturally also influence the EV size. The size and surface charge of L. lactis EVs produced by
different mechanisms should be characterized and the relation to vitamin K2 delivery efficiency can
be established in future studies. This knowledge will be valuable not only for delivery of this specific

vitamin but also for other applications of bacterial EVs.

Future perspectives and concluding remarks

Given the diverse cargos (nucleic acids, proteins, viral particles, etc.) carried by bacterial EVs and their
various interactions with other microbes, host and environment (see Chapter 2), and the effectiveness
of vitamin K2 delivery by EVs to host cells (see Chapter 9), offer plenty of novel opportunities for the

application of bacterial EVs in food, feed and pharma.

Besides medical applications, the potential of bacterial EVs in food biotechnological applications
deserves recognition (Fig. 10.6) (Liu et al., 2018). For example, the possibilities to deliver anti-microbial
compounds and genome editing elements (i.e., CRISPR/Cas cassettes) by bacterial EVs can be applied
not only for combating pathogens in the human gut, but also can be applied in fermentation starters
to inhibit undesired strains/species or establish desired traits. Membrane-associated compounds like
vitamin K2 transferred by bacterial EVs may not only contribute to human health but also to the fitness
of other commensal bacteria, achieving prebiotic effects. The ability to modulate the host immune
system also makes bacterial EVs ideal candidates as vaccine carriers or probiotic substitutes (Liu et al.,
2018).

With many potential applications of bacterial EVs proposed, efficient production of EVs with the
desired functionality could be one of the major challenges in practice. To this end, isolation and
characterization of EV producing bacterial strains, understanding of the mechanisms governing natural
EV production, identification of EV components and interpretation of EV functions are prerequisites
to successful applications of naturally secreted bacterial EVs or the producing strains (Liu et al.,
2018). Alternatively, artificial EV production by enzyme treatment/osmotic pressure or mechanical
force effectively increase the yield. Compounds of interest can also be loaded to the EVs by genetic
engineering of the EV producing bacteria, or by membrane insertion/encapsulation during the artificial

EV production process (Fig. 10.7A-D). Notably, different compounds can be loaded in combination to
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the EVs to achieve synergy: for example, bacterial cell factories can be designed to generate EVs that
display ligands for specific targeting of host/microbial cells and delivery of genome editing elements
(e.g. CRISPR-Cas9 ribonucleoprotein complex, RNP) (Fig. 10.7E), to achieve high-specificity delivery of
genome editing tools for biotechnological and medical applications ranging from steering metabolite

production to fighting pathogenic bacteria or correcting human genetic disorders (Liu et al., 2019).

Furthermore, the advantage of using Gram-positive bacteria as a source of EVs should be noted (Liu
etal., 2019). Unlike Gram-negative bacteria that have an outer membrane, the Gram-positive bacteria
only have a cytoplasmic membrane as the origin of EVs, and the membrane is in direct contact with
cytosolic components to achieve engulfment of cargos (Toyofuku et al., 2019; Nagakubo et al., 2020).
The toxicity caused by lipopolysaccharides (LPS), which hampers the application of Gram-negative
bacteria (Acevedo et al., 2014), is also not of concern for EVs generated from Gram-positive bacteria.
Although studies on Gram-negative bacterial EVs have thrived with a much longer history, the rapid
advances in Gram-positive bacterial EVs will surely complement and further stimulate this booming

research field of EVs.

In conclusion, this thesis study not only examined the fundamental mechanism of vitamin K2 and EV
production in L. lactis, but also demonstrated the possibilities for vitamin K2 enrichment of fermented
food as well as efficient delivery of vitamin K2 to the human host. Findings from this thesis are expected
to contribute to the field of food fermentation, biotechnology, as well as nutrition and human health.
Remaining questions and perspectives that are put forward also emphasize the requirements and
potential benefits for further exploration and exploitation of microbial vitamin K2 enrichment and

Gram-positive bacterial EVs.
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Summary

The fat-soluble vitamin K is essential for human health for its functions as a co-factor for maturation
of proteins that play important roles in hemostasis, calcium and bone metabolism, as well as cell
growth regulation. Among the different forms of vitamin K, long-chain vitamin K2 (menaquinone,
MK-n) demonstrated higher bioavailability and efficacy in the human body. Additionally, dietary
intake of long-chain forms of vitamin K2 has been associated with reduced risk of coronary heart
disease. Therefore, vitamin K2 enrichment in the diet is of high interest for human health. As long-
chain vitamin K2 (MK-5 to MK-10) is exclusively produced by bacteria, vitamin K2 producing bacteria
that are commonly used in food fermentations provide unique opportunities for dietary vitamin K2
enrichment. Lactococcus lactis has a long history of safe use in fermented foods and produces vitamin
K2 mainly in the forms of MK-9 and MK-8. Knowledge on the influence of cultivation conditions,
biosynthesis pathway and physiological mechanism of vitamin K2 production in L. lactis is important

for the development of vitamin K2-enriched fermented foods (Part I, chapter 3-5).

