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GENERAL INTRODUCTION

General introduction
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Dairy fermentation
Fermentation is a metabolic process that releases energy from a substrate, (either a
carbohydrate or other organic molecule) without the requirement for oxygen or an
electron transport system. Civilizations have been using food fermentation for over
6000 years in order to preserve food and increase accessibility of nutrients (1). Nowadays, fermented foods are being consumed by billions of people and, thereby,
CHAPTER ONE

fulfill an important role in global nutrition (2–4). The end products of fermentation
depend on the metabolites and the bacterial composition that are present prior to
and during fermentation (3).
Fermented milk products are among the most widely consumed fermentation
products. Bovine milk is composed of macromolecules such as lipids, proteins and
enzymes, amino acids, vitamins, minerals, immunity proteins hormones, growth factors, nucleotides, peptides and polyamines (5). Typically, during milk fermentation,
starter cultures include lactic acid bacteria (LAB) classified in, for instance, the genera Lactobacillus, Streptococcus, Pediococcus, Leuconostoc, and Lactococcus (for
reviews, see (2, 6)). Strains that belong to the genera Lactococcus and Leuconostoc
are dominantly present in milk fermentation to produce Gouda-type hard cheeses,
whereas Streptococcus thermophilus and Lactobacillus delbrueckii subsp. bulgaricus (basonym Lactobacillus bulgaricus, (7)) are typically co-cultured to produce
yoghurt (2, 6, 8). LAB offer a great contribution regarding flavor and texture formation by metabolizing lactose in glycolysis leading to the production of, for instance,
diacetyl, acetoin, acetaldehyde, or acetic acid (9). Degradation of proteins through
proteolysis further contributes to flavor formation as it leads to the production of
(thio) esters (9, 10). Moreover, the rapid acidification of food by LAB leads to preservation of food.
Traditionally, consecutive re-inoculation has been employed to starter cultures
from the fermentation end-product into a fresh batch of milk, a process termed
backslopping. However, such procedure might lead to loss of genetic traits on mo-
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bile genetic elements and subsequent accumulation of single nucleotide polymorphisms (SNPs) leading to offspring that differs genetically from the original strain
(11). Nonetheless, randomly acquired SNPs can lead to adaptation of an organism
towards a specific environmental niche in case the SNP(s) lead(s) to a phenotype
that is desirable in the new environment; fitness-based selection. Consequently, adapted organisms might lose their capability to colonize in other niches. For
instance, the domesticated dairy LAB S. thermophilus harbors genes and a transcriptomic profile that contribute to growth in milk along with L. delbrueckii subsp. bulgaricus (basonym L. bulgaricus, (7)) , stress response mechanisms and host
defense systems (12–14). However, this bacterium cannot colonize in, for instance,
the human mouth in contrast to its close relative S. salivarius due to loss of function
of several features, including virulence (12–14). Nevertheless, LAB within the dairy
niche typically harbor several genetically encoded traits that contribute to growth
in milk such as lactose utilization and casein proteolysis (9). Therefore, selecting
desirable fermented food product.

A closer look at LAB
In general, the energy metabolism of LAB is dependent on carbohydrate fermentation to generate 2 moles of ATP/1 mole glucose during glycolysis (15). These
bacteria are Gram-positive, non-sporulating and many species possess the GRAS
(Generally Regarded As Safe) status, which is also based on their long history of
safe use in food products. In terms of fermentation, LAB can be either homofermentative or heterofermentative, meaning that they can metabolize glucose or other carbohydrates (e.g. lactose, primarily found in milk) to lactic acid, or to a mixture
of lactic acid, acetic acid, ethanol, and/or formic acid, respectively (16). As mentioned, specific strains of various LAB species have been developed into industrial
starter cultures that perform robustly in industrial fermentation processes. However,
some genera also contribute to food spoilage, for example Pediococcus is involved
in formation of the off-flavor diacetyl in wine (17). Various LAB are considered to
be probiotics: living microorganisms which contribute to health of the host when
administered in adequate amounts (18), primarily specific strains of the genera Lactobacillus, Bifidobacterium, Lactiplantibacillus, Lacticaseibacillus, Ligilactobacillus ,
Limosilactobacillus and Fructilactobacillus a.o. (7, 19). One of the most important
LAB in the production of fermented foods, and particularly cheese, is Lactococcus
lactis.
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appropriate LAB strains with organoleptic traits is important in order to obtain a

Figure 1. Schematic overview of the nisin gene cluster and mechanism of NICE (nisin-induced gene
expression). (A) The nisin gene cluster harbors 3 promoters of which PnisA is being used in several
NICE vectors and both PnisA and PnisA can be activated by nisin (P= promoter, IR= interval region,
(33, 34)). This cluster includes the nisA gene encoding nisin, genes involved in modification, translocation and processing of nisin (nisBCPT), immunity (nisIFEG) and genes involved in regulation of
the nisin cluster (nisRK). (B) Presence of nisRK facilitates NICE of gene X downstream PnisA. Image
was reprinted from Zhou et al. 2006 (33) Mierau and Kleerbezem 2005 (24) and Mierau et al. 2005
(35).
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Lactococcus lactis
For centuries, the Gram-positive bacterium L. lactis has fulfilled an important role in
the production of fermented dairy foods (20). L. lactis is an aerotolerant organism
which is classified as GRAS, based on its long history of safe use in food fermentation and human consumption. This species is dominantly present in starter cultures
employed for the production of cheeses, but is also important in the production of
butter, sour milk, and buttermilk (11, 21). In fact, approximately 1018 L. lactis cells are
ingested globally each year (21). Subspecies include L. lactis subsp. lactis and subsp.
lactis biovar diacetylactis, L. lactis subsp. cremoris, L. lactis subsp. tructae, L. lactis
subsp. hordniae in which the latter two are rarely found during milk fermentation.
An antimicrobial compound that is produced by several lactococcal strains is nisin. This bacteriocin is a small peptide that elicits cell death in non-resistant bacteria
by disrupting the cell-wall of for instance Listeria monocytogenes, a pathogenic
bacterium involved in foodborne outbreaks (22–26). The nisin gene cluster, typically
present on transposon Tn5276, comprises genes involved in modification, translocation and processing of nisin (nisBCPT), immunity (nisIFEG), regulation of the nisin
cluster (nisRK) and nisA or nisZ encoding nisin A and nisin Z respectively (22–24,
27, 28)(Fig. 1.). Various plasmids harboring the nisA promoter and nisRK have been
constructed to facilitate nisin-induced gene expression of a gene of interest (24,
29). Moreover, a selected panel of these constructs contains food-grade markers
(24) which facilitate food-grade overexpression of beneficial traits in genetically
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accessible lactococcal strains including the lactococcal laboratory strains L. lactis
subsp. cremoris MG1363 (a plasmid free derivative of L. lactis subsp. cremoris
NCDO712, (30, 31)) and L. lactis subsp. lactis IL1403 (32).

Comparative genomics and transcriptomics in L. lactis
The field of genomics is essential to provide insight into evolution, diversity and
functional adaptation towards specific environmental niches. In addition, it can also
be used as a tool to select for strains with specific beneficial traits. The development and improvement of genomic analysis tools has therefore increased knowledge and accuracy in gene occurrence, function prediction and evolution (36, 37).
Typically, the total size of the lactococcal genome, including its extrachromosomal
replicating genetic entities, is approximately 2.2 to 2.6 Mb (38). According to the
NCBI database, 236 assembled lactococcal genomes have been uploaded to date
Medicine, June 2020). Subsequent comparative genomics led to the prediction
of orthologous groups (OGs); genes that descend from a (single) gene in the last
common ancestor. The pan genome comprises all orthologous groups (OGs) observed within the lactococcal strains, including strain-specific OGs, while the core
genome, a subset of the pan genome, includes OGs of which at least a single
representative gene is observed in each Lactococcus strain. A large diversity of
the lactococcal pan-genomic content is observed among genes which encompass
beneficial traits for food fermentation e.g. bacteriophage resistance, bacteriocin
production, exopolysaccharide (EPS) production or lactose fermentation (38–40).
Many of these traits are encoded within the lactococcal plasmidome; the genetic
content of plasmids within L. lactis (39, 41). In the 43 strains that were analysed by
Wels and colleagues, 7795 OGs belonged to the pan-genome of which only 1463
OGs belonged to the core genome (Fig. 2., (40)). This demonstrates the large variation and diversity of the lactococcal pan-genomic content that appears to be larger
compared to other LAB (40, 42–45).
Classification of the lactococcal subspecies lactis or cremoris is based on phenotypic traits, including arginine and maltose utilization, growth temperature, and
salt tolerance (38, 40, 46–48). Intriguingly, within the subsp. cremoris group (genotype), several strains, including the extensively researched strain L. lactis MG1363,
have a typical subsp. lactis phenotype whereas other strains have the expected
cremoris phenotype and are designated as ‘true’ cremoris strains (30, 31, 40). From
a genomics perspective, 3 groups can be distinguished: subsp. lactis with a lactis
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(database National Center for Biotechnology Information, U.S. National Library of
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Figure 2. High diversity of pan-genomic content in L. lactis. An increase in number of OGs in
the pan-genomic content is observed the more genomes are analysed (7795 OGs, total of 43
strains analysed) implicating large variation and diversity. Based on 43 genomes, a core genome consisting of 1463 OGs was defined by Wels and colleagues (image adjusted from Wels
et al. 2019 (40)).

phenotype, subsp cremoris with a lactis phenotype and subsp. cremoris with a cremoris phenotype which appears to be a true subgroup from the cremoris genotype
(also considered as ‘true’ cremoris strains, (40)). These ‘true’ cremoris strains are
typically used for milk fermentation and considered to be domesticated microbes
due to restricted growth and survival in a man-made environmental niche (38, 40).
Recently, it was reported that loss of genes involved in maltose transport and transcriptional regulators involved in osmotic and temperature stress can be assigned
to strains belonging to this ‘true’ cremoris subclade, whereas these genes were still
intact in subsp. cremoris strains with a lactis phenotype, including the plant-derived
and plasmid-free strain L. lactis KW2 (40).
L. lactis dairy isolates have been proposed to be derived from plant isolates
through fitness based selection following from randomly acquired traits and SNPs
that are beneficial for growth in milk (40, 49–51). For instance, several strains obtained plasmids harboring the lactose operon (32, 38–40, 52). Moreover, a protease-encoding plasmid observed in many lactococcal strains contribute to casein
consumption by degrading casein to free utilizable peptides (30, 53, 54), an essential trait in order to allow efficient growth in milk. These proteases are predominantly bound to the cell-envelope, although it has also been described that a particular
lactococcal strain (L. lactis ML1) secretes its proteases in the environment (55, 56).
However, the protease-encoding plasmid is unstable upon culturing in milk (51, 57,
58). Cheating protease-negative (prt-) strains can coexist along with the coopera-
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tive protease-positive (prt+) strains within the population, a situation that depends
on the local peptide concentration and cell density (57, 58). Low cell density leads
to (too) low global peptide concentrations for the cheating prt- strains whereas,
at high cell densities, these cheating cells do not have the burden of protease
expression, in contrast to the cooperative prt+ strains, and many free peptides are
available for the cheating population due to the high amounts of prt+ cells at high
densities (57, 58). These examples show that the plasmidome fulfills an important
role in niche adaptation in L. lactis.
Besides genetically encoded traits that contribute to growth in milk, also regulation of gene expression fulfills an important role for adaptation towards growth in
the dairy niche. A study comprising a R-IVET based approach led to the mapping
of the gene activation pattern of L. lactis upon growth in milk and cheese ripening
and showed increased gene expression of primarily genes that are involved in amino acid- and carbohydrate metabolism and transport (59). Besides acquiring traits
tococcal strains has been observed and arises from reductive evolution leading to
increased fitness (38, 40). For instance, genes involved in (carbohydrate) metabolism and amino acid biosynthesis are typically present in lower abundance in dairy
adapted LAB strains, compared to LAB strains in non-dairy niches including plants,
in order to reduce molecular costly processes (38, 60).
Overall, the genetic content of lactococcal strains appears to be partly driven by
niche adaptation independent of subspecies classification (38, 40). Comparative
genomics provides insight in presence or absence of beneficial traits for niche adaptation in L. lactis. Intriguingly, L. lactis harbors several gene clusters that appear
to both originate from close relatives and bacteria that belong to other genera
such as Streptococcus, Enterococcus and Lactobacillus (comprising all organisms
that were classified as Lactobacillaceae before 2020, (7, 40, 52, 60, 61) implicating
horizontal gene transfer of genetic traits to L. lactis.

Horizontal gene transfer
Bacteria exchange genetic material to acquire novel traits increasing genomic diversity between bacterial strains but also between different genera. Several tools
such as whole genome sequencing map potential regions in the chromosomal DNA
that are acquired through horizontal gene transfer (HGT), including genomic islands
(GEIs). GEIs are usually large regions of DNA that may contain (remnants of) mobile genetic elements, are often flanked by direct repeats and may harbor genes
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or adaptation of gene expression, genomic decay in dairy lactococcal and strep-

involved in virulence, antibiotic resistance or traits that contribute to adaptation
to certain growth and environmental conditions (62, 63). Notably, GEIs can often
be distinguished from the host genome as they typically possess deviating GC
content compared to the overall genome and in some cases also have a high sequence similarities to genetic loci in other bacteria (63, 64). However, it is difficult
to determine whether a genetic region originates from a close relative since such
genetic loci lack the mentioned sequence deviations when compared to the host
organism’s genome.
Mechanisms of HGT employed by bacteria include conjugation, nanotube-facilitated transfer of DNA, transduction or natural competence in order to acquire novel
traits that might be beneficial for e.g. survival and adaptation to stress or changing
environmental conditions. Conjugation requires a donor and an acceptor strain to
allow transfer of integrative conjugative elements (ICEs) that integrate at a (usually
specific) location in the genome and transfer of conjugative plasmids. The donor
strain expresses a conjugation machinery to bridge/dock to other cells to accept
CHAPTER ONE

ICEs. Typically, genome plasticity islands that function as ICEs in the genome are
flanked by direct repeats and, after excision and transfer to the host, integrate at
attachment sites (attB) that are often located within tRNA genes of the host (63, 65).
During transduction, bacteriophages infect L. lactis and, in case of lysogenic phages, can transfer a large amount of genetic material into the host genome
whereas lysis of the infected cell occurs upon infection with lytic phages. Phages
capture DNA either through cos-packaging (containing cohesive genomic extremities) or pac packaging (absence of cohesive genomic extremities) (66). Cos phages contain two major structural proteins for packaging and requires recognition
of cos sites for both initiation and termination of packaging (67) thereby leading
to regulated and precise packaging and (sequence-specific) termination. Typically,
cos phages are involved in specialized transduction in which transfer of a specific
set of genes that typically encompass phage genes and flanking genes is facilitated (67, 68). In contrast, pac phages contain three major structural proteins for
packaging and require recognition of a pac site in the DNA to start the packaging
process (66). These phages commonly employ imprecise termination of packaging
following a ‘headful’ threshold amount leading to intact phage particles (68, 69).
Advantageously, they pack any bacterial DNA for transfer into the host, a process
called generalized transduction (69). Therefore, primarily pac phages are of interest
for transferring large genetic clusters encoding beneficial traits into bacterial hosts.
Recently, nanotubes were discovered which bridge proximate cells to exchange
nutrients, DNA and proteins (70). Nanotubes differ from conjugation tubes as it
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does not involve a conjugation- like machinery and the tubes consist of cell wall-like
components (70). Bacteria develop nanotubes upon close proximity with bacteria
from similar and different genera, indicating fewer restrictions regarding donor-recipient interactions compared to e.g. conjugation, enabling transfer of traits such
as antibiotic resistance (70, 71). Besides transfer of DNA, also proteins can be transferred along in the nanotubes (72). Although no machinery is required for nanotube
formation, the regulator YmdB appears to be required for nanotube formation and
other adaptive responses in B. subtilis showing that there is a molecular network
involved in nanotube development (71, 73–75).

A primary mode within HGT mechanisms: natural competence
One of the most promising mechanisms to use as a tool to acquire new beneficial
traits, and is studied in this thesis, is natural competence. Natural competence is
the DNA into its genome or maintain DNA as a plasmid. Advantageously, compared to the other mechanisms summarized above, this mechanism does not require a donor-recipient interaction or phage, eliminates species and genus transfer
limitations, is genetically encoded and allows efficient integration of homologous
DNA molecules (76). Typically, the competence state is a temporary state in which
a transcriptional regulator (usually induced via a quorum sensing mechanism) activates gene expression to allow synthesis of the DNA-uptake machinery in the cell
membrane (77–79). Several bacteria (either Gram- positive or -negative) possess
the potential to develop a state of natural competence which has been studied
extensively in Bacillus subtilis (80, 81) and in Streptococcus pneumoniae in which
this phenomenon had been observed first among bacteria (78, 82). In most bacteria, natural competence is considered a remodeling state in which bet-hedging is
used as a survival strategy (77, 83). However, the main driving force for DNA uptake
from the environment is not well understood. Propositions for the driving forces of
natural competence are food supply (81, 84), facilitation of DNA repair (85–87) and
obtaining genetic diversity among species and closely related taxa (76, 78, 81).
Uptake of DNA can be advantageous to bacteria as it is an excellent source for
nutrients, damaged DNA can be repaired and genetic diversity can be attained.
However, uptake of dysfunctional alleles that substitute for a functional allele can
also impose deleterious effects (76).
Notably, not all bacteria are able to become naturally competent and for many
bacterial genera and species that are predicted to encode the genetic capacity for
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the ability of an organism to allow uptake of exogenous DNA and either integrate

this trait it remains unknown what environmental stimuli or growth conditions trigger the development of the competence state. Among LAB, streptococci such as
S. mutans and S. salivarius enable a state of competence (88–90). Additionally, also
the industrially relevant LAB S. thermophilus can become naturally competent upon
culturing in minimal chemically defined medium (89, 90), whereas natural competence in for instance the industrially relevant LAB L. lactis has only recently been
established (this thesis; (91–93)). Essentiality of competence proteins differ among
genera within the bacterial kingdom. Obviously, exogenous DNA is internalized
through the cell wall and the membrane during natural competence in all bacteria.
Hence, there are differences in the DNA-uptake machinery between Gram- positive and Gram-negative bacteria due to physiological differences such as cell wall
composition and thickness. As we will focus on LAB in this study, the mechanism of
natural competence in exemplary Gram- positive bacteria will be described in more
detail in the following paragraphs.

CHAPTER ONE

Late competence genes
Late competence genes encode proteins involved in the assembly of the DNA uptake machinery and DNA protection and processing (Fig. 3.). The master regulator
of competence, in L. lactis annotated as ComX, interacts with the com-box, a DNA
binding motif, to allow transcription of the late com genes (94). Several proteins
within the DNA uptake machinery facilitate transfer of DNA into the cell. First, the
DNA uptake machinery must be able to bind the DNA prior to the degradation of
one strand into a single stranded form, which is necessary in order to be able to
internalize the DNA.
ComEA, one of the components in the assembled DNA uptake machinery, appears to be essential in this process as specific mutations leads to abolished DNA
binding and impedes DNA transport in B. subtilis (81, 95). DNA binding appears
non- specific in most genera among Gram-positive bacteria. Only single stranded
DNA can be processed from 3’ to 5’ (96) during DNA- uptake. The non- transported
strand is degraded by the endonuclease EndA in S. pneumoniae (97, 98). However,
as endA is missing in several other bacteria that allow natural transformation such
as B. subtilis, other unknown nucleases might play a role in degradation of the other
strand (97, 98). Another important protein within the DNA-uptake machinery that
is required for proper transport of DNA is ComEC (also known as Rec2). Orthologs
have been observed in several Gram-positive bacteria that are able to become naturally competent (78, 81) underpinning its importance as the pore protein for DNA
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translocation within the DNA uptake machinery. Indeed, ComEC appears to be essential
for natural competence in for instance S. thermophilus (99), S. pneumoniae (100), Bacillus
subtilis (101) but also in the Gram-negative bacterium Vibrio cholerae (102).
The first gene encoded in the comF operon, comFA, fulfills a major role in DNA
uptake and transport though not in DNA binding (103, 104). Although this protein
contributes significantly to a functional DNA machinery, loss of function of ComFA
results in a 1000- fold reduction of natural transformation efficiency in B. subtilis,
whereas loss of other competence genes essentially abolish natural transformation
with efficiencies dropping over 107- fold (103, 104). Therefore, it seems that this
protein is not essential, though important for optimal efficacy of transformation.
ComFC, encoded by the second gene in the comF operon, is most likely an RNA/
DNA helicase involved in DNA uptake (105). Notably, disruption of comFC in B.
subtilis resulted in a five-fold reduction of natural competence which indicates that
it is not essential though beneficial for natural competence in this bacterium (105).
operon. Interestingly, together with the peptidase ComC, the protein structure containing ComG proteins display similarities to type IV pillin-like structures that are
probably involved in processing and pulling in the DNA fragments (81). Among
the ComG proteins, ComGA is an ATPase (80) which is mainly involved in assembly
of competence induced pili or pseudopili in S. pneumoniae and B. subtilis (98,
106, 107). Notably, this protein seems to be extremely important in early stages of
competence development (98, 108). Besides comGA, other genes within the comG
operon encode proteins that relate to type IV- like pili structures required for transformation including ComGC-containing pili in S. pneumoniae (107). In addition,
other ComG proteins (ComGD, ComGE, ComGF) resemble minor pilins that are
required for pseudopili-assembly which in turn seem to be essential for interaction
with the minor pilin ComGG (106, 109).
Recently, Muschiol and colleagues described a model for Gram- positive bacteria
that includes interaction of the DNA with the DNA-uptake machinery and pili-like
structures (Fig 4, (98)). In this model, the ComG proteins are either involved in trapping the DNA (Fig. 4A) or pore formation in the cell wall (Fig. 4B) in order to facilitate DNA transfer into the cell (98). Interestingly, there are indications that ComGC
is able to bind DNA directly (107) which points to the DNA entrapment model.
However, the current proposition is that the transformation pili structures entrap
DNA for close proximity to the DNA machinery on the cell membrane (109) and not
particularly to transport DNA directly towards ComEA. Although this is a plausible
hypothesis, it is still uncertain whether ComGC is able to entrap DNA. Therefore,
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Other proteins that are involved in natural transformation are encoded by the comG

CHAPTER ONE

Figure 3. Schematic overview of the DNA uptake machinery protein complex with Type-IV pili
structures (91). The DNA uptake machinery consists of ComEA, ComEC, ComFA, ComFC, and the
ComG pili. DNA docks to ComEA through ComG pili, is cleaved to its single-stranded form in order to translocate into the cell via ComEC and processed by ComF proteins. Upon arrival in the cytosol, several single stranded binding proteins protect the DNA from degradation. There proteins
are loaded with recombination proteins to allow DNA integration if homologous flanks are present
in the genome of the host or, in the case of plasmids, DNA is recovered to double stranded DNA.

another model was proposed which states that the pili structure containing ComGC
is a drill that creates holes in the cell wall.

DNA processing
Although most proteins within or associated with the DNA-uptake machinery are
located in the membrane, translocation of these proteins occurs upon DNA transfer
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A

B

Figure 4. Two potential models for Type IV-like pili structures and their relevance in enabling DNA
uptake in natural competence. The type IV like pilus structures either entrap the dsDNA in order to
bring the DNA in close proximity of the DNA machinery or create holes in order to facilitate translocation of the DNA to ComEA in the DNA machinery complex (Fig. 1B). Images were reprinted

in order to complete DNA processing (76, 81). In addition, the competence proteins
ComGA, ComFA and YwpH (presumably a homolog of SsbA/SsbB in L. lactis) are
preferentially colocalized at the cell poles in B. subtilis and relocate upon decline
of the natural competence state (110). In S. pneumoniae, the unstable protein CoiA
is probably not involved in DNA uptake initially, however, appears to be important
for transformation during DNA processing and recombination (111). Another study
performed by Kosinski et al. 2005 predicts that CoiA possesses a nuclease domain
that is most likely involved in degradation of one DNA strand (112). During and after entry of the single stranded DNA into the cell, DNA is protected by DprA, SsbA
and SsbB against degradation by DNAses. A complex comprising the recombinase
RecA together with these DNA protector proteins facilitates recombination of the
newly acquired single stranded DNA into the genome (113). These recombination
events have been reported to predominantly occur at the cell pole where also the
DNA machinery was reported to be preferentially located in B. subtilis (114).

Regulation of competence induction
Typically, com genes are classified as either early or late com genes encoding regulatory proteins or components of the DNA-uptake machinery, pili-like structures and
(ss) DNA protective proteins respectively. The early com genes regulate expression
of the master regulator of competence which is named differently among genera
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from Muschiol et al. 2015 (98).

(e.g. ComK in Bacillus subtilis, ComX in streptococci). Variability of regulation is
observed within species and even genera. However, all regulatory pathways typically comprise peptide-mediated regulation but with different components in the
downstream process for signaling such as two-component systems or by binding
of a peptide to cytoplasmic regulators (115). In the following paragraphs, different
regulation systems for natural competence in model organisms will be discussed.

Bacillus subtilis
Regulation of competence has been studied extensively in the Gram-positive bacterium B. subtilis. In B. subtilis, the transcription factor ComK is the master regulator
of competence that activates expression of the late com genes (116). Expression of
ComK can be induced by the pheromones ComX (117) or PhrC/CSF (competence
and sporulation factor, (118, 119)), both encoded by early com genes that are part
of a typical quorum sensing mechanism in B. subtilis. ComX (in this case a pheroCHAPTER ONE

mone, name is also used for the master regulator of competence in other species)
is modified by ComQ which is also involved in ComX pheromone production (120).
Extracellular ComX is sensed by ComP which subsequently leads to phosphorylated ComA (117, 119–122). CSF is imported by the sporulation factor Spo0K and impacts ComA~P-controlled expression of genes (118, 123). Activated ComA induces
expression of srfA and, subsequently, ComS (123–125) which, eventually, leads to
the release of ComK (124, 126) and, subsequently, the activation of expression of
the late-competence functions and assembly of the DNA-uptake machinery. Phosphorylated ComA can be antagonized by the phosphatase RapC which in turn is
inhibited by Spo0K activity (127). Expression of PhrC is triggered by the sporulation
sigma factor SigH during the late logarithmic phase and transit of B. subtilis into
the stationary phase (123, 128). Taken together, it appears that cross-talk between
regulation of sporulation and competence is part of a bet-hedging strategy in B.
subtilis leading to differences in cellular behavior within the population (83).
Subsequent expression of ComK and the competence system occurs when cells
enter stationary phase. Tetrameric ComK binds to the ComK binding site to activate
transcription (123, 129). Typically, the transcription factor DegU stimulates binding
of ComK to this site upon low levels of ComK (123, 130). The quorum sensing system harboring the cytosolic sensory kinase DegS and DegU is involved in activation
of competence but also production of degradative enzymes that reduce competence when DegU is either phosphorylated or unphosphorylated, respectively (123,
131, 132).
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ComK stimulates its own expression by a positive feedback loop (123, 129). However, several regulators inhibit ComK expression, preventing continuous competence induction in B. subtilis including AbrB, Rok (repressor of ComK), and the
pleiotropic regulator CodY (123, 133–136). AbrB represses sigH (137) contributing
to competence downregulation, however, AbrB appears to be involved in competence activation as well (123, 135). Although Rok represses ComK expression, the
master sporulation regulator Spo0A can activate ComK expression by antagonizing
Rok (123, 135, 136) and abrB expression (123, 138). CodY represses competence
but is primarily involved in the bacterial stringent response; a stress response that
usually occurs upon starvation conditions leading to a non-growing state (139–142).
This pleiotropic regulator senses GTP levels and branched chain amino acid levels
(143–145) and inhibits their synthesis when these components are present in sufficient levels. Other regulators also impact branched chain amino acid synthesis
including the carbon catabolite repression regulator CcpA (140). This regulator is
activation.
Competence induction in B. subtilis is associated with a temporary non-growing
state as a result of the interaction of ComGA and RelA (147, 148) and, therefore,
requires tight regulation. RelA forms a complex with uncharged tRNAs at the unoccupied ribosomal A-site upon (amino acid) starvation, leading to its activation
and the corresponding production of the alarmone (p)ppGpp (149). Synthesis of
(p)ppGpp leads to reduced GTP levels and, therefore, alleviation of CodY repression (150) and, subsequently, activation of a stringent response. Moreover, ppGpp
production is also linked to tweaking stress resistance in cells that entered a viable
but not culturable (VBNC) state and in persister cells (151), which are dormant and
antibiotic tolerant cells without antibiotic resistance. Alleviation of CodY repression
not only results in induction of pathways that contribute to branched chain amino
acid synthesis or other pathways involved in stringent response but also enables
competence induction in B. subtilis by alleviating ComK repression (123). Therefore, it is clear that competence is strongly linked to general cellular metabolism
and physiology in B. subtilis. Degradation of ComK is facilitated by protein degradation complexes harboring MecA, ClpC and ClpP though can be prevented by
ComS when present in sufficient levels (123, 152). Natural competence in B. subtilis
appears to be tightly regulated in which only a subpopulation (5-10%) of the culture
expresses com genes (153). In conclusion, there are many pleiotropic factors that
contribute to the fine-tuned regulation of ComK expression (Fig. 5), which leads to
a transient state as a ‘window of opportunity’, presenting sufficient levels of ComK
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also involved in activation of DegU (146), thereby indirectly promoting competence
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Figure 5. Overview of the circuitries linked to (early) com gene induction in B. subtilis. The green
area indicates proteins involved linked to late competence, the blue area depicts proteins that
are expressed during early competence regulation, the brown area shows proteins that impact
metabolism and the yellow area depicts other pathways known to be impacted upon competence
development. Image was adjusted from Hamoen et al. 2003 (123).

temporarily, allowing DNA uptake. The pleiotropic consequences of the regulatory
circuits associated with the competence development in terms of cellular growth
and physiology, are in agreement with the multifactorial and strict regulation of
competence development.

Streptococci and early com genes
In streptococci, activation of late com gene expression is facilitated by the alternative sigma factor ComX. Typically, ComX activation in streptococci is preceeded
by the induction of a quorum-sensing mechanism compromising a regulator and
a pheromone encoded by early competence genes (Fig. 5, 6). In S. pneumoniae, this system is encoded by the comCDE locus encoding the pheromone, membrane-bound histidine kinase and regulator respectively (154). The competence
stimulating peptide (CSP) is the C-terminal part of ComC which is transported by
ComAB and activated extracellularly and subsequently recognized by the recep-
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tor ComD (154–156). Consequently, interaction of CSP to ComD leads to phosphorylation of ComD which in turn transfers the phosphoryl group to ComE. This
leads to activation of the response regulator ComE which subsequently binds to
the ComE-binding site (ceb) upstream of comX and, thereby, facilitating ComX induction (157–161). The ComCDE system is activated upon DNA replication stress,
by for instance certain antibiotics (162). Also in S. pneumoniae, CodY fulfills a role
in competence repression through sensing peptide uptake that is facilitated by
the oligopeptide permease Ami (163). Furthermore, in S. pneumoniae, but also
in S. thermophilus and S. salivarius, degradation of ComX, and thereby shutdown
of competence, is facilitated by a complex comprising MecA, ClpP and ClpC (S.
thermophilus) or ClpE (S. pneumoniae) (164), which is a similar mechanism of competence suppression as is found in B. subtilis.
S. thermophilus and S. salivarius harbor a different quorum-sensing mechanism,
ComRS (Fig. 6), which involves the transcriptional activator ComR and the pheroby Eep, activated extracellularly by extracellular proteases (Eps), and reimported
by the Ami/Opp system (OppA-F, (164, 167)). Subsequently, ComR binds to the
ECom-box motif, a motif upstream of comS and comX, only upon binding of the
active C-terminal part of the ComS pheromone, XIP (comX inducing peptide), in
order to activate gene expression of e.g. comX (166). Addition of CSP or XIP to culturing medium induces natural competence in S. pneumoniae and S. thermophilus,
respectively (89, 168, 169). Species specific XIP also leads to competence induction
in other streptococci: Streptococcus salivarius (89), Streptococcus mutans (88, 170)
and Streptococcus suis (171) in which a temporary state of stalled basal metabolism was established in S. suis (172). Intriguingly, S. mutans also harbors a comCDE
system besides comRS (151). Surprisingly, comCDE of S. mutans shows a higher
sequence similarity to the blpCRH, that encodes a bacteriocin cluster, than to the
comCDE cluster of S. pneumoniae (173). This might imply an ancestral link between
early com genes and bacteriocin-related genes (78, 173, 174).

Competence and fratricide
The regulatory proteins encoded by early com genes to induce the master regulator
of competence not only show high sequence similarities to bacteriocin clusters but
are also involved in expression of bacteriocins (123, 174, 175). In streptococci, e.g.
S. thermophilus and S. pneumoniae a.o., it is known that induction of a two-component system comprising the BlpC pheromone and its transporters BlpA and BlpB, is
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mone ComS (89, 164–166). The ComS pheromone is exported by PptAB, matured

Figure 6 Overview of the circuitries linked to (early) com gene induction in S. pneumoniae and early
competence regulation in S. thermophilus. The green area indicates proteins involved linked to
late competence, the blue area depicts proteins that are expressed during early competence regulation, the brown area shows proteins that impact metabolism and the yellow area depicts other
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pathways known to be impacted upon competence development. Image was inspired on Hamoen
et al. 2003, Fontaine et al. 2014 (115, 123).

concomitantly expressed along with the com genes thereby enabling fratricide (175,
176). Intriguingly, ComRS activates the bacteriocin operons in S. salivarius indicating
the connection between competence and fratricide (175), for an overview see Fig. 6).
This implies that the comCDE and the comRS cluster are quorum-sensing mechanisms
that activate other processes, including fratricide, besides activation of the master regulator of competence. Moreover, BlpC can also be transported via ComAB and ComS
via BlpAB in S. pneumoniae showing transporter promiscuity for substrates as a result
of high protein sequence similarity and conserved sequence motifs (175, 177–179).
Release of genomic DNA from close-relative lysed cells, victimized by fratricide, can
thereby be incorporated into the genome of competent cells as these cells activate the
recombination machinery to allow homologous recombination and have a high chance
of possessing homologous regions similar to the incoming DNA (76, 123, 175)

Interest in natural competence from a biotechnology perspective
Natural competence is a highly valuable tool to acquire new traits as there are
limited donor- host restrictions due to absence of a donor-recipient interaction and
there appears to be no size limitation for DNA uptake (76, 180, 181). Besides, naked DNA is relatively simple to provide to cells and, typically, cells show increased
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integration capacity thereby allowing more efficient integration of DNA (76, 78,
172). Moreover, upon finding the natural trigger for competence development,
such strategy would have the non-GMO status because of the exploitation of a
natural system to transform strains. The definition of a GMO according to the European Union (EU) is an organism in which DNA of the host is artificially modified
by using gene technology tools leading to genetic adjustments ((182), European
Commission ). There is a distinction in regulation between GMOs for contained use,
including research purposes, and deliberate release of GMOs into the environment
of which the latter has its own separate and strict regulations. GMOs cannot be
used in the food industry due to this strict regulation on deliberate release of GMOs
in the European Union ((183) European Commission ). Therefore, GMOs are only
used as a research tool in food-related projects, as it does enable highly advanced
opportunities regarding strain engineering and obtaining knowledge for strain enhancement and novel traits. Nevertheless, despite its opportunities, a disallowing
health but also ecological impact, influences regulation on GMO implementation
and companies to adjust policies and strategies concerning improved strains for
food fermentation. Therefore, investigating whether natural competence could be
used as a natural methodology to introduce desirable traits that enhance foodgrade LAB strain performance for fermented food products is of great importance
for the industry (184, 185).
Although natural competence is of great interest, several hurdles still need to be
overcome before it can actually be used to improve strain performance. For the
majority of bacteria, the natural trigger is unknown (77), and competence activation
is generally triggered in the laboratory by shortcutting the regulatory system by the
addition of the canonical, but strain and species-specific inducer peptide (89, 155,
171). However, in some model organisms, it is known which environmental conditions can trigger the activation of competence. For example, specific antibiotics
induce natural competence (162) but also during the logarithmic phase in specific
medium in S. pneumoniae (155, 169, 186). Among LAB, it is known that S. thermophilus develops competence for transformation in early logarithmic phase upon
culturing in minimal chemically defined medium (90). Similarly, natural competence
in Bacillus subtilis is induced upon minimal chemically defined medium, in which
primarily glucose concentrations are reduced compared to normal culturing media,
and during the stationary phase (77). The downstream regulatory pathways, which
are being activated by the natural trigger, are not always known or annotated. For
instance, neither a ComRS nor a ComCDE system has been annotated or reported
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public attitude towards GMO technology, due to concerns in terms of safety and

to be present in the genome of L. lactis. This suggests that either the early com
genes are absent or not established yet in L. lactis. Besides lacking knowledge of
the natural trigger and its subsequent pathway, acquiring new traits is still depending on selection while many traits do not elicit a selection phenotype. Therefore,
genetic tools need to be developed to overcome this when using natural methodologies to acquire non-selectable phenotypic traits.
Despite of this, several studies point out that natural competence is most prominent among natural mechanisms in driving genetic diversity (78, 180) and is a trait
that is genetically encoded and functional in several LAB e.g. S. thermophilus (78,
90) and L. lactis (91, 93, 94). Activation of com genes in L. lactis has been observed
upon culturing conditions that involve carbon starvation and the stringent response
(187–189). In addition, induced overexpression of comX in L. lactis also led to induction of late com genes (94). These studies imply that the regulatory mechanism
to induce late com gene expression is still intact in L. lactis despite absence of
detected transformants in these studies. Notably, L. lactis strain IL1403 a.o. harCHAPTER ONE

bors a truncated dprA sequence due to a nonsense mutation after 33bp (32). It is
unknown whether truncation of DprA leads to abolished transformation in L. lactis
and whether this explains failure of detected transformability in the previous studies. Nevertheless, intactness of the canonical (late) com regulons is essential to assess transformability. Therefore, comparative genomics on multiple L. lactis strains
needs to be performed in order to establish whether these regulons are present in
L. lactis strains. Afterwards, strains with a complete set of canonical late com genes
need to be selected for subsequent experiments in which the master regulator of
competence, ComX, will be overexpressed.

Outline of this thesis
This thesis describes the discovery of a functional competence system in L. lactis
strains with a complete set of com genes upon overexpression of the master regulator of competence ComX. In Chapter 2, a comparative genomic analysis was performed to assess which L. lactis strains harbor a complete set of com genes. The L.
lactis strain KF147, a nisRK+ and nisA- strain, was selected from this panel of strains
that harbor a complete set of competence genes to test functional capacity of the
com genes upon comX overexpression by employing the NICE system. Moderate
levels of nisin induces competence for transformation in L. lactis KF147 harboring
the plasmid with comX under PnisA control and this phenotype is depending on
presence of the late com gene operon comEA-EC. Moreover, also nisin-induced L.
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lactis IL1403 and L. lactis KW2 harboring the comX overexpressing plasmid upon
nisin induction results in transformation as predicted by the comparative genomic
analysis.
Chapter 3 describes the transcriptomic landscape of moderate and high expression of ComX in L. lactis KF147. A Fisher correlation was performed in order to examine which genes show a positive or negative correlation to com gene expression.
Besides com genes, genes involved in stress response, recombination and inorganic ion transport show a positive correlation to com gene expression whereas genes
involved in translation and amino acid biosynthesis show a negative correlation
to com gene expression. Interestingly, genes that either positively or negatively
correlate to com gene expression appear to be regulated by CodY, a pleiotropic
regulator involved in stringent response. Possibly, this indicates that induction of
competence might lead to induction of a stringent response or vice versa. Moreover, cells in fully induced conditions of ComX (2ng/ml nisin) show a more dramatic
response, when compared to moderate induction levels of ComX which might explain their non-growing phenotype as observed in Chapter 2.
In Chapter 4, we further investigate the competence state of L. lactis KF147 by
means of population dynamics. A reporter construct comprising the superfolder
gfp, encoding a fluorescent protein, under PcomGA or PcomEA control in pIL253 was
created and transformed into L. lactis KF147 harboring pNZ6200 via competence
induction. Subsequently, these cells harboring both pNZ6200 and the competence
reporter were either uninduced or induced with moderate or high levels of nisin.
Moderate levels of ComX led to heterologous late com gene expression whereas
high levels of nisin lead to homogeneous late com gene expression. Moreover,
transformation was abolished and culturability was reduced when cells expressed
high levels of ComX, however, these cells remained intact and were able to acidify
indicating that these cells also retain metabolic activity.
Chapter 5 describes attempts to discover the natural trigger for natural competence in L. lactis by using a High throughput screening method comprising starvation and stringent response-like conditions. 8 L. lactis strains with a complete set
of com genes were used as a test panel for transformation assessment. Although
phenotypic response was observed upon introduction of starvation and stringent
response-like conditions, no competence for transformation was detected in any of
the L. lactis strains. CFU enumeration showed that total cell counts per condition
were sufficient in order to be able to detect potential transformants if transformation rates would be similar to comX induced transformation. In conclusion, the
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stress response and gene expression pattern, similar to cells during the stringent

natural trigger for competence in L. lactis has not been discovered yet in this study.
In Chapter 6, the findings from Chapter 2-5 will be used for a more general
discussion on natural competence in L. lactis. This chapter will covern potential
explanations for the decay of com genes in dairy lactococcal strains in contrast to
plant-derived lactococcal strains, why dairy S. thermophilus harbor often a complete set of com genes in contrast to dairy L. lactis strains and whether the findings
in Chapter 3-5 might help future research to study the competence state in L. lactis
and find the natural trigger in L. lactis. A future perspective on natural methodologies on strain improvement is discussed but also why this topic remains important
and what information we would need to gather in order to improve food by en-
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hanced strain performance.
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ABSTRACT
In biotechnological workhorses like Streptococcus thermophilus and Bacillus subtilis, natural
competence can be induced, which facilitates genetic manipulation of these microbes. However, in strains of the important dairy starter Lactococcus lactis, natural competence has not
been established to date. However, in silico analysis of the complete genome sequences of
43 L. lactis strains revealed complete late competence gene sets in 2 L. lactis subsp. cremoris strains (KW2 and KW10) and at least 10 L. lactis subsp. lactis strains, including the model
strain IL1403 and the plant-derived strain KF147. The remainder of the strains, including all
sin-controlled expression of the competence regulator comX in L. lactis subsp. lactis KF147
resulted in the induction of expression of the canonical competence regulon and elicited a
state of natural competence in this strain. In contrast, comX expression in L. lactis NZ9000,
which was predicted to encode an incomplete competence gene set, failed to induce natural
competence. Moreover, mutagenesis of the comEA-EC operon in strain KF147 abolished
the comX-driven natural competence, underlining the involvement of the competence machinery. Finally, introduction of nisin-inducible comX expression into nisRK-harboring derivatives of strains IL1403 and KW2 allowed the induction of natural competence in these strains
also, expanding this phenotype to other L. lactis strains of both subspecies.

Importance
Specific bacterial species are able to enter a state of natural competence in which DNA is
taken up from the environment, allowing the introduction of novel traits. Strains of the species Lactococcus lactis are very important starter cultures for the fermentation of milk in the
cheese production process, where these bacteria contribute to the flavor and texture of the
end product. The activation of natural competence in this industrially relevant organism can
accelerate research aiming to understand industrially relevant traits of these bacteria and can
facilitate engineering strategies to harness the natural biodiversity of the species in optimized
starter strains.

51

U N L E A S H I N G N AT U R A L C O M P E T E N C E I N L A C T O C O C C U S L A C T I S

dairy isolates, displayed genomic decay in one or more of the late competence genes. Ni-
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Introduction
Horizontal gene transfer (HGT) plays an important role in the evolution of bacteria
(1–4). In several species, an important mechanism for HGT is natural competence.
This phenomenon is defined as a cellular state that enables internalization of exogenous DNA, followed by autonomous replication as a plasmid or incorporation into
the chromosome via homologous recombination. Among Gram-positive bacteria,
natural competence was first described in Streptococcus pneumoniae (5, 6). More
recently, it was found that among lactic acid bacteria (LAB), the important yogurt
bacterium Streptococcus thermophilus can enter a state of natural competence
upon culturing in a chemically defined medium (7). When Gram-positive bacteria enter a state of natural competence, exogenous DNA translocates through the
DNA uptake machinery, a multiprotein complex comprising the proteins ComEA,
ComEC, ComFA, and ComFC and a nuclease (EndA in S. pneumoniae) encoded
by the late competence (com) genes (8, 9). Other late competence genes encode
proteins that compose pilus-like structures (ComGA-GG) or protect internalized
DNA against degradation (SsbA, SsbB, DprA, and RecA) (8–10). Expression of
these genes is positively regulated by the competence master regulator ComX,
which acts as an alternative sigma factor (11–13). In S. thermophilus, expression
of comX is initiated upon formation of the quorum-sensing ComRS complex, comprising the pheromone-like peptide ComS and transcriptional regulator ComR and
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encoded by the comRS operon (14, 15). Addition of a synthetic peptide that resembles the active competence pheromone has proven to be a successful strategy to
induce natural competence in several bacterial species. For example, addition of a
synthetic ComS peptide to S. thermophilus cultures in the early logarithmic phase
of growth enabled the activation of natural competence and highly efficient DNA
transformation (14, 16). Analogously, other streptococci, including S. pneumoniae,
utilize the comCDE regulatory module to control natural competence, involving the
competence-stimulating peptide (CSP) (encoded by comC) and a two-component
system (encoded by comD and comE [17, 18]), and the addition of synthetic CSP
Strains of Lactococcus lactis are of great importance in the dairy industry, primarily in the production of cheese, butter, and buttermilk (19). So far, a comRSor comCDE-like system has not been identified in L. lactis. Nevertheless, complete
sets of late competence genes appear to be present in several L. lactis genomes
(20–22; this study). In addition, increased expression of competence genes has
been observed in L. lactis subsp. lactis IL1403 and KF147 under specific conditions
that included carbon starvation (23, 24). Unfortunately, in neither of these strains,
or any other L. lactis strain, could natural competence development be experimentally established (20, 24). As an alternative route to establish natural competence,
overexpression of comX has been employed, aiming to enhance expression of the
complete late competence regulon. Such an approach has been successful in S.
thermophilus (25) but failed in L. lactis IL1403 (20). Nevertheless, the observations
that complete sets of late competence genes are apparently present in some of
the L. lactis genomes (26, 27) and that their expression can be induced under specific conditions (23, 24) deserve a more dedicated bioinformatic and experimental
effort.
Here, we present a comparative genomics analysis of 43 L. lactis genomes to
assess their potential to enter a state of natural competence. Moreover, by employment of controlled expression of ComX, we demonstrate enhanced expression of
the late competence regulon and concomitant induction of natural competence,
which was successful only in strains predicted to encode a complete late competence machinery. The discovery of natural competence in L. lactis will enable
transfer of genetic information without the use of genetically modified organisms
(GMO), resulting in the improvement of the industrial performance of strains of this
species and the enhancement of the quality of fermented products.
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leads to development of natural competence in this species.

Materials and methods
Bacterial strains, plasmids, and media.
The strains used in this study are listed in Table 1. The publicly available draft genome sequences of 43 L. lactis strains (21, 22, 26–35) were used for comparative
genomics of late competence genes by employing OrthoMCL to obtain orthologous group (OG) sequences in order to construct an orthologous gene matrix
(64; M. Wels et al., unpublished data). L. lactis strains were routinely cultivated in
M17 (Tritium, Eindhoven, The Netherlands) supplemented with 1% (wt/vol) glucose
(Tritium, Eindhoven, The Netherlands) at 30°C without agitation. For competence
experiments, L. lactis strains were cultivated in chemically defined medium (65, 66)
supplemented with 1% (wt/vol) glucose (GCDM) (Tritium, Eindhoven, The Netherlands). Upon recovery after electrotransformation or natural transformation, L. lactis cells were cultivated in recovery medium (M17 supplemented with 1% glucose,
200 mM MgCl2, and 20 mM CaCl2). Escherichia coli TOP10 (Invitrogen, Breda, The
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Netherlands) was routinely cultivated in TY (Tritium, Eindhoven, The Netherlands) at
30°C with agitation. Antibiotics were added when appropriate: 5.0 μg/ml chloramphenicol, 10 μg/ml erythromycin, and 12.5 μg/ml tetracycline.