Initially, various L. lactis strains were screened for vitamin K2 content, and the impact of various
cultivation conditions was examined (chapter 3). It was observed that L. lactis produced MK-8 and
MK-9 as the major MK variants, and that significant strain diversity existed in terms of specific
concentrations and titers of vitamin K2. L. lactis ssp. cremoris MG1363 was chosen for more detailed
studies of the impact of selected carbon sources on vitamin K2 production in M17 media. Aerobic
fermentation with fructose as a carbon source resulted in the highest specific concentration of vitamin
K2: 3.7- fold increase compared to static fermentation with glucose, whereas aerobic respiration (with
heme supplementation) with trehalose resulted in the highest titer: 5.2-fold increase compared to
static fermentation with glucose. When the same strain was applied to quark fermentation, it was
consistently observed that altered carbon source (fructose) and aerobic cultivation of the pre-culture

resulted in elevated vitamin K2 concentrations in the quark product.

Next, an adaptive laboratory evolution (ALE) strategy was applied to obtain natural vitamin K2
overproducing L. lactis strains (chapter 4). Based on the observation (chapter 3) that aerated cultivation
improves vitamin K2 content in L. lactis, an ALE experiment was performed on L. lactis MG1363 by
cultivating this strain in a shake flask in a sequential propagation regime with transfers to a fresh
medium every 72 hours (chapter 4). After 100 generations of propagation, three evolved strains were
selected that showed improved stationary phase survival in oxygenated conditions. In comparison to
the original strain MG1363, the evolved strains showed 50% - 110% increased vitamin K2 content and
exhibited high resistance against hydrogen peroxide-induced oxidative stress. Genome sequencing
and proteomic analysis provided explanations for the enhanced oxidative stress resistance, but the

mechanisms underlying elevated vitamin K2 content in the evolved strains remain to be elucidated.

Besides the long-chain forms of vitamin K2, mainly MK-8 and MK-9, L. lactis also produces a detectable

amount of short-chain forms, mainly represented by MK-3. The physiological significance of the various
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MK forms in L. lactis had not been investigated extensively before. In the study described in chapter 5,
L. lactis mutants with different MK profiles were constructed: a non-MK producer, a presumed MK-1
producer and a MK-3 producer were obtained, confirming the roles of several gene products in the MK
biosynthesis pathway in L. lactis. Together with the wildtype strain MG1363 producing mainly MK-9
and MK-8, these strains were used to further elucidate the functionality of the long-chain and short-
chain MKs in L. lactis. By examining the phenotypes of the MG1363 wildtype strain and respective
mutants under aerobic, anaerobic and respiration-permissive conditions, we could infer that short-
chain MKs like MK-1 and MK-3 are preferred to mediate extracellular electron transfer (EET) and
reaction with extracellular oxygen, while the long-chain MKs like MK-9 and MK-8 are more efficient in
aerobic respiratory electron transport chain (ETC). The different electron transfer routes mediated by
short-chain and long-chain MKs likely support growth and survival of L. lactis in a range of (transiently)
anaerobic and aerobic niches including food fermentations, highlighting the physiological significance

of diverse MKs in L. lactis.

While it is of interest to improve the content of vitamin K2 in fermentation key players like L. lactis and
eventually in the diet, the actual efficiency of delivering this vitamin to the human body is important
as well. Vitamin K2 may not be readily and thoroughly absorbed by the human body due to the
lipophilicity, especially for the long-chain forms like MK-9. The thick cell wall of Gram-positive bacteria
like L. lactis could add an additional barrier for accessing vitamin K2, which is accumulated in the
bacterial cell membrane. Efforts to improve the delivery of bacterial membrane-bound vitamin K2 into

the human host are desired, yet not made previously.

Opportunities for bacterial membrane-bound vitamin K2 delivery are expected with extracellular
membrane vesicles (EVs or MVs). EVs are produced by all domains of living organisms, including
bacteria, both Gram-positive and Gram-negative. These vesicles are derived from the cell membrane,
forming membrane-enclosed spheres carrying various types of cargos in the lumen or the membrane
(DNA, RNA, protein, etc.) supporting exchange between cells. The impact of bacterial EVs on health
and disease are being revealed gradually, and the potential of EVs in various applications has been
highlighted (reviewed in chapter 2). Since vitamin K2 is present in the bacterial cell membrane,
bacterial EVs are potentially ideal vehicles for efficient delivery of this vitamin to the human host
with a similar principle as liposomes, namely to improve the solubility and absorption of hydrophobic
compounds. Given this hypothesis, the EV-producing potential of L. lactis as vitamin K2 producer is of
high interests (Part Il, chapter 6-8).