DNA manipulations.
Plasmid DNA from E. coli and L. lactis was isolated using a Jetstar 2.0 maxiprep kit
(ITK Diagnostics bv, Uithoorn, The Netherlands). Notably, phenol-chloroform extraction was performed prior to loading on the Jetstar column for plasmid isolation
from L. lactis cultures (67). Primers were synthesized by Sigma-Aldrich (Zwijndrecht,
The Netherlands). PCR was performed using KOD polymerase according to the
manufacturer’s instructions (Merck Millipore, Amsterdam, The Netherlands). PCR
products and DNA fragments in agarose gel were purified using the Wizard SV gel
and PCR clean-up system (Promega, Leiden, The Netherlands). PCR-grade chromosomal DNA was isolated by using InstaGene Matrix (Bio-Rad, Veenendaal, The
Netherlands). Ligations were performed using T4 ligase, and, when applicable, the
products were transformed into either electrocompetent E. coli TOP10 (Invitrogen,
Breda, The Netherlands) or L. lactis NZ9000, IL-9000, KW2, or KF147 (68).

Plasmid and mutant construction.
To enable controlled expression of comX in L. lactis, the comX gene was amplified by PCR using the primer pair C1-C2 or C3-C4 and L. lactis KF147 or MG1363
chromosomal DNA as a template, respectively. The resulting 502-bp comX ampli-
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cons were digested with KpnI (introduced in primers C2 and C4) and ligated into
KpnI-ScaI-digested pNZ8150 (41), yielding pNZ6200 and pNZ6201, respectively.
These comX overexpression vectors were transformed into electrocompetent L.
lactis KF147, NZ9000, IL-9000, and KW2 (68). The natural competence potential
in L. lactis strains was evaluated using pIL253 (43) when possible, but because of
incompatibility of antibiotic resistance markers in strain KW2, an alternative plasmid in which the erythromycin resistance (Eryr) gene was replaced by a tetracycline
resistance (Tetr) gene was constructed. To this end, a 1,644-bp Tetr amplicon was
generated using primers C15 and C16 with pGhost8 (69) as a template and cloned
A comEA-EC deletion derivative of the L. lactis KF147 mutant was constructed
using double-crossover recombination. To construct the mutagenesis fragment, the
5’ and 3’ flanking regions of the comEA-EC operon were amplified using chromosomal DNA of strain KF147 as a template and primer pairs C7-C8 and C11-C12,
respectively. The tetracycline resistance-encoding gene Tete was amplified from
pNZ7103 (70) using primers C9 and C10. Splicing by overhang extension PCR (SOE
PCR) (71) was employed to join the three amplicons using the compatible sequence
overhangs introduced by the primers in the individual PCRs (Table 1) and primers
C7 and C12 for amplification in this PCR. The 6-kb SOE amplicon was purified
from 1% agarose gels and transformed to naturally competent L. lactis KF147 (see
Results). The anticipated comEA-EC deletion in the resulting derivatives of L. lactis KF147, yielding L. lactis NZ6200, was confirmed by PCR using the C13 and C14
primers.

Induction of competence in L. lactis.
Cells harboring pNZ6200, pNZ6201, or pNZ8150 were grown overnight in GCDM
with appropriate antibiotics, followed by subculturing (1:65) in the same medium
to an optical density at 600 nm (OD600) of 0.3, at which point Ultrapure nisin A
(Handary, Brussels, Belgium) was added to the medium at a final concentration of
0.005, 0.01, 0.03, 0.05, 0.07, 0.1, 0.5, or 2 ng/ml. In parallel, 1 μg of plasmid DNA
was added. Samples were incubated for 2 h at 30°C, after which 5 ml recovery
medium was added and incubation was continued for another 2 h. Bacteria were
pelleted by centrifugation at 4,000 × g for 8 min, and transformants were enumerated by plating of serial dilutions on GM17 plates. KF147 transformants were
subjected to PCR analysis to assess the presence of the transformed plasmid with
primers PS1 and PS2, whereas the strain-specific primers SS1 and -2 were used to
confirm strain identity.
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as a PstI-SacI fragment into similarly digested pIL253, yielding pNZ6202.

Material

Relevant features or sequence

Ref.

Strains
Lactococcus
lactis
KF147

Plant derived strain belonging to ssp. lactis

22

NZ6200

ΔcomEA-EC::Tetr derivative of strain KF147

This
study

IL9000

Dairy derived strain belonging to ssp. lactis harboring nisRK
integrated into its genome

21, 45

NZ9000

Dairy derived strain belonging to ssp. cremoris harboring nisRK
integrated into its genome

29, 44

KW2

Plant derived strain belonging to ssp. cremoris

28

Escherichia
coli
TOP10

Cloning host
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Plasmids
pIL253

Emr; high copy number plasmid replicative in L. lactis

43

pNZ8040

Cmr; pNZ123 derivative containing pepN downstream the nisin
promoter

42

pNZ8150

Cmr; pNZ123 derivative with ScaI site downstream the nisin
promoter for translational fusion

41

pNZ6200

Cmr; pNZ8150 derivative containing comX from L. lactis KF147
downstream the nisin promoter

This
study

pNZ6201

Cmr; pNZ8150 derivative containing comX from L. lactis MG1363
downstream the nisin promoter

This
study

pNZ6202

Tetr; pIL253 derivative with Eryr replacement by tetR from pGhost8

This
study

pGhost8

Tetr; vector with thermosensitive replicon, Tetr

69

Primers
C1

ATGACATATTACTTGGAAGAAGAGG

C2

CCTTGGTACCTCACTCTTCGTCTTCTGAAAATAAGATG

C3

ATGACATATTACCTGGAAGAAAATGAATTCG

C4

CCTTGGTACCTTAATCATCATCTCGAGAAAATAGTATATTTTTG

C5

AGATCTAGTCTTATAACTATACTGAC

C6

GCCTTGGTTTTCTAATTTTGGTTC

C7

GGAATGAAACGAGCAGATGCCC

C8

GTAATCATGGTCATAGCTGTTTCCACTTTTATATACGAAAAAACTCTTGGA

C9

TCCAAGAGTTTTTTCGTATATAAAAGTGGAAACAGCTATGACCATGATTAC

C10

GTCTTTTGCTCACTTTTTCCTTTCATGTTGTAAAACGACGGCCAGTG

C11

GGCACTGGCCGTCGTTTTACAACATGAAAGGAAAAAGTGAGCAAAAGAC
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ATTCATTGGAAGAAGACCTTTCGG

C13

CCCATAAAGCCGTAAACCAAGTGAAAG

C14

GAAGACCAAATTCTTTATTTTGCGG

C15

GATATCGAATTCCTGCAGCCCG

C16

CCTTAGTACTCTACAGAATATTACTATACACTCCAGAAG

SS1

CAGCGGAAGAGAACCGTATT

SS2

CTCAGTTCCTTGGATGCCAT

PS1

AGCAGCATAATAGATTTATTGAATAGG

PS2

GCATCTAATTTAACTTCAATTCCTATTATAC

Q1

CCTGGCGTACGTGAAGATGTC

Q2

TTTCGTCAGCCGGAACATAGC

Q3

TCTATTAGAAGAGCAGAGCGATGGTC

Q4

CTTGATAATGTGCGCTCAAGCCTTC

Q5

GTCAGCAGGCAAAGCTCTGTC

Q6

ACTTGACTAGTGACCGAATTAGCAGAG

Q7

ATGGCGACAACTATTTCCGAGCTCC

Q8

CAAGTTTGTCAGTAGAAGTTGCGGTC

Q9

CGCAGACGAGTTCAATTGGGAG

Q10

CGAGCCTACTGGATCAGCAAAGAG

Table 1. Strains, plasmids, and primers used for the experiments in this study.

Analysis of competence gene expression.
RNA was isolated from L. lactis cultures using the High Pure RNA isolation kit (Roche Diagnostics Nederland B.V., Almere, The Netherlands), including an on-column
DNase treatment. Eluted RNA was again treated with DNase (1 U; Thermo Fisher
Scientific, Waltham, MA, USA) for 45 min at room temperature to remove remaining
DNA, followed by DNase inactivation by the addition of EDTA to a final concentration of 25 mM and then heating at 75°C for 15 min. cDNA was prepared using 10
ng total RNA and random hexamer primers in the reverse transcription reaction (Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s protocol.
Control RNA samples that were not reverse transcribed were included as negative
controls to ensure the absence of DNA contamination. Transcripts of competence
genes were quantified using 2 μl cDNA and locus-specific primers for each competence-associated target gene (primers Q1 to Q10 [Table 1]) in SYBR green-quantified PCR (Bio-Rad, Veenendaal, The Netherlands). Transcript copy numbers were
calculated using a template standard curve and normalized to the housekeeping
control transcript of rpoA. These RT-qPCR analyses were performed in triplicate for
each sample using the Freedom EVO 100 robot system (Tecan, Männedorf, Switzerland), and amplicon identities were verified using melting curve analysis. The
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C12

nonparametric Mann-Whitney U test (one-tailed) was used to determine whether
gene expression levels were significantly different between uninduced and induced
conditions (P < 0.05).

Results
Genomic analyses show complete sets of competence genes in several L. lactis strains.
To evaluate whether L. lactis strains possess the genetic capacity to enter a state of
natural competence, late-competence-associated genes were initially identified in
the L. lactis KF147 genome by using the known competence genes of the naturally
competent Streptococcus thermophilus LMD-9 (7, 14). This strain was selected for
this primary analysis based on previous work that reported that many of the late
competence genes were induced in this strain under starvation, nongrowth conditions (24). Similar proteins (similar both in length and sequence) were identified
to be encoded within the KF147 genome for all selected late competence genes
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of S. thermophilus LMD-9, corroborating that a complete competence gene set is
present in this L. lactis strain (see Table S1 and Fig. S1 in the supplemental material).
Subsequently, the identified KF147 competence protein sequences were used as
a reference set for identification and comparison to the orthologous groups (OGs)
of genes carried by 42 other L. lactis strains (21, 22, 26–35). Full-length protein
sequence identity to the KF147 OGs was calculated for all 42 L. lactis strains (Fig.
1). This analysis revealed considerable genomic decay in several of the strains of
both L. lactis subsp. lactis and L. lactis subsp. cremoris. Moreover, for the OGs that
Figure 1. (Right) Genomic analysis of 43 L. lactis strains to assess genetic capacity to develop
natural competence. A concatenated core genome single-nucleotide polymorphism (SNP) tree of
43 L. lactis strain was combined with full-length protein identity scores (%) for the selected subset of late-competence-associated proteins in comparison to their homologues in L. lactis strain
KF147, which was used as a reference. Protein identity scores are depicted within each cell and
reflected by gray scales based on the L. lactis KF147 query protein sequences, in which at least
90% full-length alignment is considered indicative of gene presence. Genetic events leading to
competence gene decay (black cells in the figure) are specified as a premature stop codon within
the first 90% of the gene (a), transposon insertion (b), prophage insertion (c), or absence of gene,
a mutated/alternative start, or lengthened/fused protein at least more than 25% of its total length
(d), followed by the position within the protein sequence where the event is detected relative to
its N terminus. Source of isolation: P, plant; D, dairy; S, soil; W, water; H, human body; F, fruit (72).
References for the genome sequences are given when available.
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comC
comEA
KW10
72
KW2
72
V4
71
N41
72
NCDO763
71
MG1363
71
SK110
a,195+ b*
AM2
a,195+ b*
SK11
a,195 +b
A76
70
UC509.9
a,195 +b
B40
70
FG2
70
HP
70
LMG6897
70
LMG8526
95
KF282
100
LMG8520
99
IO 1
99
K231
100
Li1
a, 169
KF24
100
100
LMG9447
ATCC19435
99
E34
99
K337
100
KF201
100
M20
100
N42
100
DRA4
100
IL1403
100
CV56
100
ML8
100
UC317
72
LMG14418
100
KLDS
100
KF147
100
KF7
100
KF67
100
KF196
100
KF146
100
KF134
100
LMG9446
100

comEA
comEC
71
73
a,11
72
71
71
a, 38
a, 38
a, 38
a, 38
a, 38
a, 38
a, 38
a, 38
a, 38
96
98
96
98
99
a, 90
98
98
98
100
99
98
98
97
98
98
98
98
97
98
98
100
98
98
98
98
98
98

comEC
comFA
77
73
77
a, 343
a, 343
a, 343
a, 472
a, 472
b, 472
b, 444
b, 472
a, 472
a, 472
a, 472
a, 472
97
98
a, 380
98
99
a, 43
98
94
98
99
99
98
99
98
94
99
99
a, 210
a, 34
a, 535
99
100
99
99
99
96
99
95

comFA
comGB
comGC
comGD
comGEcomGF
comGFcomGG
comGGcomX
comX
comFC comFC
comGAcomGA
comGB
comGC
comGD
comGE
68
64
79
81
70
66
66
77
56
74
68
63
79
82
70
66
68
78
56
76
a, 183
63
79
84
69
66
67
77
56
76
68
63
79
84
69
66
68
78
56
76
68
63
79
82
69
66
68
78
60
76
68
63
79
82
69
66
68
78
60
76
70
a, 43
65
77
59
a, 116
a, 261
63 a, 50 +b* a, 252
70
a, 43
65
78
54
a, 116
a, 261
63 a, 50 +b* a, 252
a, 261
63 a, 50 +b a, 252
70
a, 43
65
77
59
a, 116
a, 261 a, 63 a, 50 +b 81
70
a, 43
65
78
59
75
a, 261
63
79
81
69
a, 43
65
78
54
76
a, 261
63
78
80
70
a, 43
65
78
a,17
76
g, 261
63
78
80
70
a, 43
65
78
a,17
76
a, 261
63
78
80
70
a, 43
65
78
a,17
76
a, 261
63
78
80
70
a, 43
65
78
a,17
76
a,253
97
99
98
98
82
94
95
93
98
96
98
100
99
c, 38
98
99
96
97
98
97
96
98
a, 116
100
96
a, 17
98
a, 34
99
97
97
98
100
97
98
99
97
95
99
99
98
98
99
98
97
99
97
95
99
100
100
99
a, 235
98
97
100
97
95
99
99
98
a, 270
111
c, 38
97
100
97
95
98
98
97
99
97
141
99
98
98
97
99
97
d
98
99
a, 8
97
100
96
95
99
99
98
99
100
100
100
98
95
95
100
87
95
99
99
99
100
99
94
97
100
98
97
100
100
100
97
99
95
97
100
99
78
98
99
99
100
98
96
97
100
99
100
98
100
c, 38
96
100
97
97
99
98
100
98
100
99
97
100
96
96
99
98
100
98
100
100
97
100
95
97
d,159
98
100
a, 30
99
c, 38
99
100
97
92
98
98
100
a, 30
99
c, 38
100
100
91
95
98
98
100
a, 30 a, 131 c, 38
100
100
96
95
98
94
99
98
100
99
97
100
95
97
99
94
99
98
100
c, 38
97
100
95
96
98
100
100
100
100
100
100
100
99
100
100
98
98
98
99
98
99
98
96
97
99
c, 30
83
98
96
97
99
100
100
99
99
100
100
98
99
99
99
98
96
97
99
100
100
97
99
99
99
98
96
97
99
100
100
98
99
98
99
98
96
97
99
100
100
98
99
a, 30
99
98
96
97
99

coiA
coiA
76
75
76
a, 34
a, 74
a, 74
75
75
75
75
75
74
75
75
75
96
94
95
98
100
100
100
100
d, 319
98
a, 99
97
a, 215
d, 248
d, 366
98
97
d, 248
a, 99
98
98
100
98
98
98
98
98
98
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comC

ssbA
ssbA
91
91
91
92
92
92
88
88
88
88
87
88
88
88
88
98
99
a, 14
99
99
98
99
99
98
99
98
99
98
98
99
99
99
99
99
98
98
100
99
98
98
98
98
98

ssbB ssbB
recA
98
99
98
99
98
99
98
99
98
99
98
99
98
99
98
99
98
99
98
99
98
99
98
99
98
99
98
99
98
99
100 100
99 100
99 100
100 100
100 100
100 100
100 100
100 100
100 100
100 100
99 100
100 100
100 100
99 100
100 100
100 100
100 100
100 100
100 100
100 100
99 100
100 100
99 100
100 100
100 100
100 100
100 100
100 100

Source of
DprA
Reference
recA isola�on
DprA
87
P
25
87
P
27
a, 26
D
25
88
S+P
25
88
D
25
88
D
28
87
D
25
87
D
25
87
D
29
87
D
30
87
D
31
87
D
25
87
D
25
87
D
25
87
D
25
99
P
26
100
P
26
a, 8
P
26
99
W
32
100
P
26
99
P
26
100
P
26
100
P
26
100
D
26
100
P
26
99
P
26
100
P
26
100
S
26
a, 232
S+P
26
100
D
26
a, 45
D
20
a, 205
H
33
a, 205
D
26
a, 205
D
26
100
D
26
100
D
34
100
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were intact, there was a clear distinction between the levels of identity observed
for strains belonging to L. lactis subsp. lactis (which includes strain KF147) and L.
lactis subsp. cremoris (Fig. 1), exemplifying the genetic distinction between these
two subspecies (36). Among the strains belonging to L. lactis subsp. cremoris, only
strains KW2 and KW10 appeared to encode full-length homologues of all the late
competence proteins selected in KF147, albeit with identity scores ranging from
56 to 99% (Fig. 1). Notably, when the late competence gene set of the KW2 strain
instead of that of strain KF147 was used to determine full-length protein sequence
identity levels, it was apparent that late competence proteins displayed a high degree of conservation within L. lactis subsp. cremoris but were distinct from their orthologues in L. lactis subsp. lactis (see Fig. S2 in the supplemental material). Among
the 28 strains belonging to L. lactis subsp. lactis, at least 10 appeared to encode a
full set of late competence proteins.
The genomic decay within these late competence genes in the L. lactis subsp. cremoris strains displayed several conserved disruptive mutations in specifCHAPTER TWO

ic genes, including IS982 insertions in comEC (strains SK11, A76, and UC509.9)
and comGA (strains SK11 and A76), although with some variation with respect to
the precise position of insertion (Fig. 1; see Fig. S3 in the supplemental material).
Various strains of L. lactis subsp. cremoris contained conserved premature stop
codons within one or more of their late competence genes, suggesting that these
strains derive from a common ancestor, in which conserved and strain-specific mutations have shaped the decay pattern of the late competence genes. For example, strains SK110, AM2, SK11, A76, UC5099, B40, FG2, HP, and LMG6897 share
similar mutational events in comEA, comEC, comFA, and comGD, whereas strains
N41, NCDO763, and MG1363 harbor common mutations in comEC (see Fig. S4
in the supplemental material). In contrast, the disruptive mutations observed in the
late competence genes of strains of L. lactis subsp. lactis appeared to be more
scattered (Fig. 1), suggesting that degenerative mutations accumulated more recently in this subspecies. Nevertheless, several strains (KF282, KF24, N42, CV56,
ML8, KLDS, UC317, and KF67) contain a (remnant of a) prophage insertion within
the comGC gene (see Fig. S5 in the supplemental material). Remarkably, these
phage sequences are always inserted at the same position within the comGC sequence, suggesting site-specific integration at a conserved sequence element within the comGC gene.
In summary, these findings indicate that in the majority of L. lactis strains, one or
more late competence functions are compromised, suggesting that these strains
are not able to develop a state of natural competence. The analysis also implies
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that in some strains, including L. lactis KF147, the genetic capacity to enter a state
of naturally competence appears to be intact. Finally, it is noteworthy that within
the present panel of strains, there are no dairy isolates that appear to encode a
complete set of intact late competence proteins, which may reflect the high level
of genome decay that has been reported for strains in the milk environment before
(37–39).

Moderate overexpression of the late competence regulon regulator ComX
results in a state of natural competence in L. lactis KF147.
and is functional, we set out to overexpress the predicted competence regulator
ComX. From the subset of strains predicted to harbor a complete set of competence genes, L. lactis KF147 harbors a chromosomal copy of nisRK but does not
produce nisin (40), allowing nisin-inducible comX expression by cloning of this gene
under the control of PnisA in pNZ8150 (41). This comX expression strategy led to
a dose-dependent inhibition of growth (Fig. 2A), which was not observed in the
control strains harboring pNZ8150 (see Fig. S6 in the supplemental material) (41)
or pNZ8040, a vector enabling nisin-inducible expression of pepN (Fig. S6) (42).
Hence, the observed growth retardation is not caused by the addition of nisin or
the overexpression of proteins as such but is specifically caused by the presence
of ComX.
To investigate the impact of elevated ComX levels on the expression levels of the
late competence genes, their transcript levels were determined by reverse transcription-quantitative PCR (RT-qPCR) on RNA derived from L. lactis KF147 harboring pNZ8150 or pNZ6200, either uninduced or moderately or fully induced with
nisin. Under uninduced conditions, comX expression levels were 2.5- to 6-fold increased in L. lactis KF147 harboring pNZ6200 compared to the pNZ8150-harboring
cells, which likely reflects low-level “promoter leakage” due to the presence of
PnisA on a high-copy-number plasmid (Fig. 2B). Induction of comX expression in L.
lactis KF147 harboring pNZ6200 with either 0.03 or 2 ng/ml nisin for 2 h led to
15- to 20-fold and 1,500- to 4,000-fold induction of comX expression relative to
that in the uninduced control of the same strain, respectively (Fig. 2B). Similarly, expression of the late competence genes comEA, comFA, and comGA was induced,
illustrating the strongly enhanced expression of the late competence regulon as
a consequence of the elevated levels of its regulator, ComX (Fig. 2B). These induction conditions for the activation of late competence genes were employed
to test whether the corresponding phenotype could also be observed, by add-
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In order to test whether the identified competence machinery can be activated
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Figure 2. Impact of ComX expression on growth, late competence gene expression, and natural
competence phenotype in L. lactis KF147. (A) Dose-dependent growth inhibition upon nisin induction of L. lactis KF147 harboring pNZ6200. The arrowhead indicates the time point of nisin induction. (B) comX, comEA, comFA, and comGA expression levels after nisin induction. *, significant
differences (P < 0.05). (C and D) Number of colonies obtained (C) and confirmation of their genetic
identity (D). (E and F) Same analysis for strain L. lactis KF147 harboring pNZ6201.

ing pIL253 (43) to the culture medium at the same time point that comX induction was initiated using a range of nisin concentrations. As expected, no pIL253
transformants were obtained for L. lactis KF147 harboring pNZ8150 under any of
the conditions tested (data not shown). In contrast, pIL253 transformants were obtained for L. lactis KF147 harboring pNZ6200 following induction with nisin concentrations ranging from 0.005 to 0.1 ng/ml nisin, with an approximate transformation
rate of 10−7 to 10−6 (transformants/total cell number/μg plasmid DNA). The highest
transformation rates were obtained after induction with 0.03 ng/ml nisin (Fig. 2C).
Both strain identity and pIL253 presence was confirmed by PCR in all transformants
tested (Fig. 2D). Notably, full nisin induction (2.0 ng/ml nisin) of comX expression
in pNZ6200-harboring L. lactis KF147 did not result in any transformants. To check
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whether comX of the L. lactis subsp. cremoris strain MG1363 is still functional,
transformation of L. lactis KF147 harboring pNZ6201 upon nisin induction was
also tested. Similar results were obtained when comX of L. lactis subsp. cremoris MG1363 was expressed in L. lactis subsp. lactis KF147 (Fig. 2E and andF),F),
indicating that comX derived from an L. lactis subsp. cremoris strain is also fully
functional. Taken together, these results demonstrate that activation of moderate
expression, but not high-level expression, of endogenous comX in L. lactis KF147
elicits the natural competence phenotype in this strain. The observation that this
does not occur at a high level of comX expression may be a consequence of the obof the competence machinery assembly and/or recovery of potential transformants
after plating. Such a notion is supported by the observation that expression of a
heterologous copy of comX (derived from L. lactis subsp. cremoris) induced less severe growth defects upon maximal nisin induction and still led to detectable natural
competence development, albeit with reduced efficiency compared to that with
moderate nisin induction levels.

ComX-induced transformation in L. lactis depends on the late competence
operon comEA-EC.
The experiments described above do not provide direct proof for a functional dependency of the observed transformation phenotype on the expression of the late
competence genes, although this is likely, considering the fact that these genes encode the DNA uptake machinery. Therefore, we constructed a comEA-EC-negative
derivative of L. lactis KF147 through the integration of a linear fragment harboring
a tetracycline resistance-encoding Tetr gene flanked by regions homologous to the
5’ and 3’ regions surrounding the comEA-EC operon. The procedure for moderate comX induction was applied to transform this linear mutagenesis fragment into
strain KF147 harboring pNZ6200. Integrants with the anticipated genotype (ΔcomEA-EC::Tetr) (Fig. 3A) were obtained with an efficiency similar to that observed for
pIL253 transformation. Subsequent comX expression induction experiments in the
ΔcomEA-EC::Tetr derivative of strain KF147 (NZ6200) harboring pNZ6200 showed
that full induction of comX led to a growth rate reduction in this strain (Fig. 3B)
similar to that observed for the parental KF147 strain. Importantly, nisin concentration-dependent comX overexpression and corresponding upregulation of expression of the comFA and comGA, but not comEA, genes was similar to what was
established in L. lactis KF147 harboring pNZ6200 (see Fig. S7 in the supplemental
material). However, in contrast to the case for the parental strain KF147, transfor-
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served growth defect under these conditions, which may interfere with completion
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Figure 3. Natural competence of L. lactis KF147 depends on the late competence operon comEAEC. (A) By use of a linear mutagenesis fragment, a comEA-EC-negative derivative of KF147 harboring pNZ6200 (NZ6200) could be obtained with high efficiency. (B and C) NZ6200 displayed a
similar growth defect upon full nisin induction (B), but transformation with pIL253 is not feasible
(C).
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mation of NZ6200 harboring pNZ6200 with pIL253 did not yield any transformants
(Fig. 3C), establishing the involvement of the comEA-EC operon in comX-induced
competence in L. lactis KF147.

Expansion of the natural competence phenotype to a broader set of L. lactis strains.
In order to employ the comparative genomics analysis performed in this study as
a predictor for competence potential, L. lactis subsp. cremoris strains KW2 (28),
and NZ9000 (41, 44) and L. lactis subsp. lactis IL-9000 (45) were tested for transformability upon comX induction. Strains NZ9000 and IL-9000 are derivatives of
MG1363 and IL1403, respectively, which contain the nisRK genes integrated in
their chromosome, thereby allowing the use of the nisin-controlled expression system. Strain KW2 does not harbor nisRK in its genome, and to facilitate the use
of the nisin induction system in this strain, pNZ9531 was first introduced into this
strain, thereby expressing nisRK in this background from a low-copy-number plasmid vector that is compatible with the pNZ8150 backbone of the pNZ6200 and
pNZ6201 vectors used for comX expression (46). The plasmid pNZ8150, pNZ6200,
or pNZ6201 was transformed into electrocompetent cells of IL-9000, NZ9000, and
pNZ9531-harboring L. lactis KW2. These transformants were induced with 0, 0.03
or 2 ng/ml nisin, and the induction of the competence phenotype was evaluated in
these strains by transformation with pIL253 (for NZ9000 and IL-9000) or pNZ6202
(a tetracycline-selectable pIL253 derivative). As anticipated, none of the conditions
employed allowed the activation of natural competence in strain NZ9000 (Table 2),
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Transformation rate (pIL253/pNZ6202)a
L. lactis
strain

Plasmid
content

0ng/ml nisin

0.03ng/ml nisin

2ng/ml nisin

IL9000

pNZ6200

1.5×10-7±8.2×10-8

1.7×10-7±1.5×10-7

3.4×10-7±1.7×10-7

pNZ8150

ND

ND

ND

pNZ9531+
pNZ6200

1.5×10-6±1.1×10-6

1.0×10-5±9.2×10-7

5.2×10-6±3.1×10-6

KW2

pNZ9531+
pNZ6201

1.1×10-6±1.1×10-6

6.2×10-6±5.7×10-6

3.1×10-7±2.2×10-7

KW2

pNZ9531+
pNZ8150

ND

ND

ND

NZ9000

pNZ6200

ND

ND

ND

NZ9000
pNZ8150
ND
ND
ND
Table 2: Assessing transformation with plasmid pIL253/pNZ6202 by controlled expression of comX
in L. lactis IL9000, NZ9000, and pNZ9531 harboring KW2.
*Transformation rate was calculated as number of pIL253 or pN6202 transformants/total number
of cells/µg DNA, ND= not detected.

which is in good agreement with the comEC and coiA mutations observed in its parental strain MG1363 (Fig. 1). In contrast, transformants were obtained for pNZ6200
and pNZ6201 harboring derivatives of IL-9000, despite its incomplete dprA gene,
and when these plasmids were transformed to KW2 harboring pNZ9531 (Table 2).
Notably, although the efficiency of transformation appeared to be the highest for
the cells in which moderate comX expression was induced (i.e., with 0.03 ng/ml
nisin), transformants also were obtained under uninduced conditions and upon
high-level induction of comX expression (i.e., with 2 ng/ml nisin). The observed
transformation under uninduced conditions might be caused by the previously reported higher levels of “leakage” of the nisA promoter activity in L. lactis strains
harboring the nisRK expression vector pNZ9531 (46), whereas the dprA mutation
in the IL-9000 parental strain (IL1403) (Fig. 1) may require lower levels of comX expression to activate competence, as the DprA function has been associated with
competence shutoff (47, 48). The observation that high-level comX expression still
allowed competence development in KW2 and IL-9000 despite the growth-inhibitory consequences of this level of induction, which is in contrast with the results obtained for strain KF147, remains to be determined. Finally, in pNZ9531-harboring
KW2, induced expression of the comX derived from L. lactis subsp. cremoris (i.e.,
as expressed from pNZ6201) allowed competence development, confirming the
bidirectional functional exchangeability of the comX genes from these two L. lactis subspecies. These results confirm the predictions made by comparative genom-

65

U N L E A S H I N G N AT U R A L C O M P E T E N C E I N L A C T O C O C C U S L A C T I S

IL9000
KW2

ics (Fig. 1) with respect to the capacity to develop a natural competence phenotype in L. lactis strains, and they establish that strains of both subspecies have the
capacity of natural competence which can be induced by controlled expression of
the comX-encoded regulator from either of the subspecies.

Discussion
This study demonstrates that the L. lactis strains KF147, KW2, and IL1403 possess
a functional DNA uptake machinery, which can be activated by the ComX regulator. This implies that identification of a complete set of late competence genes
through comparative genomics represents an appropriate approach to predict the
capacity of a strain to enter a state of natural competence, and it seems likely that
most, if not all, of the other strains identified here as carrying complete gene sets
can be made naturally competent via the same strategy of comX overexpression. It
should be noted that the expression of a much larger set of over 100 genes is regCHAPTER TWO

ulated upon addition of the competence pheromone in streptococci (12, 49, 50).
For instance, development of natural competence usually occurs in concert with
increased expression of proteins involved in DNA recombination, thereby facilitating integration of acquired DNA (51), a feature that has been observed in this study
for L. lactis KF147, as well suggesting expression of such proteins in L. lactis KF147
upon competence development. Nevertheless, we show that the dedicated assessment of only the canonical late competence genes is a valid predictor for competence potential in L. lactis strains.
It is commonly assumed that the L. lactis ancestor strain prior to subspeciation
into L. lactis subsp. lactis and L. lactis subsp. cremoris originated from a plant-associated niche and that strains adapted to increase their fitness in the nutritionally
rich dairy environment (40, 52, 53). Remarkably, none of the dairy isolates of L.
lactis that were analyzed here appear to carry a complete set of late competence
genes, suggesting that during the adaptation to the dairy niche, there was no significant environmental fitness benefit associated with the capacity to become naturally competent. This may relate to a real lack of fitness benefit of this phenotype
within the dairy environment or may be due to highly consistent suppression of the
phenotype during growth in milk, thereby preventing the possible fitness benefit
to become apparent, which may allow the decay of encoding genes without an apparent fitness cost for the bacteria. The latter scenario appears to be in agreement
with the observed activation of the expression of late competence genes in L. lactis during carbon starvation conditions (23, 24), which are not likely to occur within
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the dairy niche, as it is very rich in lactose. The genomic decay events associated
with dairy-derived L. lactis strains include prophage disruption of the comGC locus in strains of L. lactis subsp. lactis (28, 54) and insertion of IS982 into several com genes in strains of L. lactis subsp. cremoris (40, 55–57). Notably, the phylogenetic relatedness of L. lactis subsp. cremoris strains predicted on the basis of
competence gene decay events displayed a topology that was remarkably similar
to that observed for the core genome relatedness of these strains (see Fig. S4 in
the supplemental material). Importantly, typical dairy environment-associated lactic
acid bacteria quite commonly display genomic decay as a consequence of the adevents have been observed in S. thermophilus, Lactobacillus helveticus, and Lactobacillus bulgaricus upon prolonged culturing in milk, with mutations accumulating
in genes encoding transport-, energy metabolism-, and virulence-associated functions, implying that these functions do not contribute to fitness in the dairy niche
(37, 39, 58, 59). Analogously, experimental evolution of L. lactis KF147 to enhanced
fitness and growth in milk was shown to be associated with suppression of gene
repertoires associated with the import and utilization of a variety of typically plant
environment-associated carbon sources, as well as mutations leading to functional
reconstitution and elevated transcription of the peptide import system (opp) of this
strain (52). Paradoxically, dairy strains of S. thermophilus still possess the genetic
and phenotypic capacity to develop natural competence (14, 25, 39, 60), suggesting that competence development in this species contributes to fitness in this habitat. In contrast to the case for L. lactis, where carbon starvation has been associated with induction of late competence expression (23, 24), similar conditions have
not been implied in competence regulation in S. thermophilus. This may suggest
that S. thermophilus actively expresses the competence phenotype in the dairy
environment, which may contribute to this species’ fitness in the milk environment.
In nature, natural competence in bacteria is commonly a transient phenotypic
state with a small window of opportunity to take up DNA (61), the activation and
shutdown of which are subject to subtle regulation (47, 48) to prevent futile activation of the costly process and to sustain genomic stability. Analogously, optimal
induction in L. lactis was achieved with a moderate level of ComX induction, whereas high-level induction of this regulator failed to lead to competence development
(strain KF147) or led to significantly reduced levels of transformation (strains KW2,
and IL-9000). Analogously, full induction of the late competence gene expression
in Lactobacillus sakei was achieved by moderate levels of induction of its central
regulator sigH (62). Moreover, high-level comX expression was consistently asso-
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aptation to this nutritionally rich environment (37–39). For example, loss-of-function

ciated with reduced growth efficiency of the strains used in this study, which is
illustrative of the tight connection between competence and growth (63). Previous comX expression studies using L. lactis IL1403, the parental strain of IL-9000,
failed to elicit natural competence (20), which may have been due to inappropriate
expression levels of comX or might have been caused by the fact that the endogenous comX gene of IL1403 was used, which contains an alternative start codon and
appears to be truncated.
Taken together, the results of this study show that in L. lactis strains that carry
complete late competence gene sets, a state of competence can be induced by
controlled expression of comX; in particular, moderate expression of this regulator appears to be effective in activation of this phenotype. Naturally competent L.
lactis strains could internalize plasmid and linear DNA from their environment with
similar efficiencies. The conditions that naturally activate comX expression and
contribute to the regulation of competence development in L. lactis remain to be
established. Unraveling the in situ control mechanisms of natural competence in L.
CHAPTER TWO

lactis would offer opportunities to exploit this phenotype for strain improvement
purposes in this industrially important species.
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tification of Lactobacillus plantarum genes that are induced in the gastroin-
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Table S1. Comparison of competence protein identities and length of L. lactis KF147 to the competent strain S. thermophilus LMD-9.

Protein iden�ty (%)
Positve AA score (%)
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Total length protein KF147 (AA)
Total length protein LMD-9(AA)
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Fig. S1. Genetic organization of the canonical competence genes in L. lactis KF147 (A). The cin-box sequences indicated in Wydau et al., 2006 were used to
extract cin-box sequences in L. lactis KF147 (20). These sequences are depicted underneath the black arrow which reflects the promoter region. Numbers surrounding the gene clusters correspond with start and stop codons of the first and last gene of the competence gene/operon. Colors of the gene-representing
arrows correspond with the protein-icons in the graphical representation of the core competence machinery (analogous to Johnston et al., 2014, Muschiol
et al., 2015 and Mann et al., 2013 (1-3)). Black gene-representing arrows indicate genes present within the com-associated operons that are predicted not to
have a direct structural role in the core competence machinery.
Upon competence development, the pilus comprising ComGA, ComGB and ComGC entraps the exogenous dsDNA which subsequently connects with
ComEA. One strand of the dsDNA is degraded by an unknown domain or protein in L. lactis, and the other strand translocates into the cell by transfer through
the pore protein ComEC and is further processed and internalized by ComFA and ComFC. In the cytosol, the ssDNA is protected by single stranded binding
proteins (SsbA and SsbB) and DprA, which interacts with RecA in order to facilitate DNA integration into the genome. CoiA is thought to fulfill a role in DNA
processing and ComC and the minor pilins ComGD-GG are proposed to fulfill a role in priming of pilus assembly (8-10).
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Fig. S2. (Left) Genomic analysis of 43 L. lactis strains to assess genetic capacity to develop natural
competence. Analogous to Figure 1 of the main paper, except that full-length protein identity-scores (%) for the selected subset of late competence associated proteins are displayed in comparison to their homologues in strain L. lactis KW2 that was used as a reference. All other analyses,
all labels used and references for strains are analogous to those presented in Figure 1. Genetic
events leading to competence gene decay (black cells in the figure) are specified as premature
stopcodon within the first 90% of the gene (a), transposon insertion (b), prophage insertion (c)
absence of gene, mutated/alternative start or lengthened/fused protein; at least more than 25%
of its total length (d), followed by the position within the protein sequence where the event is de-

strains in which P= plant, D= dairy, S= soil, W= water, H= human body and F= fruit (4).
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IS element
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comEC’

Fig S3. Premature stop-codons and transposon interruption within comEC among L. lactis subsp.
cremoris strains SK11, A76 and UC509.9.
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tected relative to its N-terminus. The right-hand column represents the source of isolation of the
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ComGA a, 50 +b
ComGB a, 252
ComX a,116

ComC a, 195 +b

NCDO763
MG1363

Fig. S4. Mutational events occurring in L. lactis subsp. cremoris strains that are focused on the
late competence gene-sets used in this study. A mutational sequence of events was tentatively
reconstructed for the late competence genes in different subspecies cremoris strains where the
dot resembles the cremoris strain ancestor. The core-genome based SNP phylogenetic relatedness displays considerable topological congruency with the late-competence related evolutionary
relatedness.
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Fig. S5. Representative image of phage sequence insertions within comGC of L. lactis subsp.
lactis strains KF282, KF24, N42, CV56, ML8, UC37, KLDS and KF67. Phage sequence arrows are
scaled to the KF282 phage sequence arrow, whereas the com gene arrows are scaled to the KF282
comGB gene. On the right, the conserved insertion sequence within comGC in L. lactis subsp.
lactis strains is depicted.
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Fig. S6. Growth inhibition upon full induction with nisin is only observed in L. lactis KF147 harboring pNZ6200. Full induction with nisin in L. lactis KF147 harboring pNZ8150 (empty vector control)

as uninduced conditions showing that nisin induction itself and overexpression of a protein does
not lead to growth inhibition. In contrast, growth inhibition of L. lactis KF147 harboring pNZ6200
can be observed relative to uninduced conditions in this strain.
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Fig. S7. Gene expression analysis of competence genes in KF147 and NZ6200. Transcript levels of
comX (A), comEA (B), comFA (C) and comGA (D) in L. lactis KF147 harboring pNZ8150 or pNZ6200
and L. lactis NZ6200 harboring pNZ6200 in uninduced (0 ng/ml nisin), moderately induced (0.03
ng/ml nisin) and fully induced (2 ng/ml nisin) conditions. Values were obtained from triplicate
measurements and statistical significance (P-value<0,05; indicated by *) is based on the non-parametric Mann-Whitney U-test (one-tailed).
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and L. lactis KF147 harboring pNZ8040 (pepN under nisin control) shows the same growth curve
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CHAPTER THREE

HIGH-LEVEL EXPRESSION OF THE LATE COMPETENCE
GENES IN L. LACTIS SUBSP. LACTIS KF147 COINCIDES WITH
STRINGENT RESPONSE AND GROWTH STAGNATION

ABSTRACT
Induction of natural competence in Lactococcus lactis can be activated by moderate expression of the competence regulator ComX. In various bacteria natural competence has
been associated with the modulation of a range of metabolic and other cellular functions.
Here we investigate the genome-wide transcriptome response upon nisin-induction of ComX
overexpression in L. lactis KF147. ComX induction not only correlated with activation of the
com regulon, but also induced pleiotropic adaptations in the transcriptome profile, encompassing 638 and 1188 genes with significantly modulated expression upon moderate (0.03
ng/ml nisin) and high-level (2 ng/ml) induction of ComX, respectively. Focusing on genes
displaying co-regulated expression patterns compared to the known late competence genes
revealed 384 genes, with significant overrepresentation of different functional categories,
including transcription, translation, transport, DNA replication and repair, protein turnover
and chaperones, and (amino acid) metabolism. Interestingly, expression of the CCR (Carbon
catabolite repression) regulator ccpA, involved in alternative carbon utilization upon carbon
starvation, correlates positively with com gene expression despite the absence of carbon-limiting conditions in our experiments. Many of the genes displaying anti-correlated expression
relative to the late competence associated genes were predicted to be regulated by the
global metabolic regulator CodY, a regulator that has been described to regulate nitrogen
metabolism and is known to modulate stringency responses under carbon-starvation conditions. In particular, high-level expression of ComX in L. lactis KF147 led to downregulation
of the major macromolecule-biosynthesis functions like transcription, translation, replication
compared with moderate-level expression of ComX, which is in agreement with the observed
stagnation of growth of these cultures. These results show that ComX-mediated competence
activation in L. lactis coincides with genome-wide transcriptome responses that resemble
stringent responses.

Importance
Induction of natural competence is linked to a shift in the transcriptomic landscape among
various bacteria that can enter a state of competence. Adaptation towards this condition
might reveal hampered metabolic processes that impede transformation or clues for the
natural trigger of natural competence in L. lactis, which is, to date, not established in L.
lactis. Exploration of the transcriptomic response of L. lactis in a state of competence and in
a state of detrimental overexpression of comX will lead to more insight into this process of
natural transformation and, potentially, the natural trigger for competence development in
this species.
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Introduction
During the natural competence state for DNA transformation bacterial cells are
able to take up exogenous DNA and either maintain this DNA as plasmid DNA
or integrate it into their genome via homologous recombination. Among streptococci, several species have been shown to have the capacity to become competent and several environmental triggers have been described to be involved in
competence-gene expression (1–3). Induction of a peptide-pheromone regulated
system (comCDE and/or comRS) activates expression of the master regulator of
competence ComX in various streptococci, including Streptococcus pneumoniae,
Streptococcus suis, and Streptococcus thermophilus (1, 4–6). This master regulator
of competence acts as an alternative sigma factor and activates expression of the
late competence genes that encode the protein-components that assemble into
the DNA uptake machinery (for review; (7–9)). This role of ComX was verified by
genetically engineering its overexpression, which resulted in activation of the late
competence genes and the corresponding natural competence phenotype in S.
thermophilus (10), S. pneumoniae (5) and L. lactis (11, 12). However, previous studies have shown that induction of comX expression also leads to the modulation of
a variety of other cellular processes, prominently including metabolic adaptations
that modulate the physiology of cells that enter a natural competence state (13,
14). For example, in Streptococcus suis, competence can only be induced during
the early logarithmic phase and is associated with reduced expression of genes
involved in basal metabolic functions like carbohydrate- and unsaturated fatty acid
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metabolism, protein translation and rRNA expression (6). The expression of these
genes is recovered when cells proceed to grow and the natural competence state
is abolished (6). Similarly, in B. subtilis and S. mutans, it has been reported that
the activation of the competence state is associated with a transient non-growing
state, suggesting that in these species competence development is linked to stagnation of biosynthetic and cell division related processes as well (2, 15). Analogously, competence induction in S. pneumoniae leads to repression of translation and
metabolic processes, as well as growth, but also activates expression of heat-shock
protein-chaperones, suggesting that these maintenance functions are required to
tence is associated with the induction of DNA repair activating mechanisms and,
more specifically, homologous recombination associated functions for effective integration into the chromosome in both gram positive and gram negative bacteria
(13, 16, 17), including L. lactis (11). Therefore, it seems that activation of the competence state results in pleiotropic effects that include the stagnation of biosynthetic
processes and growth and the activation of DNA recombination and repair as well
as stress and maintenance related functions.
The lactic acid bacterium Lactococcus lactis was long considered to be a non-competent species (18–20). This bacterium is of great importance for fermentation of
dairy products to obtain butter, buttermilk and cheese (21). Controlled natural competence development in this species would enable the recombination of desired
genetic traits between strains, which would provide novel approaches for the improvement of the industrial performance of strains. Although, several studies have
shown that the expression of competence genes in L. lactis is induced upon carbon
starvation conditions (22, 23) and during cheese ripening (24), these reports failed
to evidence that these cells displayed a natural competence phenotype. However,
recent studies demonstrated that a competence phenotype could be induced in specific L. lactis strains by engineered (moderate-level) expression of the central competence regulator ComX (11, 12). Cloning of comX under transcriptional control of the
nisA promoter (25) allowed the induction of the competence phenotype, only when
low-levels of the inducer nisin were used (e.g. 0.01 to 0.10 ng/ml), while achieving
maximal competence around 0.03 ng/ml (12). In contrast, high-level nisin induction
led to stagnation of growth and did not allow natural competence dependent transformation, indicating that excessive induction and expression of late-competence
associated genes has detrimental consequences for cell-growth and fails to induce
a functional state of competence (12). This observation may reflect the (transient)
non-growing state that has been associated with competence development in sever-
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support cellular functions during competence (13). Moreover, activation of compe-

al species (see above), suggesting that high-level ComX expression in L. lactis affects
other pathways. Notably, David and coworkers (11) have reported that the expression
of a large set of genes is induced upon constitutive expression of comX in L. lactis
subsp. cremoris KW2, including genes involved in stress response and detoxication.
However, this study did not report a detailed analysis of the genes that are induced
or repressed upon ComX induction, and therefore, it remains unresolved how these
gene expression changes relate to the observed stagnation of growth (12) and/or
how they affect cell metabolism and survival.
Here, we present the genome wide transcriptional response in L. lactis KF147
harboring pNZ6200 (comX under nisin control) upon different levels of nisin-induced expression of comX (i.e., 0, 0.03, and 2.0 ng/ml nisin), revealing progressively pleiotropic transcriptome effects. Analysis of those genes that displayed co- or
anti-correlated expression with the late competence genes illustrated a coordinated expression of competence and cellular functions associated with transcription,
translation, DNA replication, and carbon, amino acid, and fatty acid metabolism,
CHAPTER THREE

which is in agreement with the trade-off between competence-development and
growth capacity. In addition, expression of the carbon catabolite repression (CCR)
regulator CcpA in comX-induced cells, which is involved in alternative carbon utilization under carbon starvation conditions, also positively correlates with com gene
expression even though our experiments were performed under carbon-rich conditions. Moreover, high-level comX induction (2 ng/ml nisin) led to the suppression of
an extended set of translation-associated functions, which at least partially belong
to the CodY regulon, re-establishing the previously proposed interplay of the ComX
and CodY regulons (23). Our data corroborate the relatedness of the ComX-induced response and the CcpA and CodY regulon, which through coordinated gene
regulation appear to induce growth stagnation and resembling gene-expression
responses resembling starvation and stringent responses.