The findings started with intriguing observations on L. lactis strains residing in an artisanal cheese
fermentation starter (named Ur), where bacteriophages not only co-exist with bacteria but also are
highly abundant. These L. lactis strains (TIFN1 — TIFN7) are hosts to prophages belonging to the family
Siphoviridae, and genome analysis on most of these prophages revealed disruptions in different tail
encoding genes, resulting in a common tailless phenotype of released phage particles (chapter 6).

Remarkably, these L. lactis strains showed detectable spontaneous phage production and release (10°-
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10 phage particles/mL) and up to 10-fold increases upon prophage induction, while in both cases
no obvious cell lysis was observed. Intrigued by this phenomenon, the host-phage interaction was
examined using L. lactis ssp. cremoris TIFN1 (harboring prophage proPhil) as a representative (chapter
7). It was confirmed that during the massive phage release, all bacterial cells remained viable. Further,
by monitoring phage replication in vivo, using a green fluorescence protein reporter combined with
flow cytometry, it was demonstrated that the majority of the bacterial population (over 80%) was
actively producing phage particles when induced with mitomycin C. The released tailless phage
particles were found to be engulfed in lipid membranes, as evidenced by electron microscopy and
lipid staining combined with chemical lipid analysis. Based on the collective observations, a model
of phage-host interaction in Lactococcus lactis TIFN1 was proposed, where the phage particles are

engulfed in membranes upon release, thereby leaving the producing host intact.

To further understand the mechanism of the interesting behavior of L. lactis, another isolate from
artisanal cheese, L. lactis ssp. cremoris FM-YL11, was used that showed similar growth profiles
and contained an identical prophage sequence as strain TIFN1. By applying a standard EV isolation
procedure, EVs were observed in the culture supernatant of strain FM-YL11, for which the prophage-
inducing condition (addition of mitomycin C) led to an over 10-fold increase in EV production in
comparison to the non-inducing condition (chapter 8). In contrast, the prophage-encoded holin-
lysin knock-out mutant YL11AHLH and the prophage-cured mutant FM-YL12, produced constantly
low levels of EVs, under both prophage-inducing and non-inducing conditions. Under the prophage-
inducing condition, strain FM-YL11 did not show massive cell lysis. Defective phage particles were
found to be released in and associated with holin-lysin induced EVs from FM-YL11, as demonstrated
by transmission electron microscopic images, flow cytometry and proteomics analysis. Taken together,
evidence was provided that L. lactis produces EVs, and EV production is stimulated by the prophage-

encoded holin-lysin system.

Finally, the possibility of using L. lactis EVs to deliver vitamin K2 to human cells was examined (Part
I, chapter 9). It was demonstrated that EVs produced by L. lactis carry mainly long-chain vitamin K2
(MK-8 and MK-9). When these EVs were applied to in vitro grown osteosarcoma cells, the ratio of
carboxylated over non-carboxylated osteocalcin increased, indicating functional delivery of bioactive
vitamin K2 by bacterial EVs. The efficiency of vitamin K2 delivery by EVs was higher than adding solvent-
dissolved pure compounds at similar concentrations. Therefore, this study provides proof of principle

that bacterial EVs are ideal vehicles to deliver lipophilic compounds like vitamin K2 to the human host.

The results from each part of this thesis study were further discussed in chapter 10, from phenotypical
observations to mechanisticinsights, from current findings to future perspectives. The opportunities for
the application of bacterial EVs in food, feed and pharma were highlighted, and diverse EV producing/
cargo loading strategies are proposed. Given the advantages of using Gram-positive bacteria as the
source of EVs, it is expected that the rapid advances in Gram-positive bacterial EVs will complement

and further stimulate the booming research field of EVs.
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In conclusion, this thesis study not only examined the fundamental mechanisms of vitamin K2 and
EV production in L. lactis, but also demonstrated the possibilities for vitamin K2 enrichment of
fermented food as well as efficient delivery of vitamin K2 to the human host. Findings from this thesis
are expected to contribute to the field of food fermentation, biotechnology, as well as nutrition and
health. Remaining questions and perspectives that are put forward also emphasize the requirements
and benefits for further exploration and exploitation of microbial vitamin K2 enrichment of foods and

possible therapeutic applications of Gram-positive bacterial EVs.
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