Materials and methods
Bacterial strains, plasmids, and media.
The strains and plasmids used in this study are listed in Table 1. L. lactis was routinely cultivated in M17 (Tritium, Eindhoven, The Netherlands) supplemented with 1%
(wt/vol) glucose (Tritium, Eindhoven, The Netherlands) at 30°C without agitation.
For natural competence experiments, L. lactis strains were cultivated in chemically defined medium (26) supplemented with 1% (wt/vol) glucose (GCDM) (Tritium,
Eindhoven, The Netherlands). After natural transformation, L. lactis cells were culti-
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Material

Relevant features or sequence

Ref.

KF147

Plant derived strain belonging to ssp. lactis

37

pNZ8150

Cmr; pNZ123 derivative with ScaI site downstream
the nisin promoter for translational fusion

25

pNZ6200

Cmr; pNZ8150 derivative containing comX from L.
lactis KF147 downstream the nisin promoter

12

Strains
Lactococcus
lactis

Plasmids

vated in recovery medium consisting of M17 supplemented with 1% glucose, 200
mM MgCl2, and 20 mM CaCl2. Antibiotics were added when appropriate: 5.0 µg/
ml chloramphenicol, 10 µg/ml erythromycin, and 12.5 µg/ml tetracycline. Functional annotations of the coding sequences within the L. lactis KF147 genome were
extracted from the original GenBank file (CP001834.1; www.ncbi.nlm.nih.gov/nuccore/CP001834.1).

Natural competence induction.
Induction experiments were performed as described previously (12). Briefly, L. lactis
KF147 harboring pNZ6200 (containing comX under control of the nisA promoter)
was cultured overnight in GCDM with chloramphenicol. The overnight culture was
diluted in 50ml GCDM (inoculum 1:65) to an OD600 of 0.3. This culture was divided
into 3 portions of 10 ml, which were either left uninduced (no nisin addition), or
were induced with 0.03 ng/ml or 2.0 ng/ml nisin, after which cultivation was continued for an additional 2 hours. Uninduced and fully induced L. lactis KF147 harboring pNZ8150 (empty vector) were included as controls. Cultures were harvested by
centrifugation (4000×g for 10min) and pellets were re-suspended in 500µl ice-cold
TE buffer, and subsequently 500µl phenol/chloroform, 30µl 10% SDS, 30µl sodium
acetate pH5.2 and 0.5g of 0.1 mm zirconia beads were added to the cell suspension. Samples were flash-frozen in liquid nitrogen and stored at -80°C prior to RNA
isolation.

RNA isolation and transcriptome analysis.
RNA was isolated from L. lactis cultures as described previously (27, 28). Briefly,
after quenching, cells were disrupted by bead-beating and RNA was isolated using the High Pure RNA isolation kit (Roche Diagnostics Nederland B.V., Almere,

91

H I G H - L E V E L E X P R E S S I O N O F T H E L AT E C O M P E T E N C E G E N E S

Table 1. Strains and plasmids.

The Netherlands), including an on-column DNaseI treatment. Copy-DNA (cDNA)
was prepared using 10 μg total RNA and random hexamer primers in the reverse
transcription reaction (Applied Biosystems, Foster City, CA, USA) according to the
manufacturer’s protocol. The obtained cDNAs were labeled using Cyanine 3 (Cy3)
or Cyanine 5 (Cy5) (AmershamTM, CyTMDye Post-labelling Reactive Dye Pack, GE
Healthcare, UK), and co-hybridized (for hybridization scheme, see Fig. S1). In these
L. lactis KF147 specific Agilent arrays at least 2 but in most cases 3 distinct probes
were used for each of the genes that are annotated in the genome. Probes were
spotted on each L. lactis KF147 specific Agilent array in duplicate, which was based
on the Agilent 15k 60-mer format (GEO accession number GPL17806; http://www.
ncbi.nlm.nih.gov/geo/). Subsequently, slides were washed following routine procedures (28–30). Briefly, slides were washed in GEX HI-RPM buffer (Agilent Technologies) at 65°C and 10 rpm for 24 hours. Following hybridization, the arrays were
washed at 37°C according to the manufacturer instructions (Agilent Technologies,
Santa Clara, Californië, United States of America) and scanned by Agilent G2565AA
CHAPTER THREE

scanner. Transcriptome profiles were normalized by using Lowess normalization (28,
31). Inter-slide differences on the basis of total signal intensity per slide were corrected by using Postprep. Median intensity of the different probes per gene was
selected as the gene expression intensity (28, 32). CyberT was used for comparison
of the different culturing conditions (28, 33), resulting in a gene expression ratio
and false discovery rate (FDR) for each gene. FDR-adjusted p-values < 0.05 were
considered significantly differentially expressed.

Co-regulation of genes and cis-acting element analysis.
A Pearson correlation between the different expression profiles was calculated for all
genes within the L. lactis KF147 genome. All genes that had a correlation coefficient with
one of the com-box preceded com genes that was higher than 0.89 (the lowest observed
correlation within the canonical com gene set) were selected as genes displaying correlated expression. Conversely, genes with a correlation efficient below -0.89 were considered as anti-correlated. A Fisher exact test was employed to determine which clusters
of orthologous genes (COGs) were significantly overrepresented or underrepresented
among the genes displaying correlated expression. The upstream regions (100bp) of the
genes of which their expression profile correlated either positively or negatively to the
expression profile of the com genes were used to predict potential regulatory binding
sites by prediction of conserved DNA motif in this upstream region. Motifs were predicted using an algorithm for fitting a mixture model by expectation maximization (MEME,
(34)), allowing a maximum of 10 motifs per upstream region.
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Results and discussion
ComX in L. lactis KF147 induces expression of the late competence associated
genes.
In order to investigate which genes are regulated upon ComX induction in L. lactis, transcriptome analyses were performed in uninduced, moderately- (0.03 ng/
ml nisin) and fully- (2ng/ml nisin) nisin-induced L. lactis KF147 harboring pNZ6200
(12, 35). As a control, uninduced and fully (2.0 ng/ml nisin) induced L. lactis KF147
harboring pNZ8150 (empty vector variant of pNZ6200) were included. Analogous
affect growth of L. lactis KF147 harboring pNZ6200 and allowed the successful
transformation of pIL253, whereas full-induction of this strain led to a stagnation of
growth and did not allow transformant recovery (Fig. S1; (12)). Importantly, growth
of the control strain harboring pNZ8150 was not hampered after full nisin induction
illustrating nisin itself is not causing the growth arrest of L. lactis. Transcriptome
analysis performed on samples two hours after induction revealed that the fully induced control strain L. lactis KF147 harboring pNZ8150 induced and repressed the
expression of 70 and 7 genes (Table 2), respectively. This indicates that treatment
of the cells with 2 ng/ml nisin already modulated the expression of a substantial
panel of genes, independent of ComX expression levels. Since L. lactis KF147 contains remnants of the nisin-transposon Tn5276, the nisin immunity encoding nisI,
and nisEFG genes were found amongst those activated by nisin induction (25),
but also activation of prophage associated genes, and several genes involved in
the utilization of alternative carbon sources like xylose (xylB) or sucrose (scrB) was
observed. Notably, nisB, C, T and P are pseudogenes in L. lactis KF147 and ignored
in the probed design of the array, hence their expression is not measured. Notably,
90 genes were induced and 188 genes were repressed in L. lactis KF147 harboring
pNZ6200 compared to their pNZ8150 harboring counterparts under non-inducing
conditions (Table 2). This likely reflects leakage of the nisA promoter resulting in a
low-level expression level of comX. This proposed leakage of ComX is supported
by the observation that in the absence of nisin-induction, the expression of the
competence genes comGABCEF and comFA was significantly higher than in the
strain harboring pNZ8150. Importantly, moderate and high-level induction of comX
led to an expansion of the induced (164 and 466) and repressed (474 and 722)
gene sets, (Table 2), indicating progressively pleiotropic transcriptome effects upon
increasing levels of ComX expression, respectively. Extensive genome-wide transcription adaptation during competence induction has also been observed in other

93

H I G H - L E V E L E X P R E S S I O N O F T H E L AT E C O M P E T E N C E G E N E S

to what we reported previously, moderate induction of comX did not significantly

L. lactis KF147
harboring

nisin induction
(ng/ml)

upregulated genes

downregulated genes

total

pNZ8150

2

70

7

77

pNZ6200

0

90

188

278

pNZ6200

0.03

164

474

638

pNZ6200

2

466

722

1188

Table 2. Overview of up- and downregulated genes in L. lactis KF147 harboring either pNZ8150
or pNZ6200 upon different induction levels with nisin (fdr<0.05, >2 up- or downregulated genes).

bacteria like Streptococcus suis (6), and exemplifies the strict orchestration of general gene expression programs during the development of competence.
Analogous to what we have shown previously (12), moderate and full-induction
of comX expression progressively induced the expression of the late competence
associated genes and operons, comX, comC, comEA-EC, comFA-FC, comGA-GG,
CHAPTER THREE

ssbA, coiA (Fig. 1). As anticipated, a motif search with MEME (Multiple Em for Motif
Elicitation) identified the previously described com-box, a cis-acting motif that is
recognized by ComX in L. lactis, upstream of late competence genes (5’- TTKGTTACAWTTHAWBADWTTTTWCGTATA-3’; also known as cin box; (11, 19)). Indeed,
the com-box was observed in promoter regions upstream the progressively induced late competence genes; comC, comEA, comFA, comGA, dprA, ssbA, coiA,
recQ, recX, radA, and radC (Fig. 1). In addition, 4 other genes appear to harbor a
com-box in L. lactis KF147 are ybfB (encoding a putative DNA/RNA non-specific
endonuclease), ydbC (encoding a hypothetical protein involved in binding of single-stranded DNA (36)), malE (encoding a maltose ABC transporter substrate binding protein) and yqfG (encoding a large leucine rich repeat cell surface protein).
These genes are all upregulated upon moderate and full induction of comX in L.
lactis KF147. Remarkably, the com-box for malE appears to be severely altered in
L. lactis KW2 and mutated at one position in L. lactis IL1403. Possibly, this relates
to the wide variety of opportunities for L. lactis KF147 to participate in (complex)
carbon metabolism pathways that are frequently lost in other L. lactis strains (37,
38). Moreover, this might link alternative carbohydrate metabolism to competence
induction in L. lactis. Interestingly, there is a 7-11 nt spacing between com-box and
start codon for the canonical com genes (comEA, comFA, comGA, comC, coiA)
and a subset of (potentially competence specific) recombination and DNA repair
genes (recQ, recX, radC) in which there is no clear RBS. Possibly, absence of a clear
RBS sequence influences translational control of the corresponding competence
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erately (ComX 0.03ng/ml nisin) and fully induced (ComX 2ng/ml nisin) L. lactis KF147 harboring
pNZ6200 when compared to the reference sample that originates from uninduced L. lactis KF147
harboring pNZ8150 (Control, 2 ng/ml nisin) or pNZ6200 (ComX 0ng/ml nisin). The com-box motif
was identified upstream of these upregulated competence genes.

proteins. Notably, we detected induction of the prepillin peptidase encoding comC
gene upon induction of ComX in L. lactis KF147, whereas the comC gene of L. lactis
KW2 was previously reported not to respond to ComX expression (11).
Conclusively, moderate and full induction of comX leads to pleiotropic transcriptome effects besides induction of the late com-regulon.

Stress-related genes positively correlate whereas translation-related genes
negatively correlate to late com gene expression.
To assess the transcriptome adaptations during ComX induction further, we initially
mined the transcriptome data for genes of which the regulation of expression co- or
anti-correlated with late competence genes (comC, comEA-EC, comFA-FC, comGA-GG, ssbA, dprA, coiA). To this end, expression correlation coefficient analysis
(Table 3) for all genes encoded within the L. lactis KF147 genome revealed a total
of 288 and 96 genes that displayed a positively and negatively correlated pattern
of expression compared to the late competence genes, respectively.
Among the positively correlated genes, gene set enrichment analysis revealed
the overrepresentation of specific clusters of orthologous groups (COGs), including
transcription (K), replication and repair (L), post-translational modification, protein
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Figure 1. Microarray analysis shows that com gene expression is significantly upregulated in mod-

COG
C
D
E
F
G
H
I
J
K
L
M
N
O
P
Q
R
S
T
U
V

positive (>
0.89)

negative (< 0.89)

over
0.908
0.356
1.000
0.976
0.924
0.845
0.980
1.000
0.000
0.037
0.992
0.021
0.008
0.001
0.986
0.182
0.865
0.206
0.009
0.504

over
0.141
0.334
0.025
0.067
0.879
0.926
0.301
0.017
0.864
0.956
0.576
1.000
0.729
0.311
0.463
0.880
0.995
0.337
1.000
0.899

under
0.178
0.826
0.001
0.056
0.114
0.257
0.062
0.000
1.000
0.979
0.019
0.997
0.997
1.000
0.080
0.865
0.191
0.883
0.998
0.669

under
0.939
0.889
0.988
0.972
0.209
0.208
0.858
0.993
0.244
0.118
0.594
0.621
0.533
0.819
0.802
0.202
0.016
0.834
0.279
0.340

C Energy production and conversion
D Cell cycle control and mitosis
E Amino Acid metabolism and transport
F Nucleotide metabolism and transport
G Carbohydrate metabolism and transport
H Coenzyme metabolism
I Lipid metabolism
J Translation
K Transcription
L Replication and repair
M Cell wall/membrane/envelop biogenesis
N Cell motility
O Post-translational modification. protein turnover. chaperone functions
P Inorganic ion transport and metabolism
Q Secondary Structure
R General Functional Prediction only
S Function Unknown
T Signal Transduction
U Intracellular trafficing and secretion
V Defense mechanisms
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Table 3. A Fisher exact test to determine overrepresented and underrepresented cluster of orthologous groups (COGs) that either reveal a positive or negative correlation compared to com gene
expression. Correlation coefficients were determined for com genes and the lowest correlation
(comGG, correlation of 0.89) was used for subsequent analysis of the remaining genes of L. lactis
KF147 to examine which genes display either a correlation higher than 0.89 or lower than -0.89
and whether this trend among genes within the same COG are either significantly overrepresented or underrepresented in a COG (P-values are displayed in green when P<0.05). A significant set
of genes were overrepresented in the COGs Amino acid metabolism and transport (E), Translation
(J), Transcription (K), Replication and repair (L), Post-translational modification, protein turnover,
and chaperones (O) and Inorganic ion transport and metabolism (P).

turnover, and chaperones (O) and inorganic ion transport and metabolism (P) (Fig.
2). Notably, positive and enriched correlation was also observed for the COGs cell
motility (N) and Intracellular trafficking (U), but these COGs contain few genes and
the genes regulated in these categories mostly belonged to the late competence
genes. More specific analysis revealed that late competence was co-induced with
both global (CcpA) and specific (GalR, RbsR, GlnR, AraR) regulators of carbon metabolism, and stress response (HrcA). The induction of hrcA expression coincided
with the induction of its regulon (GroELS, dnaKJ, and grpE) and was paralleled
by the induction of other stress response associated functions (clpB, clpE, cshA,
hslO, uvrA, radA). Moreover, a broad panel of genes involved in ion transport and
homeostasis of iron, cobalt, arsenate, copper and calcium was co-induced with
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atively correlate with com gene expression in L. lactis KF147 harboring pNZ8150 (fully induced,
Control 2ng/ml nisin) or pNZ6200 either uninduced (ComX 0ng/ml nisin), moderately induced
(ComX 0.03ng/ml nisin) and fully induced (ComX 2ng/ml nisin) compared to the reference condition uninduced L. lactis KF147 harboring pNZ8150. A subset of genes belonging to COG K
Transcription (A), COG L Replication and repair (B), COG O Post-translational modification Protein
turnover, chaperone functions (C) and COG P Inorganic ion transport and metabolism (D) were
positively correlated to com gene expression and overrepresented within their corresponding
COG. A subset of genes belonging to COG E Amino acid metabolism and transport (E) and COG
J Translation (F) were negatively correlated to com gene expression and overrepresented within
their corresponding COG.

the late competence genes. Finally, complementary induction of genes involved in
homologous recombination (recA,F,N,Q, radC) was also observed, similar to earlier
observations in S. pneumoniae (13) and L. lactis (11). The induction of recombination associated functions may be triggered by imported ssDNA during natural
competence and the co-induction of recA and dprA enables the cell to screen for
sequence homology to facilitate chromosomal integration (9).
The co-induction of ccpA and several dedicated regulators of specific carbon metabolism pathways suggests that competence gene expression is associated with
modulation of carbohydrate and energy metabolism. Notably, most of the specific
carbon-regulators act as repressors of genes involved in the utilization of alternative
(less-favorable) carbon sources, which is coordinated at a genome-wide level by
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Figure 2. Schematic overview of COGs containing overrepresented genes that positively and neg-

catabolite control protein A (CcpA; (39, 40)), which suggests that L. lactis modulates
the expression of general carbon metabolism (see also below) during competence
induction. Intriguingly, these changes imply that the cells became energy depleted
during competence induction (see also below), and similar observations were made
in Streptococcus suis (6), Haeomphilus parasuis (41), Vibrio cholerae (3, 42) and
S. pneumoniae (43). By energy depletion during competence development, cells
have been proposed to become more vulnerable (6), and the co-induction of stress
response associated functions that play crucial roles in maintenance and repair of
cellular function (44), may compensate for this vulnerability. Co-regulation of competence and stress-associated functions has also been reported in other bacteria,
including S. pneumoniae (13, 16, 45) and S. suis (6). Moreover, the induction of
ClpE, an ATP-dependent protease (46, 47), is intriguing as it has been implicated in
the process of competence shut-down based on its role in proteolytic degradation
of ComX (7, 48).
Besides the enriched COGs displaying a positively correlated expression with the
CHAPTER THREE

competence genes, two negatively correlated COGs were also enriched in the dataset (Fig. 2). Genes belonging to the COGs amino acid metabolism and transport
(E) and translation (J), were downregulated upon induction of ComX expression.
Among the latter COG were several genes encoding aminoacyl tRNA synthetase
(asnC, pheS, and trpS), ribosomal proteins (rplN, rplR, and rpmD), and ribosome
modification functions (sunL and trmH). It is important to note that the downregulation of these genes (both in COG E and J) was much more pronounced in cells
induced with 2.0 ng/ml nisin compared to those that were induced with 0.03 ng/
ml nisin. The downregulation of the translation associated genes may compromise
effective translation and protein synthesis, which could explain the observed stagnation of growth under these conditions.

High-levels of ComX induce stress response while suppressing translation.
To further investigate the specific transcriptome changes in the high-level induced
L. lactis KF147 harbouring pNZ6200, we selected those genes that were more than
2-fold regulated under these conditions compared to uninduced conditions, and
were not selected by the stringent co-regulation with competence genes applied
above. This analysis expanded the induction of stress associated genes with the
universal stress protein A (uspA; not shown), and confirmed the induction of genes
involved in transport and utilization of various alternative carbon sources (Fig.3).
Among the genes included in the latter category were those involved in transport
and utilization of disaccharides (malEF, lacS), pentoses (rbsACB, rpiA, deoB, xylB,
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and araB), polyols (mtlF, araB), and other sugars (nagA, kdgK, msmK, gntZ), as well
as enzymes involved in polysaccharide degradation (dexA, amyY, glgB, chiA, and
agl) that are typical for plant derived lactococci (49).
Strikingly, this analysis also revealed the downregulation of a large panel of functions that have a clear relation with cellular growth (Fig. 3), in parallel with the
high-level induction of the competence genes. These suppressed genes included those encoding important functions in cell division and cell shape (ftsZ, ftsA,
rodA, and divIVA), DNA replication (e.g., dinP, dnaD, dnaQ, holB, dinG, rexA), RNA
synthesis (rpoA, rpoB, rpoE). Moreover, the already identified downregulation of
analysis (Fig. 3, panel D), and included the downregulation of multiple ribosomal
proteins (e.g., rpl-, rps- and rpm- genes), genes encoding functions in translation
initiation, elongation and release factors (e.g., infA, tsf, fusA, efp, prfA, prfB), and
several tRNA synthetases (e.g., valS, lysS, truA, gatAC, gatB). Taken together, these
results demonstrate that high-level induction of ComX expression coincided with
extensive downregulation of cellular functions related to macromolecule synthesis
and cellular growth, which is in agreement with the almost instant growth stagnation following this level of induction. Importantly, most of these downregulated
genes were minimally or not affected by the more moderate competence induction, which corroborates the observed continuation of growth in those cultures.
The global downregulation of macromolecular synthesis systems displays similarities with the transcriptional adaptation during stringent response (SR), which is
a stress-response state that bacteria enter upon environmental conditions like carbon or amino acid starvation or severe stress (for reviews, see (50, 51)). In Bacillus
subtilis, the global regulator CodY has been described to regulate activation and
repression of genes that facilitate SR (52). In this organism, SR is associated with
a strong drop in cellular GTP levels and the synthesis of the alarmone (p)ppGpp
by proteins encoded by relA and spoT, which is linked to alleviation of CodY repression (53). However, several studies in L. lactis have indicated that reduction of
cellular GTP levels does not alleviate CodY repression in this species (54–56), suggesting that alleviation of CodY repression in L. lactis differs from B. subtilis. Moreover, the (p)ppGpp synthase encoded by relA is significantly downregulated in the
fully induced L. lactis KF147 harboring pNZ6200 (not shown). Analogously, typical
stringent response transcriptome signatures were reported for L. lactis KF147 when
the bacteria were exposed to carbon starvation under near-zero growth conditions
(retentostat cultivation), while no coinciding activation of relA expression was observed (23). These findings suggest that in L. lactis the canonical alarmone syn-
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functions associated with the COG “translation” was drastically expanded by this
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Figure 3. Heatmaps of genes that are significantly downregulated (A-D) or upregulated (E-F) in fully induced L. lactis KF147 harboring pNZ6200 (ComX 2ng/ml nisin) but not in moderately induced
L. lactis KF147 harboring pNZ6200 (ComX 0.03ng/ml nisin) or uninduced L. lactis KF147 harboring
pNZ6200 (ComX 0ng/ml nisin) compared to the control (L. lactis KF147 harboring pNZ8150 fully
induced (2ng/ml nisin)). In general, detrimental overexpression of comX leads to downregulation
of genes involved in DNA replication, Cell division, Translation and RNA polymerase and upregulation of stress related genes and carbohydrate transport and metabolism.

thase, RelA, is not involved in the observed stringency response. However, the L.
lactis KF147 gene yijE (LLKF_0893) encodes a protein that displays high sequence
similarity to RelP from Streptococcus mutans, which has recently been linked to (p)
ppGpp production, natural competence and growth regulation in this organism
(57, 58). Intriguingly, the expression of this alternative (p)ppGpp synthase (yijE) is
significantly induced by high-level induction of comX expression (Fig.4), suggesting
a role of the yijE encoded putative RelP homologue in stringent response induction L. lactis KF147 upon high-level comX expression. This is further corroborated
by the observation that GTP biosynthesis is also inhibited upon high-level ComX
expression, illustrated by the downregulation of guaB, hprT and gmk (Fig. 4). In
conclusion, the stagnation of growth upon high-level ComX expression in L. lactis
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homologue) and genes involved in GTP biosynthesis (guaA, hprT and gmk) in L. lactis KF147 harboring pNZ6200 in uninduced, moderately induced (0.03 ng/ml nisin) or fully induced (2 ng/ml)
conditions. yijE and the GTP biosynthesis genes are significantly up- and down-regulated respectively in L. lactis KF147 harboring pNZ6200 upon full induction and, thereby, cells in this condition
appears to behave distinctly compared to cell in uninduced and moderately induced conditions.

KF147 can be explained by the coinciding induction of a typical stringent response
in these cells, which we propose to involve the alternative (p)ppGpp synthase, RelP
(encoded by yijE), analogous to what has been reported for S. mutans (57, 58).

CodY regulation plays a prominent role in transcriptome signatures related to
competence gene expression.
As described above the stringent response in Bacillus subtilis is intertwined with
the CodY regulon. To investigate the possible role of CodY in competence (and
stringent response) regulation in L. lactis, the upstream regions the genes displaying positively or negatively correlated expression with the competence associated
genes were subjected to a MEME analysis to identify cis-acting regulatory DNA
motifs in the promoter regions of these genes. Intriguingly, this analysis identified a
motif (5’- TCTGTCAGTAAAWT -3’; Fig. 5A) that resembles the previously described
CodY motif (5’- AATTTTCWGAAAATT -3’; (54)) as well as an inverted version of this
CodY motif in the upstream region of multiple genes displaying correlated expression with the com genes (Fig. 5B). Moreover, the com-box motif is also identified as
a motif linked to positively correlated genes (Fig. 5C). This inverted version of the
CodY motif has previously been suggested to play a role in mRNA stability to allow
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Figure 4. Fold-change mRNA expression of yijE (encoding a (p)ppGpp synthase, putative relP

for rapid adaptation to carbon starvation conditions (59), but was also shown to act
as a legitimate cis-acting regulatory motif that is recognized by CodY (54, 60, 61).
Several of the genes involved in general cellular processes identified in the present
analysis were already known to be regulated by CodY in other lactococcal strains,
including amino acid metabolism, translation and nucleotide biosynthesis (54, 62,
63) and are in agreement with our results in strain KF147. Strikingly, the CodY motif
was also observed upstream induced genes that are involved in replication and
repair and natural competence (dprA, mutS, radC, recN, coiA), stress response
(regulator ythA), the nucleotide synthesis repressor purR and protectors against oxidation or salvaging nucleotides (ytjF, deoD respectively; Fig. S2). Previously, Ercan
and coworkers have proposed an important role for CodY regulation during carbon
starvation in near-zero growth cultures of L. lactis KF147 (23). Notably, in that study,
the activation of virtually all late competence associated genes was also observed
in parallel with CodY regulated functions, although no natural competence phenotype could be detected (23). The present experiments demonstrate that comX
CHAPTER THREE

induction is linked to the activation of CodY regulated functions, irrespective of environmentally induced carbon starvation. However, the observed de-repression of
genes associated with the import and utilization of alternative carbon sources upon
ComX induction, implies that cells enter an energy depletion state that resembles
the changes associated with carbon starvation, despite of the excess glucose that
is still available in their environment. Thereby, competence induction appears to be
strongly linked to metabolic adaptations, and especially upon high level of ComX
expression, also elicits a stringent response. Taken together, these observations
suggest that comX induction leads to a transcriptomic response that involves two
major regulators of cellular metabolism, CcpA and CodY, which are both known as
global metabolic regulators. CodY was initially identified as a global regulator of nitrogen metabolism and was controlled by the availability of branched chain amino
acids in the environment (54). However, CodY regulation is also linked to reduced
intracellular GTP pools and (p)ppGpp accumulation during stringent response (22,
23, 64). However, CodY expression appears to be dependent on BCAA pools not
on GTP pools in L. lactis (54, 56). Typically, the stringent response is initiated by
starvation and depletion of amino acid-charged tRNA pools (65) leading to transcriptional remodeling of the cell to adapt to a different (usually limited) nutritional
environment (50, 66). Our transcriptome analyses demonstrate that this transcriptional remodeling includes the de-repression of genes encoding pathways involved
in the utilization of alternative carbon sources, whereby CodY regulation, stringent
response and the CcpA regulation intertwine in a complex regulatory network that
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stream promoters of genes that are positively correlated and negatively correlated to com gene
expression besides the com-box motif upstream upregulated late competence associated genes
in L. lactis KF147 harboring pNZ6200. The CodY motif (A) is positioned in promoters of both positively correlated and negatively correlated genes and operons compared to com gene expression
which also applies to the inverted repeat of the CodY motif (B). Indeed, the com-box/ cin-box (C)
was observed as a motif by MEME upstream late competence associated genes and operons as
described previously (11, 19).

drives major cellular changes under starvation conditions.
Additionally, the present data also identify a putative role of the S. mutans RelP
homologue YijE in L. lactis KF147 (rather than the canonical RelA function) in the activation of stringent response by the production of the alarmone (p)ppGpp. Moreover, the two competence genes dprA and coiA harbor both the com-box and
the CodY motif, suggesting that expression of these genes is not regulated solely
by ComX but also by the stringent response inducer CodY. Both DprA and CoiA
are known to be involved in processing of the DNA upon transformation (67–69).
However, DprA appears to fulfill a dual role as it is also involved in competence shut
down in S. pneumoniae (70, 71). As dprA harbors a com-box and CodY motif in L.
lactis, DprA might fulfill a similar role in L. lactis and its role depends on the interplay of expression levels of ComX and CodY. In conclusion, the data we present
here corroborate these regulatory network connections in L. lactis, and directly link
them with the expression of the master regulator of natural competence, ComX.
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Figure 5. Visualization of motifs discovered by MEME/MAST analysis that were positioned in up-
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Figure 6. Positioning of the com-box motif, CodY motif and the inverted version of the CodY
motif upstream genes that either positively (A) or negatively (B) correlate to com gene expression
in L. lactis KF147. Heatmaps represent fold-change gene expression of L. lactis KF147 harboring
pNZ6200 in either uninduced (ComX 0ng/ml nisin), moderately induced (ComX 0.03ng/ml nisin)
or fully induced (ComX 2ng/ml nisin) and the control (L. lactis KF147 harboring pNZ8150 fully
induced (2ng/ml nisin)).

The inverted version of the CodY motif primarily occurs concomitantly with the
CodY motif upstream genes mentioned in this paragraph. However, it is also observed without presence of an adjacent CodY motif in the upstream region of the
gene according to the automated MEME analysis. Concomitant presence of this
motif and the CodY motif according to the MEME analysis has been observed
in the promoter regions of the following genes that are positively correlated to
com gene expression: yabF, parB, yieH, ppiB, yjfG, deoD, leuC, dprA, yhnA, yqfG,
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coiA, ythA, ytjF, ytjG, yudH and mutS; Fig. 6). Notably, it seems that these motifs
are concomitantly present upstream operons that are involved in a broad range of
genes involved in general metabolism and maintenance. In addition, concomitant
presence of this motif with the CodY motif is also observed upstream negatively
correlated genes: gdpD, YdcB, yfdD, efp, nrdF, YljI, ytcB, pknB and rpmD (Fig. 6)
and are therefore primarily present upstream operons that are involved in amino
acid metabolism and translation. Conclusively, these observations suggest that the
CodY-motif and its inverted version play a dualistic role in gene regulation in L.
lactis, by acting as recognition site for CodY regulation and/or de-stabilization of

Concluding remarks and perspective
Natural competence is not defined by the induction of competence associated
genes solely. Our data clearly illustrate that competence induction is associated
with a pleiotropic transcriptome response, involving a variety of cellular functions.
Besides the CodY motif, an inverted version of the CodY motif was observed upstream of positively and negatively correlated genes. As mentioned, this motif is
present upstream of a large set of genes concomitantly with the CodY motif according to the MEME analysis and was suggested to play a role in mRNA stability (59).
To our knowledge, no indications have been reported for CodY as a post transcriptional regulator of mRNA stability. Although it is known that CodY has an insignificant effect on mRNA accumulation and stability in Bacillus anthracis, a significant
effect on posttranslational regulation of proteins by codY was suggested previously
by, most likely, induction of certain proteases (72). However, we cannot rule out that
CodY regulation could play multiple diverse roles in transcriptional regulation in L.
lactis, including both activation and repression of gene transcription, but potentially also a role in (de-) stabilization of specific transcripts.
Induction of comX in L. lactis KF147 was shown to coincide with the induction
of stress response, maintenance and repression of several metabolic functions,
prominently including nitrogen metabolism and translation. Notably, ComX induction also leads to responses that resemble those observed in carbon starvation
in (non-growing) L. lactis cells (22, 23, 59, 73) which suggest a prominent role of
the pleiotropic regulator CodY in controlling these responses in ComX expressing
cells. Besides CodY, induction of ccpA suggests that comX induction also leads to
activation of pathways that provide adaption to carbon limiting and/ or CCR (74,
75) in L. lactis despite of their absence. Particularly, high level induction of ComX
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specific transcripts thereby regulating gene expression of downstream genes.

coincides with growth stagnation and strong inhibition of expression of macromolecular pathways (e.g. transcription, translation, replication), thereby, resembling
a typical stringent response, which may involve the alternative pppGpp synthase
encoded by a relP-resembling gene (YijE) which is exclusively overexpressed upon
full induction of ComX. To our knowledge, this is the first transcriptome study concerning direct overexpression of the master regulator of competence comX in a
dose-dependent manner that also shows a link between induction of comX and
subsequent controlling responses facilitated by CodY.
Another interesting finding is the concomitant presence of the com-box and the
CodY-motif upstream dprA which suggests that it is both under control of the master regulator of competence ComX and the pleiotropic regulator CodY. Indeed,
DprA fulfills a role in competence shut down in S. pneumoniae by antagonizing
activated ComE, an early competence gene involved in comX induction (70, 71).
Therefore, it is very likely that DprA fulfills a similar function in L. lactis as well and
its expression is possibly fine-tuned by interplay of CodY-induced repression and
CHAPTER THREE

ComX-induced activation. Nevertheless, the hierarchy of the regulatory network
comprising ComX, CcpA, CodY and, therefore, the interplay between stringent
response, starvation and natural competence development remains unclear (Fig.
7). Moreover, moderately and fully induced cells appear to behave differently as
growth is severely inhibited in fully induced cells and moderately induced cells only
show mild signatures of starvation and the stringent response. This might explain
why these cells escape this non-growing state and are transformable and culturable
in contrast to fully induced cells. In agreement, our data shows that fully induced
cells possess more extensive starvation and stringent response signatures compared to moderately induced cells. Nevertheless, it remains unknown whether fully
induced cells can escape from the non-growing state during the stringent response
and whether these cells were transformable prior to entering this non-growing
stringency state. Ercan and colleagues show that stringency activated L. lactis cells
do not lose viability (23, 73) which implicates there might still be an opportunity for
these cells to recover from this state.
This transcriptomic analysis of comX-induced L. lactis shows that competence
induction, stringent response and adaptation to (carbon/ nitrogen) starvation conditions are intertwined (Fig. 7) and might hint towards a potential natural trigger
for competence development in this species which is, to date, not established yet.
More specifically, as the CodY motif is linked to com-correlating gene expression of
a large panel of genes in comX-overexpressing cells, carbon starvation conditions
or alternative carbon source utilization appear prominent conditions to test as trig-
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lactis. Induction of comX leads to gene induction of stress and maintenance-related gene expression and the CCR regulator ccpA besides com gene expression. Moreover, several genes involved
in translation and amino acid metabolism are downregulated possibly due to increasing levels of
the alarone ppGpp by the putative RelP homologue YijE implicating a stringent response. The
stringent response regulator CodY appears to be involved in pleiotropic expression of positively
and negatively correlated genes. Interestingly, presence of a CodY motif besides the com-box upstream dprA suggests that DprA expression is dependent not solely on induction of the com-regulon but also influenced by induction of a stringent response.

ger for natural competence in L. lactis. Additionally, other triggers might involve
induction of DNA repair and recombination through for instance mild UV irradiation
or oxidative stress as these pathways are also significantly induced upon moderate
and full induction of comX. Besides, exposure to certain antibiotics known to induce stringent responses or natural competence (76) might be potential candidates
in the quest for the natural trigger for competence development in L. lactis.
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Figure 7. Schematic overview of the regulatory networks involved during comX induction in L.
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Supplemental information

L. lactis KF147 harboring pNZ6200 (ComX0, ComX 0.03 and ComX 2 respectively) and uninduced
and fully induced L. lactis KF147 harboring pNZ8150 (Control 0 and Control 2 respectively). L.
lactis KF147 harboring pNZ6200 or pNZ8150 was induced with nisin after reaching an OD600 of
0.3. After two hours of induction, 10ml cultures were pelleted and subjected to RNA isolation,
cDNA synthesis and Cy3 and Cy5 labeling prior to the DNA microarray analysis. Indeed, transformation rates of the cultures were assessed and only cultures containing moderately induced
L. lactis KF147 harboring pNZ6200 allowed transformation at a transformation rate of 2x 10-7
transformants/total number of cells/µg DNA.
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Fig S1. Sampling and hybridization scheme of uninduced, moderately induced and fully induced
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Fig. S2. Schematic overview of Motifs upstream genes that positively(A-C) and negatively (D+E)
correlate to com gene expression with corresponding heatmaps of their gene expression pattern
in fully induced L. lactis KF147 harboring pNZ8150 (Control 2ng/ml nisin) and either uninduced
(ComX 0ng/ml nisin), moderately induced (ComX 0.03 ng/ml nisin) or fully induced (ComX 2ng/ml
nisin) L. lactis KF147 harboring pNZ6200. The first motif (A,D) resembles the CodY motif described
for L. lactis KF147 and the second motif (B,E) is an inverted repeat sequence of CodY. Both motifs
are located upstream a broad range of genes involved in general metabolism; maintenance, stress,
amino acid metabolism, translation and nucleotide and carbohydrate metabolism. The third motif
(C) resembles the com-box (sometimes also referred to as cin-box) upstream com operons and is
directly controlled by ComX, and is only present upstream upregulated late com genes.
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CHAPTER FOUR

THE DELICATE BALANCE BETWEEN ‘’THE WINDOW
OF COMPETENCE’’ AND STRINGENT RESPONSES IN
LACTOCOCCUS LACTIS

ABSTRACT
Natural competence is a horizontal gene transfer mechanism that allows the acquisition of
new traits through the import of exogenous DNA. The important dairy starter Lactococcus
lactis enters a state of natural competence when expressing the master regulator of competence ComX above a certain treshold. However, excessive expression of ComX induces
growth stagnation and lack of detectable competence. Here, we demonstrate that moderate
ComX expression leads to heterogeneous activation of the late competence genes, whereas
high ComX expression drives homogenous activation associated with growth inhibition and
failure to develop competence. The latter condition does not only lead to growth stagnation
but also induce a 4-5 log reduction in colony forming units, which could not be explained by
loss of cell-integrity or metabolic activity. Nevertheless, escaping colonies could be recovered
after high level ComX expression, which displayed three distinct phenotypes upon repeated
ComX induction: (i) mutants harboring non-functional competence and/or comX-induction
systems/NICE (ii) stringent response mutants, and (iii) a persister subpopulation.These findings indicate that through ComX- induced transformation L. lactis is highly sensitive to the
precise levels of ComX produced within cells. Moreover, higher levels of ComX expression
induce a viable but nonculturable (VBNC) connecting competence induction and stringency
responses.

Importance
Exploitation of horizontal gene transfer mechanisms in bacteria is of great interest to the dairy
industry enabling the natural engineering of combinations of relevant traits in industrially important strains. Although natural competence can be activated in certain strains of the dairy
starter Lactococcus lactis, little is known about the physiological state of these bacteria during competence induction. Here we advance our understanding of the physiology associated
with competence. This knowledge could contribute to the deciphering of the environmental
conditions that trigger competence development, which remain unknown to date and disallow the commercial exploitation of competence for the improvement of industrial traits in
this species.

The delicate balance between ‘’the window of competence’’
and stringent responses in Lactococcus lactis
Joyce Mulder1,2,3, Avis Nugroho2,4, Herwig Bachmann2, Anja Taverne4, Michiel Kleerebezem4, Peter A. Bron2,3.
1

Molecular Genetics, University of Groningen, Groningen, The Netherlands.

2

NIZO B.V., Ede, The Netherlands.

3

BE-Basic Foundation, Delft, The Netherlands.

4

Host-Microbe Interactomics Group, Animal Sciences, Wageningen University, Wa-

geningen, The Netherlands.

Introduction
Bacteria have a repertoire of horizontal gene transfer mechanisms at their display alCHAPTER FOUR

lowing the acquisition of novel traits that can provide a fitness benefit under specific or
dynamic environmental conditions (1–4). These mechanisms include conjugation (1),
phage transduction , nanotube-facilitated DNA transfer (5), as well as natural competence (6). In a state of natural competence bacterial cells are able to internalize DNA
which is subsequently maintained as plasmid DNA or integrated into the genome
via homologous recombination. Natural competence is established in several lactic
acid bacteria (LAB) species, including Streptococcus thermophilus (7), Lactococcus
lactis (8–10) and Streptococcus mutans (11). For example, growing S. thermophilus
in a specific chemically defined medium leads to activation of the peptide-pheromone regulatory module encoded by ComRS, which leads to expression of the master regulator of competence ComX (7, 12–15). ComX acts as an alternative sigma
factor that drives expression of the late competence genes that encode the DNA
uptake machinery and pilin-like structures involved in transformation (for reviews, see
(6, 16, 17)). Co-activation of the DNA recombination machinery during competence
development is observed in most species (6), including L. lactis (Chapter 3). This
co-activation facilitates effective homologous recombination and enables the stable
incorporation of newly acquired genetic traits in the bacterial chromosome, which is
especially efficient when the genetic material is derived from close-relative species
that share substantial sequence similarity (18).			
It was recently shown that natural competence can be induced in specific strains
of Lactococcus lactis that harbor a complete set of competence genes by engineered expression of ComX (8, 9). Importantly, only intermediate expression levels
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to growth inhibition and failed to elicit the competence state (8–10). Nevertheless,
ComX induction led to activation of late competence gene expression irrespective
of the ComX expression level, leaving the lack of detection of naturally competent
cells upon high-level induction unexplained (9). Genome-wide transcriptome analysis of L. lactis KF147, expressing ComX at different levels, revealed pleiotropic transcriptional responses to ComX induction (Chapter 3). These included the induction
of genes associated with a stringent response, which was particularly prominent
upon induction of high levels of ComX (Chapter 3). These responses included the
induction of stress-related pathways, the recombination machinery, and the repression of amino acid metabolism and translation, which collectively reflect a typical
stringent response. We postulated that this response was coordinated through a
CodY and RelP (putative alarmone synthase; Chapter 3) -associated regulatory network. Intriguingly, a role for CodY in competence development in L. lactis as well
as the induction of RelP have previously been suggested in L. lactis and S. mutans
(Chapter 3, (19–23)). Moreover, also in S. suis and B. subtilis, the development of
competence has been associated with extensive adaptations of cellular metabolism and stagnation of growth (11, 24, 25). Typically, non-growing phenotypes and
CodY-dependent stringent responses have been reported for the adaptation to
carbon and nitrogen starvation (19, 26–28), which may also enhance the risk of cell
death. This raises the question what is the cellular physiological state of cells during
competence development.					
Here we investigate the development of competence and its associated physiological state in L. lactis following ComX induction. To study the activation of late
competence genes within the bacterial population, we constructed a comGA promoter (PcomGA) transcription reporter using superfolder green fluorescent protein
(29). The results obtained with these reporters show that intermediate expression
levels of ComX in L. lactis KF147 lead to heterogeneous PcomGA activation, whereas
more homogeneous and high-level PcomGA activation is observed upon high level
expression of ComX. In addition, we demonstrate that the observed growth stagnation upon high-level ComX expression is a consequence of a drastic loss of culturability, which could not be explained by loss of cell integrity or metabolic activity. These findings indicate that excessive ComX expression induces a viable but
nonculturable (VBNC) state in L. lactis, which reflects the transcription induction of
stringent responses we observed previously. Intriguingly, functional analysis of (mutant) colonies that escaped the ComX-induced VBNC state displayed three distinct
phenotypes, including the expected mutants defective in ComX-induction, but also
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of ComX allowed competence induction, whereas high level ComX expression led

colonies with an apparent adjustment of their stringent response. Our results establish that the development of competence and the avoidance of the VBNC state
depends on tightly-controlled gene regulatory programming in L. lactis, and the
putative stringent response deregulation mutants may offer new approaches to
decipher such gene regulation program.

Materials and methods
Bacterial strains, plasmids, and media.
The strains used in this study are listed in Table 1. L. lactis strains were either cultivated in M17 (Tritium, Eindhoven, The Netherlands) supplemented with 1% (wt/vol)
glucose (Tritium, Eindhoven, The Netherlands) or in chemically defined medium
(30) at 30°C without agitation. Antibiotics were added when appropriate: 5.0 µg/ml
chloramphenicol, 10 µg/ml erythromycin, or 12.5 µg/ml tetracycline.
Nisin induction of ComX expression and natural competence experiments were
CHAPTER FOUR

performed using the previously established protocols (9, 10). Briefly, L. lactis KF147
harboring pNZ6200 was grown to an optical density (600 nm) of 0.3, and nisin (Ultrapure nisin, Handary, Belgium) was added at different concentrations, followed
by continuation of growth for 2h (or longer when indicated) in the presence of 1µg
pIL253. Competence was determined by spotting 7.5 µl of cultures on M17 plates
containing 1% (wt/vol) glucose and 10 µg/ml erythromycin.

DNA manipulations.
Plasmid DNA was isolated from L. lactis and E. coli by using the Jetstar 2.0 maxiprep kit (ITK Diagnostics bv, Uithoorn, The Netherlands) according to manufacturer’s protocol. However, additions to this protocol include the collection of logarithmic cells (OD600=0.5-1), 1mg/ml lysozyme treatment at 55 °C for 1.5h at the
resuspension step and a phenol-chloroform extraction prior to loading the L. lactis
derived supernatants on the Jetstar columns. Primers were synthesized by Sigma-Aldrich (Zwijndrecht, The Netherlands). PCR was performed by using KOD polymerase according to the manufacturer’s instructions (Merck Millipore, Amsterdam,
The Netherlands). Amplicons and DNA fragments gel were purified from agarose
gel by using the PCR clean-up system (Promega, Leiden, The Netherlands). All digestions were performed with enzymes of the FastDigest collection from Thermo
Fisher Scientific. Ligations were performed using T4 ligase, and desalted by dialysis
against MQ on a 20 µM filter (34) prior to transformation to L. lactis.
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Relevant features or sequence

Ref.

KF147

Plant derived strain belonging to ssp. lactis

(31)

pNZ8150
pIL253

Cmr; pNZ123 derivative with ScaI site downstream the
nisin promoter for translational fusion
Emr; high-copy-number plasmid replicative in L. lactis
Cmr; pNZ8150 derivative containing comX from L. lactis
KF147 downstream the nisin promoter
Tetr; pIL253 derivative with Eryr replacement by tetR
from pGhost8
Emr; pIL253 derivative encoding the Plas –gfp reporter
fusion
Emr; pIL253 derivative encoding the PcomGA –gfp reporter
fusion

(32)
(33)

Strains
Lactococcus lactis
Plasmids

pNZ6200
pNZ6202
pNZ6204
pNZ6205

(9)
(9)
This study
This study

Table 1. Strains and plasmids

Plasmid and mutant construction.
A fragment comprising a constitutive promoter (Plas) and a codon optimized superfolder gfp sequence (29) was synthesized (BaseClear, Leiden, The Netherlands).
The synthetic fragment contains the las promoter of L. lactis MG1363 (Plas; (35)),
flanked by the restriction sites PstI and BamHI, followed by three stop codons in
all three reading frames, the ribosome binding site sequence derived from the
nisA gene (36) and the gene encoding a L. lactis codon-optimized superfolder GFP
variant. The Plas-gfp fragment was digested with PstI and BamHI and ligated into
the similarly digested medium-copy Gram-positive cloning vector pIL253. Ligation
mixtures were desalted by dialysis against MQ on a 20 µM filter (34) prior to transformation to L. lactis NZ9000. Colonies were checked by PCR with primers CPC1
and CPC2 and the clone harboring the correct genotype was designated pNZ6204.
The Plas fragment was exchanged by the fragment containing the promoter of comGA (PcomGA; 500 nucleotides upstream of the comGA coding sequence) from L.
lactis KF147, in order to create the comGA-gfp reporter construct. To achieve this,
the PcomGA region was first PCR-amplified using primers PC1+PC2 (Table 2), and the
amplicon obtained was cloned as a BamHI-PstI digested fragment into similarly
digested vector pNZ6204 and transformed to L. lactis NZ9000. Replacement of
Plas by PcomGA was confirmed by performing PCR with primers CPC1+CPC2 and in
combination with PC1 and PC2 and the clone harboring the correct genotype was
designated pNZ6205.
Plasmids were isolated from L. lactis NZ9000 and transformed into L. lactis KF147
harboring pNZ6200 by using competence induction (9, 10). Briefly, L. lactis KF147
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Material

Primers

Sequence 5’ to 3’

CPC1

AGCAGCATAATAGATTTATTGAATAGG

CPC2

GCATCTAATTTAACTTCAATTCCTATTATAC

PC1

CCTTCTGCAGGGGGAATTGCTGGCTCGACTG

PC2

CCTTGGATCCACTTTTATATACGAAAAAACTCTTGG

C5

AGATCTAGTCTTATAACTATACTGAC

C6

GCCTTGGTTTTCTAATTTTGGTTC

Table 2. Primers

harboring pNZ6200 was cultivated to an OD600 of 0.3, induced with 0.03 ng/ml
Ultrapure nisin (Handary, Belgium) and incubated for 2h with plasmid pNZ6205.
Afterwards, cells were plated onto selection plates; M17 agar supplemented with
1% glucose and 10µg/ml erythromycin. Colonies were checked for presence of
pNZ6200 along with pNZ6205 by using primers C5+C6 and CPC1 +CPC2 respecCHAPTER FOUR

tively (Table 2) by colony PCR using KOD polymerase according to the manufacturer’s instructions (Merck Millipore, Amsterdam, The Netherlands).

Late- com promoter driven GFP expression analysis.
Uninduced, moderately (0.03 ng/ml) and fully (2ng/ml) nisin- induced L. lactis KF147
harboring both pNZ6200 and pNZ6205 or pNZ6206 were subjected to fluorescence
microscopy after 3h induction to investigate GFP expression throughout the population. To this end, cells were harvested by centrifugation, resuspended in 20 µl CDM and
spread on a microscope slide. Microscope slides were dried at 37 °C for 15 min and
cells were mounted with Fluoromount-GTM (Thermo Fischer scientific, Waltham, MA,
USA) and fixed by 4% PFA. An excitation wavelength of 485nm was used to activate
fluorescence which, subsequently, was detected at an emission wavelength of 535nm.
Single-cell GFP fluorescence was also investigated semi-quantitatively in these cultures
using flow cytometer (BD FACSAria II, BD Biosciences, San Jose, CA, USA) following dilution of the cultures 50-fold in FACS flow medium (BD FACSFlow™, BD Biosciences).

LIVE/DEAD analysis and CFU enumeration.
Cell integrity of L. lactis KF147 harboring pNZ6200 or pNZ8150 (empty vector) was assessed in either uninduced or nisin-induced conditions (0.03 ng/ml and 2 ng/ml nisin) using
the LIVE/DEAD Baclight TM Bacterial Viability and Counting kit (Molecular Probes Europe,
Leiden, The Netherlands) according to manufacturer’s protocol in the BD FACSAria II flow
cytometer (BD Biosciences, San Jose, CA, USA). A fresh overnight culture was used for a
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were serially diluted for CFU (colony forming units) enumeration in a dilution range from 103
(detection limit) to 1011 cells per ml and 2µl was spotted onto GM17 agar plates.

Assessment of acidification.
After 2h of comX-induction, cells were washed and resuspended at a density of
5×109 cells/mL in GCDM supplemented with 5.0 µg/ml chloramphenicol, and nisin
when appropriate. Cell suspensions were then added with 10 µg/ml erythromycin
in order to block translation and growth. Thereby, acidification rate could be determined at a constant cell number which might vary otherwise between inductions.
The decrease in pH was followed for 5 hours using fluorescent indicator at a final concentration of 10 µM (5/6)-carboxyfluorescein (CF, Sigma Aldrich, Germany).
Fluorescence (λex/em: 485/535 nm) was measured at constant gain, at 5 minute
intervals in a microplate reader (Tecan Safire 2). The gain was determined to ensure
standard pH solutions (GCDM + CF set to pH 3.0 – 6.8) were in the detectable
range. The standard pH solutions were also used to prepare standard curve to
convert fluorescent signals of samples to pH values. Subsequently, the pH value of
the uninduced and nisin-induced cells over time were converted to equivalent proton concentration. The estimated lactic acid produced was subsequently obtained
based on logarithmic equation fitted to the acid titration curve. This titration curve
was prepared by measuring the pH (Cinac, Alliance instruments, Freppilon, France)
in triplicate 5ml tubes containing GCDM and L. lactis KF147 harboring pNZ6200
titrated with 10µl of 2M lactic acid over time (every minute) until a pH of 4 was
reached (unpublished method by Nugroho et al.). Eventually, the slope of the lactic acid concentrations in mM over time were calculated and corrected for OD600
values, as a measure for cell number, in order to determine the acidification rate
in [lactic acid]/h/cell]. In total, experiments were performed containing biological
triplicates and harboring 3 technical replicates per condition. Statistical analysis
was performed by GraphPad Prism using One-way ANOVA after confirmation of
normally distributed data and subsequent paired Student t-tests to assess whether
acidification rates were significantly different between the tested conditions.

Results
The transformation rate does not correlate with late com promoter activation in
cells expressing moderate levels of ComX.
We previously established that intermediate expression levels of ComX support
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live control, whereas the dead control includes overnight culture in 80% ethanol. Cultures

competence development in L. lactis KF147, but increased levels of ComX expression inhibit growth and fail to induce detectable levels of competence even though
the expression of all genes of the late-competence regulon could be confirmed in
both ComX expression regimes (9), Chapter 3). In addition, pleiotropic transcriptome changes were associated with ComX induction, including the adaptation of
expression of CodY- (and potentially RelP-) dependent regulons especially in L. lactis expressing high-levels of ComX. Since the assessment of competence (detection
of transformants), as well as the transcriptome analyses are typical community-wide
analyses and may fail to reveal single-cell or subpopulation effects, we constructed
a competence reporter construct (pNZ6205) to assess late competence regulon
activation (PcomGA) at single cell level. As anticipated, in L. lactis KF147 harboring
pNZ6200 (PnisA-comX) and pNZ6205 (PcomGA-gfp) barely any fluorescent cells could
be detected when the expression was not induced by nisin (Fig. 1A, B), whereas
L. lactis KF147 harboring pNZ6204 (Plas-gfp) that expresses gfp constitutively was
brightly fluorescent (Fig. S1A). Importantly, induction of ComX expression at a low
CHAPTER FOUR

level (0.03 ng/ml nisin) led to detectable fluorescence in a subpopulation of L.
lactis KF147 harboring pNZ6200 and pNZ6205 (Fig 1A; estimated 40-50% of the
population). In contrast, high level expression of ComX (2ng/ml nisin) in these
cultures led to brightly fluorescent cells in an almost population-wide manner
(Fig. 1A, B; estimated >90% of the population). To further investigate the differences of late competence promoter activity (PcomGA), fluorescence in these
cultures was quantified at single cell level using FACS, confirming that low-level
ComX expression leads to highly variable (i.e., heterogeneous) fluorescence levels per cell in the population. In contrast, high-level ComX expression induced
a homogeneous high-level fluorescence in virtually all cells (Fig 1B). Analogous
to previous observations (9) competence was only observed following low-level
ComX expression (transformation rate approximately 1×10-6 transformant/total
cells/µg plasmid DNA), but was undetectable in cells expressing high levels
of ComX (data not shown). Notably, these apparent transformation rates after
low-level ComX expression do not correlate with the fraction of the population
in which late com-promoter driven fluorescence could be observed. This observation suggests that the development of the competence phenotype is very
sensitive to the ComX expression level, and is only achieved in a small fraction of
the heterogeneously induced population. Additionally, these results also establish
that high-level induction of late competence promoter activity (e.g., by high-level
ComX expression) fails to induce the phenotype, suggesting that only very moderate late competence promoter activity is leading to actual competence.
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and pNZ6205 (gfp under PcomGA control) in uninduced, moderately induced or highly nisin-induced
conditions reflecting no, intermediate or high expression levels of ComX. Intermediate expression
levels of ComX in L. lactis KF147 harboring pNZ6200 and the competence reporter pNZ6205 leads
to a partial population of GFP+ (A) and extensive broadening of the fluorescence range per cell
throughout the population showing that approx. 50% of the population is fluorescent (B). In contrast, high expression of ComX leads to a more homogeneous and almost complete population
GFP+ (A) and a complete shift of the peak from non-fluorescent to fluorescent can be observed
showing that approx. 90% of the population is fluorescent (B). Analysis was performed by using
fluorescence microscopy (A) and FACS analysis (B).

High expression levels of ComX in L. lactis KF147 induce a VBNC state
The homogeneous high-level activation of late com genes, due to high expression
levels of ComX, in concert with the observation that this condition leads to growth
stagnation suggests that these cells are in a different cellular metabolic state compared to cells that develop competence (Chapter 3). Despite the high level induction of the late competence machinery, detectable transformants could not be
obtained which may be explained by the parallel induction of stress related genes
and stringent response in L. lactis KF147 (Chapter 3) that could lead to cell death or
a non-growing ‘locked’ state. To investigate this further, the physiological state of
the L. lactis KF147 harboring pNZ6200 upon different levels of nisin induction was
investigated. Cell-integrity was assessed by LIVE-DEAD staining, paralleled by viability determination using CFU enumeration and assessment of competence after
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Figure 1. Representative image of gfp expression analysis in L. lactis KF147 harboring pNZ6200

2h nisin-induction. Prior to induction of ComX expression by nisin, virtually all cells
(> 95%) were viable according to the staining and were able to form colonies (Fig.
2A). Similar transformation rates (data not shown) were obtained in L. lactis KF147
expressing intermediate levels of ComX for 2h as described previously (9). After
two hours of ComX expression, the ‘damaged’ population of cell slightly increased
in cells expressing ComX at low and high level compared to the uninduced control
culture. However, the culture expressing ComX at high levels (2ng/ml nisin induction) displayed a drastic decrease in CFU enumerations (4log reduction), which was
not observed in the uninduced control or the low-level ComX-induced culture (Fig.
2B). At 8 hours post-induction, this situation appeared to be largely maintained,
although the relative population size of ‘damaged’ cells appeared to increase in
both the ComX induction cultures relative to the uninduced control and a moderate recovery of CFU enumerations could be observed in the culture expressing
high-levels of ComX (Fig. 2C). Intriguingly, these results indicate that although cellular integrity of L. lactis KF147 is maintained upon high level expression of ComX,
CHAPTER FOUR

the majority of the population appears to be nonculturable. To further investigate
the metabolism- and energy-state of these cultures we determined their specific
acidification rates (rate of lactate formation per cell) after two hours of ComX induction. These measurements were performed using CDM-media containing erythromycin in order to assess the intrinsic acidification capacity reflecting the proteome
at harvesting point and independent of growth rate differences. These analyses
demonstrated that all cultures displayed very similar specific acidification rates per
cell, irrespective of the level of induction of ComX expression (Fig. 3). Taken together, these observations indicate that high level ComX expression does not induce
loss of cell integrity, nor reduces the acidification capacity. Nevertheless, the vast
majority of the cells are apparently no longer able to form colonies and appear to
have entered a viable but nonculturable (VBNC) state. Low-level of ComX expression does not induce this state, which explains the observation that only in those
cultures transformants can be recovered.

Functional analysis of ‘’the VBNC-escapers’’ L. lactis KF147 expressing high
levels of ComX.
Despite the drastic reduction in culturability following two hours of high-level ComX
expression a small population of cells that is apparently escaping the VBNC state
was observed. A possible explanation for this observation is that these cells escape
due to mutations in the nisin regulatory machinery (nisRK) or the ComX expression
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turability. Assessent of cell integrity and culturability was performed by using LIVE/DEAD analysis
and determining CFU enumerations of L. lactis KF147 harboring pNZ6200 induced with 0, 0.03
and 2 ng/ml nisin allowing no, intermediate or high expression levels of ComX after 0h (A), 2h (B)
and 8h (C) of induction. A significant reduction in CFU enumerations was observed in cells expressing high levels of ComX after 2h and 8h compared to cells expressing no or intermediate levels of
ComX. A significant increase in damaged cells and a significant decrease of cells stained as LIVE
was observed after 8h in cells expressing intermediate levels of ComX compared to cells that do
not express ComX. Nevertheless, cell integrity was maintained even after 8h expression of intermediate or high levels of ComX despite of a drop in CFU enumerations in cells expressing high
levels of ComX. Asterix present statistical significance: * P<0.05, **P<0.01, *** P<0.001.

cassette (PnisA-comX) present on pNZ6200. To investigate this possibility, 9 colonies
that recovered after 2 hours of high-level ComX induction (Fig. S2) were cultured
and again exposed to different levels of nisin-induction (Fig.S3), to determine both
growth and culturability under uninduced and induced conditions. Intriguingly, the
phenotype associated with the proposed escape scenario was only observed in
3 of the 9 clones that were investigated. These cultures did no longer display the
growth inhibition after induction with 2 ng/ml nisin and failed to develop competence after induction with 0.03 ng/ml nisin. Such a phenotype would be predicted
for disruptive mutations of the nisin-regulation system and/or the comX coding sequence. However, two distinct alternative phenotypes could be observed (Table 3,
Fig. S3). These phenotypes were characterized by (i) retainment of the phenotype
of the original culture (growth inhibition and CFU loss [2ng/ml nisin] and competence development [0.03ng/ml nisin]), and (ii) no growth stagnation or CFU loss
upon 2ng/ml nisin induction, but retained competence development after 0.03ng/
ml nisin induction (Table 3, Fig. S3). It remains unclear how the isolates that maintained the phenotype of the original culture escaped from the VBNC state during
the first round of nisin induction. However, the isolates that no longer enter the
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Figure 2. L. lactis KF147 expressing high levels of ComX maintain cell integrity, however, lose cul-

CHAPTER FOUR

Figure 3. L. lactis KF147 expressing high levels of ComX enable acidification similarly when compared to cells with lower or no ComX induction. Acidification rates were determined of uninduced,
moderately induced and fully induced L. lactis KF147 harboring pNZ6200 and, therefore, either
expressing no, intermediate or high level of ComX, after 2h of nisin induction following acidification over 5h. Subsequently, acidification rates (expressed in [lactic acid in pM]/h/cell) over 3
independent experiments were normalized to cells that did not express ComX. According to Oneway ANOVA analysis and subsequent paired Student t-tests, after confirming normally distributed
data, acidification rates ratios were not statistically different between any of the conditions tested
showing that acidification is not affected when cells express intermediate or high levels of ComX.

VBNC state upon high-level of ComX expression are of particular interest because
they could be deregulation mutants of the stringent response, whereby the growth
stagnation and VBNC state are avoided despite expressing high levels of ComX.
Further investigation of these different classes of ‘escape’ isolates is warranted and
may allow further understanding of the regulatory networks underlying the cellular
consequences of ComX expression at different levels.

Discussion
Low- to intermediate levels of ComX expression in L. lactis not only lead to com
gene expression but also to transformability, whereas high levels of ComX leads to
growth inhibition and a stringent response, but fails to deliver transformants de-
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Transformation

Phenotype

full induction

full induction

moderate
induction

# colonies

1

-

-

-

3

2

-

-

+

2

3

+

+

+

4

Table 3: Summary of the detected phenotypes from the culturable cells derived from cultures that
expressed high levels of ComX and were subsequently re-exposed to nisin treatment (0, 0.03 and
2ng/ml). No transformation was detected in any of the phenotype in cells that highly expressed
ComX (2ng/ml nisin). These phenotypes covered: (1) no growth stagnation, no CFU loss (2ng/ml
nisin) and no transformation (0.03ng/ml nisin), (2) no growth stagnation and no CFU loss (2ng/
ml nisin) though transformable (0.03ng/ml nisin) and (3) growth stagnation and CFU loss (2ng/ml
nisin) and transformation (0.03ng/ml nisin).

spite the expression of the late competence genes ((9), Chapter 2). These previous
observations were obtained in population-wide analyses that do not reveal whether
these cells differ in cellular physiology. Here we complement these population wide
studies with single cell analyses to better explain these phenotypic differences that
emerge upon different levels of ComX expression. Substantial heterogeneity of late
com promoter activity is observed within a population of L. lactis KF147 expressing
low-levels of ComX, whereas high-level expression of ComX leads to homogeneous and high-level activity of the same late competence promoter (PcomGA). Nevertheless, the high-level expression of ComX does not result in the development of
competence, which can be explained by the observation that the vast majority of
cells in these cultures enters a typical viable but nonculturable (VBNC) state. This
state has previously been described, and is characterized by metabolically active
and intact bacterial cells that are not culturable, and may persist for months or even
years (37). Previous studies have revealed that the VBNC state can be induced by
stress conditions, including starvation, low temperature, or exposure to antibiotics
(37–40). In L. lactis, carbohydrate starvation by lactose or arginine depletion has
been described to lead to induction of the VBNC-state (41, 42). These studies also
showed that lactose/carbohydrate starvation or arginine depletion in L. lactis led to
the utilization of other amino acids as an energy source, which coincides with the
repression of sugar utilization genes and aminopeptidases, involving a gene-reg-
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Growth stagnation CFU loss

ulatory network coordinated by the metabolic master-regulators CcpA and CodY
(41, 42). In addition, cell division associated genes (e.g., fts genes) are also strongly
suppressed in these cells and the strongly constrained capacity for energy generation is apparently completely allocated for maintenance of associated cellular
processes rather than cell division and growth. A large part of these previously described characteristics of L. lactis VBNC cells are also observed upon high level expression of ComX, including the involvement of CcpA- and CodY-associated gene
regulation, as well as the inhibition of cell division, and non-culturability (Chapter
3, this study). These findings support that pronounced similarities exist between
the VBNC state observed upon carbon starvation and high-level ComX expression.
Intriguingly, carbon starvation has previously been reported to be associated with
the activation of expression of late competence associated genes, although these
studies did not report, or failed to detect the associated competence state (19, 27,
43). This apparent parallel is particularly remarkable considering the medium used
for nisin-induced ComX expression as this medium contains an excess of carbohyCHAPTER FOUR

drate and amino acid nutrients. This demonstrates the intrinsic connection between
the VBNC state and the ComX regulon irrespective of the actual nutrient conditions
in the environment.		
The downregulation of cell-division and growth associated genes in VBNC cells
appears to be directly linked to stringent response, which occurs in many bacterial
species upon activation of the synthesis of the alarmones ppGpp and pppGpp.
The stringent response in bacteria has been suggested to play a central role in the
capacity of bacteria to cope with severe stress conditions, including nutrient starvation (26) and has been proposed to prelude the VBNC state upon prolongation of
these stress-conditions (44–48). The stringent response observed in carbon-starved
L. lactis after retentostat culturing differs from the stringent response observed in
cells expressing high levels of ComX as these cells were nonculturable (VBNC-state)
whereas the carbon starved cells were culturable similarly to cells expressing intermediate levels of ComX. Besides, expression of the putative relP homologue yijE
was not induced in the starved cells in the study of Ercan and coworkers (19), similarly to cells expressing intermediate levels of ComX, whereas cells expressing high
levels of ComX show a 2.4-fold increase of the putative relP homolog yijE (Chapter
3). However, the starved cells in the study of Ercan and coworkers did slightly
induce expression of the ppGpp synthase relA in contrast with ComX expressing
cells ((19), Chapter 3). Nevertheless, our transcriptome analyses in ComX expressing cells strongly support a link between the stringent response and the VBNC state
(Chapter 3 and 4) and suggest a role for the alternative alarmone synthetase RelP
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Our results strongly indicate that the activation of the competence phenotype
is subject to very tight regulation and that excessive activation of the overall late
competence regulon (e.g., by high-level expression of ComX) can have detrimental
physiological consequences (i.e., VBNC state) that interfere with the development
of a detectable competence phenotype. Similar to our findings in L. lactis, a narrow
‘competence window’ has also has been suggested for various streptococci, including S. pneumoniae, S. thermophilus and S. suis (7, 12, 49, 50). The engineered
low-level expression of ComX in L. lactis leads to a high degree of heterogeneity
in (late) competence promoter activity within the population, which may suggest
that only a small fraction of the population expresses the regulon at a level that is
leading to a detectable competence phenotype, thereby explaining the low transfromation frequency we observed (1 transformant per million cells). Fine-tuning of
the ComX expression level has been reported to involve posttranslational control
by the Clp-MecA proteolytic system in various Gram-positive bacteria, including
S. thermophilus (51, 52) and L. lactis (8). Our transcriptome studies (Chapter 3)
confirm that ComX expression leads to induction of clp and mecA expression, suggesting that heterogeneity of late competence gene expression in the population
may be the resultant of both variable ComX expression levels in combination with
heterogeneous levels of the Clp-MecA post-translational regulation (Chapter 3).
With the present results, it remains unclear what exact level of late competence
gene expression (i.e., level of comGA promoter activity) coincides with the development of competence combined with avoidance of the VBNC state. The lack
of this knowledge prevents the further fine-tuning of ComX expression levels to
increase the frequency of transformation in L. lactis cultures while preventing the
loss of culturability.
Alternatively, it may be that the heterogeneity of late competence gene expression and competence development is an intrinsic characteristic of the competence
regulation system and cannot be overcome by fine-tuning of the ComX expression
level. Such intrinsic heterogeneity of gene expression and corresponding physiology has been associated with bacterial bet-hedging strategies that provide an
evolutionary advantage to increase population fitness under variable conditions by
increasing the chance of a surviving sub-populations (53). For example, B. subtilis
has been described to employ such a bet-hedging strategy during competence
development, which is coordinated through bistability of key regulatory proteins
(e.g. Rok and ComS) that control the competence master regulator ComK (53–58).
In this study, we isolated several colonies that appeared to escape the VBNC
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(instead of the canonical RelA) in the regulation of this linkage (Chapter 3).

state induced by high-level ComX expression. Subsequent experiments, including renewed induction with nisin in these isolates, established three distinctive
phenotypes. Phenotype 1 (Table 3), plausibly resulting from anticipated disruptive
nisin-regulation and/or comX mutations (nisR, nisK, PnisA, comX) was observed in
only part of these recovered isolates. Remarkably, the phenotype of some of the
‘escape’ isolates did not seem to differ from that of the original strain (phenotype
3 in Table 3) and it remains unknown how these isolates avoided the detrimental
physiological consequences typically observed during the initial nisin exposure.
However, further investigation of these isolates may not be very revealing, because
their recovery may be a stochastic chance effect, rather than the consequence of a
mutation. These isolates may be so-called ‘persisters’ (antibiotic tolerant, (47, 48)),
that have been detected in cultures of different bacterial species (59). For example,
7.6% persisters were observed in ampicillin-induced stationary L. lactis cells (40)
and 1% persisters were detected in an E. coli culture in the stationary phase of
growth (60). Intriguingly, enhanced expression of the chapterone DnaJ in EscheriCHAPTER FOUR

chia coli led to increased amounts of persisters within the population (61), and the
expression of DnaJ is prominently induced upon high levels of ComX expression in
L. lactis (Chapter 3). This could imply that ComX expression increases the size of the
endogenous persister subpopulation, which may be recovered after high-level nisin
induction. Moreover, a recent study reported that L. lactis cultures intrinsically contain
a persister subpopulation that could be detected upon exposure to ampicillin (40).
The third phenotype recognized in the ‘escape’ isolates (phenotype 2 in Table 3)
may be of particular interest because these isolates no longer display the growth
inhibition and VBNC state upon high-level nisin induction, while they maintain the
capacity to develop competence upon low-level nisin induction level. These isolates may be mutants affected in the regulation of stringent response (e.g., mutations in CodY, RelP or their regulons), whereby they escape the VBNC state. Notably, despite the lack of growth inhibition and high-level culturability of these cells,
these isolates appeared not to be transformable after high-level nisin induction,
which may result from unbalanced expression of the late competence genes and/or
strong activation of the competence shut-down regulatory cascades. The latter may
involve the Clp-MecA system but may also involve a role for DprA that has been
linked to competence shutdown in S. pneumoniae (62, 63) and is part of the ComX
regulon and is co-regulated by CodY (Chapter 3). A role of DprA in competence
shut-down in L. lactis is supported by the previously reported observation that L.
lactis IL1403, a strain that lacks a functional dprA gene, becomes competent when
it harbors the PnisA-comX expression plasmid even when the expression of ComX is
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press DprA at an excessive level, which induce competence shutdown and the observed lack of transformation. Taken together, further characterization of the latter
category of ‘ escape’ isolates may help to further decipher the regulatory networks
that control the ‘competence window’ in L. lactis.
In conclusion, L. lactis competence regulation involves a complex and highly integrative cascade of gene regulation that is required to ensure appropriate control
of this phenotype, while avoiding the loss of culturability that may be the result
of excessive activity of that same regulatory cascade. The fine-tuned interplay of
metabolic regulation (e.g., CcpA, CodY), stress response control (e.g., HrcA, RelP)
and competence regulation (e.g., ComX), including its posttranslational modulation (e.g., Clp-MecA) and the competence shut-down cascade (e.g., DprA), can
supposedly control this ‘narrow window of competence’ in this organism. Importantly, and in contrast to several streptococcal species, the regulatory cascades that
control the expression of comX in L. lactis (its early competence genes) remain to
be discovered, which is an important caveat in the understanding of competence
control in this organism. The further unraveling of the regulatory circuits underlying competence development in this important industrial species deserves further
attention, especially since appropriate control of this phenotype in L. lactis would
provide novel avenues towards harnessing and exchanging the diversity of genetic
traits among the strains of this species (64).
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not induced or highly induced by nisin (9). The obtained ‘escape’ isolates may ex-
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Supplemental information

Fig. S1. Fluorescence microscopy images of L. lactis KF147 harboring pNZ6200 and pNZ6204
(=positive control, A) or harboring pNZ6200 and pIL253 (= negative control, B and C (image without contrast)) in either uninduced, moderately induced (0.03 ng/ml nisin) and fully induced (2ng/
ml nisin) conditions and, therefore, either expressing no, intermediate or high level of ComX. Addition of nisin did not affect fluorescence in L. lactis KF147 harboring pNZ6200 and pNZ6204.

Fig. S2. (Right) Physiological characteristics of nisin-induced precultures of L. lactis KF147 harboring pNZ6200 used to obtain culturable cells expressing high levels of ComX. L. lactis KF147
harboring pNZ6200 was induced at t=0 with either 0, 0.03 or 2ng/ml nisin and, therefore, either
expressing no, intermediate of high level of ComX. OD600 of the cultures was followed for 3h to
examine whether cultures showed growth inhibition in fully induced conditions. CFU enumerations
were determined after 3h of nisin induction (secondary axes). Transformation rates that are depicted in the graphs correspond to transformation rates (transformants/total cell number/μg plasmid
DNA) in cells that were moderately induced with nisin (0.03 ng/ml nisin).
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harboring pNZ6200 originating from precultures that highly express ComX. L. lactis KF147 harboring pNZ6200 was induced at t=0 with either 0, 0.03 or 2ng/ml nisin and, therefore, either expressing no, intermediate of high level of ComX. OD600 of the cultures was followed for 3h to examine
whether cultures showed growth inhibition in fully induced conditions. CFU enumerations were
determined after 3h of nisin induction (secondary axes). Transformation rates that are depicted in
the graphs correspond to transformation rates (transformants/total cell number/μg plasmid DNA)
in cells that were moderately induced with nisin (0.03 ng/ml nisin). In none of the experiments,
transformation was observed in fully induced cells (2ng/ml nisin).
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Fig. S3. (Left) Physiological characteristics of nisin-induced secondary cultures of L. lactis KF147
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THE QUEST FOR THE ENVIRONMENTAL TRIGGER
OF NATURAL COMPETENCE DEVELOPMENT IN
LACTOCOCCUS LACTIS

ABSTRACT
Introduction of novel traits in Lactococcus lactis starter culture strains is of great interest to
improve food fermentation and can be facilitated through horizontal gene transfer (HGT).
One promising mechanism of HGT is natural competence as this process does not require
donor cells or phages and allows efficient integration of homologous DNA into the genome.
We have previously shown that genetically engineered expression of the master regulator
of competence, ComX, leads to natural competence development in L. lactis strains that
encode a complete late-competence machinery. Here, we aim to find the natural trigger for
competence development in L. lactis, using the findings of previous studies that show a connection between competence development and starvation conditions, stringent response, as
well as the induction of a viable but nonculturable (VBNC) physiological state. To this end, a
high-throughput screening for competence development under varying environmental conditions was developed and employed to assess competence induction by carbon starvation
and/or branched chain amino acid (BCAA) starvation, mineral starvation (specifically reduced
MgCl2 levels), or by the induction of stringent response by mupirocin or decoyinin addition.
Starvation and stringent response-inducing conditions consistently resulted in the anticipated reduction of bacterial growth, but failed to induce detectable levels of transformation
in different lactococcal strains. Thereby, the natural trigger and the underlying regulatory
cascades that control competence development in L. lactis remain to be deciphered, which
is a prerequisite for full harnessing of this phenotypic trait in strain improvement strategies.

The quest for the environmental trigger of natural
competence development in Lactococcus lactis
Joyce Mulder1,2,3, Peter A. Bron2,3, Michiel Kleerebezem4
1

Molecular Genetics, University of Groningen, Groningen, The Netherlands.

2

NIZO B.V., Ede, The Netherlands.

3

BE-Basic Foundation, Delft, The Netherlands.

4

Host-Microbe Interactomics Group, Animal Sciences, Wageningen University, Wa-

geningen, The Netherlands.

Introduction
The Gram-positive bacterium Lactococcus lactis is an industrially relevant organism
that is used in a variety of food fermentations, including the production of cheese,
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butter and buttermilk (1). Recently, two studies revealed substantial genetic variation between several lactococcal strains, including differential presence and absense of genes that are predicted to encode traits that are important during food
fermentation, including bacteriophage resistance, bacteriocin production, exopolysaccharide (EPS) production or lactose fermentation (2–4). The specific role in
fermentation of particular genes can, and has been studied by genetic engineering
using host strains that are genetically well-accessible like L. lactis MG1363, and L.
lactis IL1403 (5–9). However, the application of genetically modified organisms in
food fermentation is hampered by a combination of strict legislatory procedures
that are required for their approval and the generally negative public attitude
towards these products. Therefore, there is a keen interest in the exploitation of
natural methodologies of natural gene transfer for the improvement of strain performance (10). To this end, various mechanisms of horizontal gene transfer (HGT)
have been employed for genetic trait transfer between strains, such as conjugation
and phage transduction. In particular, conjugation has been used for the transfer
of integrative conjugative elements (ICE) in L. lactis like the nisin/sucrose transposon Tn5276 (11), Tn6098 encoding the α-galactoside utilization trait (12) but also
conjugative plasmids such as the plasmid pLP712 which encodes the protease and
lactose utilization gene (clusters) prt and lac in L. lactis NCDO712 (13). Additionally, this plasmid can also be transferred by transduction with lysogenic phages
(13) showing another HGT-mechanism within this species to acquire novel traits.
However, host range is limited in both conjugation and phage transduction (10).
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One promising mechanism of HGT is natural competence for DNA transformation.
This process allows exogenous DNA uptake which can be incorporated into the
genome or can be maintained as a plasmid. Advantageously, since this mechanism has no principal restriction in donor-host compatability, it is likely to be more
broadly applicable as compared to conjugation or transduction. Moreover, various
studies have shown that large DNA fragments (>50kb) can be transferred into various bacterial species upon natural competence development (14–20).
Previous studies showed that natural competence in L. lactis strains that encode
a complete competence machinery could be activated by genetically engineering
the expression of ComX, the master regulator of the expression of the late-competence genes that encode this competence machinery (21, 22). This finding fueled
that are able to trigger ComX activation and competence development, which
would enable the exploitation of this natural HGT mechanism for starter culture improvement. The gene regulatory cascades involved in competence (often referred
to as ‘early competence genes’) remain unknown in L. lactis, but have been extensively studied in various (closely related) Gram-positive species. For example,
comRS in S. thermophilus (23), comCDE in S. pneumoniae (24) and comXQ in B.
subtilis (25) are early competence competence regulons that activate the master
regulator of competence. Nearly all established early competence systems include
a pheromone and a regulator but their mode- of action differs distinctly between
species. For instance, upon binding of ComC to the receptor ComD, S. pneumoniae requires a histidine kinase ComE for subsequent signal transduction towards late
com activation whereas, in S. thermophilus, the competence pheromone ComS is
exported extracellularly, activated by proteases to a ComX-inducing peptide (XIP)
and subsequently imported by the Opp system to bind to ComR and thereby allowing late com activation (26).
In L. lactis, we have previously established that the molecular and physiological state of cells expressing ComX is associated with the modulation of various
gene-regulation networks including but not limited to competence (Chapter 3). For
example, ComX expression led to pleiotropic changes in the lactococcal transcriptome landscape, which were linked to starvation and stringent response (Chapter
3). The stringent response enables cells to adapt to stressful conditions such as
starvation (27) and involves the interplay between the global regulator CodY and
the production of the alarmone molecule pppGpp (28, 29), both of which appeared
to be affected by ComX expression (Chapter 3). Moreover, the ppGpp/RelA- dependent stringent response that occurs during nutrient limitation is linked to natural
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the interest to identify the environmental conditions and gene-regulatory cascades

competence induction in B. subtilis (28).
In addition, the regulator of carbon catabolite repression (CcpA) that plays an
important role in cellular adaptation to starvation (carbon starvation in particular,
(30–32)) also appeared to participate in gene expression modulations induced by
ComX expression (Chapter 3). Other studies corroborate that there is a connection
between carbon starvation and the activation of expression of the late-com genes
in L. lactis (33, 34), although these studies did not demonstrate and investigate
respectively the actual competence phenotype. Possibly as a consequence of the
stringent response, L. lactis KF147 cells that highly express ComX appear to enter a
viable but nonculturable (VBNC) state. Notably, a similar VBNC state was observed
previously in L. lactis upon exposure to specific stress conditions including carbohydrate starvation (35–39). Taken together, these studies suggest that environmental
conditions that are associated with starvation and stringent responses may play a
role in the natural induction of competence.
Here, we establish a high-throughput assay that allows the detection of natural
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competence in L. lactis, which enabled the screening of a variety of environmental
conditions that are proposedly associated with natural induction of competence in
this organism. The assay was performed with different lactococcal strains that were
predicted to encode a complete set of late com genes, including those for which
we have previously established that they can become competent upon genetically
engineered ComX expression (21). This assay was constructed to evaluate the development of natural competence in these strains by employing nutrient starvation
environmental conditions (carbon depletion, BCAA depletion or MgCl2 depletion)
as well as the stringent response inducers mupirocin or decoyinin. These conditions
elicited the anticipated effect on growth and viability of the lactococcal strains,
supporting that they appropriately induced the intended physiological state. However, none of the conditions tested led to induction of detectable levels of natural
transformation in any of the strains used. These results illustrate that the regulatory
control of competence development may involve the complex and fine-tuned interplay of different regulatory circuits that is not readily mimicked in the simplified in
vitro culture system employed here, which leaves the quest for the environmental
trigger of natural competence induction in L. lactis incompleted.

Materials and methods
Bacterial strains, plasmids, and media.
The strains used in this study are listed in Table 1. L. lactis strains were routinely
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Material
Strains

Plasmids

Relevant features or sequence

Ref.

Lactococcus
lactis
KF147
NZ6200
KW2
KW10
K231
KF201
IL1403
KF146

Plant derived strain belonging to ssp. lactis
ΔcomEA-EC::Tetr derivative of strain KF147
Plant derived strain belonging to ssp. cremoris
Plant derived strain belonging to ssp. cremoris
Plant derived strain belonging to ssp. lactis
Plant derived strain belonging to ssp. lactis
Dairy derived strain belonging to ssp. lactis
Plant derived strain belonging to ssp. lactis

(41)
(21)
(42)
(43)
(44)
(44)
(6)
(44)

pIL253
pNZ123

Emr; high copy number plasmid replicative in L. lactis
Cmr; high copy number shuttle vector replicative in L. lactis

(45)
(46)

Table 1. Strains, plasmids, and primers used for the experiments in this study.

dium (40) at 30°C without agitation, and supplemented with 1% (wt/vol) glucose
(Tritium, Eindhoven, The Netherlands) or other carbon sources (fructose, galactose,
lactose, maltose or ribose). Antibiotics were added when appropriate: 5.0 µg/ml
chloramphenicol or 10 µg/ml erythromycin.

Plasmid DNA isolation.
Plasmid DNA using the Jetstar 2.0 maxiprep kit (ITK Diagnostics bv, Uithoorn, The
Netherlands) according to manufacturer’s protocol. However, the following additions were included for lactococcal plasmid DNA isolation; cells were collected during the logarithmic phase of growth (OD600=0.5-1), and pretreated with 1mg/ml
lysozyme at 55 °C for 1.5h prior to cell-lysis, which was followed by a phenol-chloroform extraction prior to loading the supernatants onto the Jetstar columns.

Natural competence screening method.
L. lactis strains were cultured overnight in CDM supplemented with 1% (wt/vol)
glucose (or fructose, galactose, lactose, maltose or ribose in case of the specific
carbon source starvation screens). The overnight culture was washed and seeded
into 96-well plates at an OD600 of 0.05 (Greiner bio-one, Austria). Components of
interest to create specific culturing conditions comprising carbon starvation, BCAA
starvation, MgCl2 starvation or stringent response inducers along with either 1µg
pNZ123 of 1µg pIL253 were added to the seeded cells and incubated at 30 °C in
which OD600 measurements were performed every 15 minutes for 8h (stringent
response inducers) or 24-74h (all other conditions). For CFU enumeration, dilutions
in a range from 103 (detection limit) to 1011 cells were spotted onto GM17 agar
plates (Tritium, Eindhoven, The Netherlands) in volumes of 2µl. Competence in-
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cultivated in M17 (Tritium, Eindhoven, The Netherlands) or chemically defined me-

duction was determined by spotting 7.5 µl of either uninduced or induced cultures
that were incubated with 1 µg pIL253 on M17 plates supplemented with 1% (wt/
vol) glucose (Tritium, Eindhoven, The Netherlands) and 10 µg/ml erythromycin. All
plates were incubated at 30 °C for either 8h, 24h or 72h. The pH of the derived
supernatant of 2h induced and non-induced cultures were determined by using 0.4
mg/ml carboxyfluorescein (CF, Sigma Aldrich, Germany) and 10 μg/ml erythromycin
to synchronize protein translation of non-induced and induced cells. Fluorescence
of carboxyfluorescein was measured by using Tecan Safire 2 (Tecan Group Ltd, Switzerland) using an excitation wavelength of 485 nm and emission wavelength of 535
at optimal gain. Besides, a standard curve with a range of pH 3.0 to 6.8 in GCDM
including 0.4 mg/ml carboxyfluorescein was prepared in order to extrapolate the
final pH of the supernatants.
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Specific culturing conditions comprising carbon-, BCAA-, MgCl2- starvation or
stringent response inducers.
Carbon starvation. The selected lactococcal strains were precultured in CDM supplemented with 1% of either the aldohexose monosaccharides; fructose, glucose,
galactose, the disaccharides; lactose and maltose, or in the aldopentose monosaccharide ribose. After 16h, cells were washed with PBS and passed to CDM
supplemented with 1% carbon source (either fructose, glucose, galactose, lactose,
maltose or ribose) to stimulate alternative carbon utilization. Afterwards, cells were
passed to either 0.1%, 0.2%, 0.3% or 1% carbon source and seeded into a 96-well
plate at an OD600 of 0.05.
BCAA and MgCl2 starvation. Cells were cultured overnight in standard GCDM as
described previously (40). After 16h, cells were washed with PBS prior to seeding
at an OD600 of 0.05 into a 96 well-plate containing GCDM with either ranging
concentrations of MgCl2 (from 0mM to 6.3mM MgCl2) or ranging dilutions of BCAA
(undiluted, 2.5, 6.25, 16, 39, 98 × diluted).
Stringent response induction. Mupirocin (Sigma Aldrich, Germany) and decoyinin
(Abcam, United Kingdom) were used as stringent response inducers at a concentration range around the Minimal Inhibitory Concentration (MIC) for each L. lactis
strain. Concentrations of 0 - 2 µg/ml mupirocin for subsp. lactis strains and 5 - 25
µg/ml mupirocin for cremoris strains and 0 - 125µg/ml decoyinin were used. The
µmax values were determined by using R Studio (Version 1.1.463).
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Results
Establishing a high-throughput assay to detect natural competence in L. lactis.
As published previously, transformation rates of 10‑6 transformants/total cell number/µg plasmid DNA were obtained in L. lactis KF147 harboring pNZ6200 upon
moderate induction with nisin following the standard natural competence induction
protocol (21, 47). In this study, natural competence induction experiments were performed with this strain in a 96-well plate in order to test whether similar transformation rates could be established in a high-throughput screening (HTS). After culturing L. lactis KF147 harboring pNZ6200 to an OD600 of 0.3, cells were induced with
intermediate levels (0.03 ng/ml) or high levels (2 ng/ml) of nisin for 3h in a 96-well
assessed by spotting cultures on selection plates (GM17 supplemented with 10 µg/
ml erythromycin). Transformation rates of 4×10-6 transformants/total cell number/
µg plasmid DNA were achieved when performing natural competence induction in
a 96-well plate format, which are very similar to the transformation rates previously
reported using a standard growth protocol and culture tubes (3×10-6 transformants/
total cell number/µg plasmid DNA; (21, 47)). Moreover, similar growth inhibition
was observed in cells that highly express ComX (2 ng/ml nisin, data not shown) and
did not develop competence. These results illustrate that competence induction
in this engineered strain is highly comparable between the established culturing
protocol (21, 47) and the 96-well formatted experiment performed here. Moreover,
the assay developed here enables detection of natural competence at a limit of 10-7
transformants/total cell number/µg plasmid DNA achieved with intermediate nisin
induction.

The quest for the natural trigger of competence development in L. lactis with
culturing conditions that mimic starvation and the stringent response.
Carbon starvation. Glucose starvation has previously been linked to com gene induction in L. lactis IL1403 (34). In addition, besides a CodY-dependent stringent
response, com gene expression was also observed upon glucose starvation after
retentostat culturing in L. lactis KF147 (33, 48). Therefore, several conditions mimicking carbon starvation and alternative carbon source utilization were included in
the high throughput screening to assess whether these conditions induce competence in the selected com+ L. lactis strains (KW2, KW10, K231, KF201, IL1403,
KF147, KF146). These strains were selected based on completeness of the com
geneset and phylogenetic diversity (21). Moreover, within this selected panel, com-
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plate. After 2 hours, CFU enumerations were determined and transformation was

petence activation by inducing comX following the standard induction protocol
had been established previously in L. lactis KF147, L. lactis KW2 and L. lactis IL1403
(21, 22). In addition, the L. lactis KF147 ΔcomEAC mutant strain (KF KO) was selected as a negative control strain (21).
Lactococcal cultures were supplemented with either 0.1%, 0.2%, 0.3% and 1%
glucose in order to assess whether growth was impacted due to decreasing glucose concentrations. As compared to cells grown in the presence of 1.0% glucose,
more and more pronounced earlier entry into stationary phase was observed when
cultures were supplemented with 0.3%, 0.2% and 0.1% glucose, respectively (Fig.
1). This earlier entry into the stationary phase upon glucose limiting conditions
(0.1% glucose) is confirmed by reduced CFU enumeration upon decreasing glucose
concentrations (Fig. S1B) indicating growth stagnation due to carbon starvation.
However, no transformants were detected in any of the lactococcal strains among
any of the glucose concentrations tested despite of reaching appropriate final CFU
enumerations in order to detect competence at an expected transformation rate of
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1×10-6 (transformants/total cell number/μg plasmid DNA). In summary, these results
imply that, although natural transformants were not detected, the conditions containing 0.1%, 0.2% or 0.3% glucose in CDM leads to carbon limitation for L. lactis.
Additionally, similar results were obtained with other carbon sources; fructose,
galactose, lactose, maltose and ribose (Fig. S1A-B and Fig. S2). Possibly, longer
incubation time under carbon limitating conditions is needed to activate (late) com
genes. Therefore, the selected panel of L. lactis strains was incubated up to 72h
only upon carbon limiting conditions (0.1% carbon source) as an excess of carbon
source will lead to high lactic acid concentrations and, thereby, lacking cell viability.
However, prolonged incubation for 72h in carbon limiting conditions also did not
lead to the detection of transformants despite of appropriate CFU enumerations in
most conditions (Fig. S1C), indicating that transformants do not emerge at a later
stage of glucose starvation. Conclusively, these results show that carbon starvation using various carbon sources could be established in a 96-well format system.
However, under these conditions, we failed to detect transformants in any of these
cultures after 24 or 72 hours of incubation.
Branched chain amino acid starvation. Lactococcal CodY responds to changing
concentrations of BCAA leading to changes in gene expression of BCAA biosynthesis genes, the proteolytic system and oligopeptide uptake system (49–52). Interestingly, although a direct link between competence and CodY has not been
established, several com genes, dprA and coiA, harbor a CodY binding motif in
their promoter region (Chapter 2-3). Therefore, we tested whether diluted BCAA

158

ing concentrations (0.1, 0.2, 0.3 and 1%) of glucose as the sole carbon source. Earlier entry into the
stationary state was already observed when cultivated with 0.3% glucose in all lactococcal strains.
Earliest entry into the stationary state occurred when cells were cultivated with 0.1% glucose.
Nevertheless, no transformants were detected in any of the strains and conditions tested despite
of CFU enumerations that pass the competence detection treshold after 24h (Fig. S1).

levels (up to 100-fold dilution), when compared to the BCAA concentration present
in the original CDM (40), leads to competence development in the selected panel
of com+ L. lactis strains.
A significant dose-dependent earlier entry into the stationary phase was observed in all L. lactis strains (Fig. 2A,B, Fig. S3A,B) when exceeding 16-fold reduced
BCAA levels. To induce combined carbon and BCAA starvation in L. lactis, the same
BCAA titration was performed in cells grown in media containing 0.1 % glucose. A
less pronounced but significant growth reduction was only observed when BCAA
concentrations were extensively reduced (98-fold) compared to normal medium
containing 0.1% glucose (Fig. 2B). This lower requirement for BCAA observed in
these glucose-starved cultures is probably due to the lower final OD600 reached
by these starved cultures (approx. 5 to 6-fold reduction in OD600 which is in agreement with a 6-fold more dilution needed for BCAA limitation), explaining their reduced BCAA requirement to reach that amount of biomass. This final OD600 value
of the 98-fold diluted BCAAs but with high (1%) glucose cultures was similar to the
final OD600 value observed previously in carbon starved cultures with an excess
of BCAA but low (0.1%) glucose in which CFU loss was not observed in prolonged
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Figure 1. ODmax values of 8 com+ lactococcal strains cultivated in CDM supplemented with rang-

culturing which is in contrast with prolonged culturing conditions containing high
glucose (Fig. S3C). Culturability in this condition upon prolonged cultivation is due
to reduced acidification of the medium due to reduced biomass. Nevertheless, the
non-growing BCAA-starved cells might still be able to continue glucose conversion.
Therefore, another experiment was performed in which stationary cells from the
overnight culture were seeded at a higher OD600 of 0.3 in order to perform experiments with a high inoculum size, highly restricted glucose concentrations and lack
of BCAAs to rapidly induce BCAA limitation. With this approach, rapid acidification
and the subsequent loss of CFUs is prevented. BCAAs were either depleted or not
and in absence or presence of 0.01% or 1% glucose. Cells that were cultivated with
BCAA but without 1% glucose showed the earliest entry into the stationary phase
among the tested conditions suggesting that absence of a carbon source, compared to absence of BCAAs, has most impact on early entry into stationary phase
(Fig. 2C, D, Fig. S4A, B). Notably, cells that were cultivated without BCAAs but with
high glucose reached a lower final pH, implying continued glucose conversion, but
CHAPTER FIVE

a higher maximum OD600, indicating more biomass, compared to cells cultivated
with BCAAs but without glucose (Fig. S4C). A low dose of glucose (0.01%) in combination with presence of BCAAs already led to later entry into the stationary phase
compared to cells cultivated with BCAAs but no glucose at all. Moreover, these
cells entered the stationary phase even later than cells that were cultivated without
BCAA but a high dose of glucose (1%), however, acidification was equal to cells
cultivated with BCAAs but without glucose. CFU enumerations after 24h passed the
competence detection threshold criterion (Fig. S4B), however, transformants were
not detected in any of the conditions tested.
MgCl2 starvation. Previous results indicate that ComX expression in L. lactis KF147
led to induction of several genes related to inorganic ion transport and metabolism
such as kupB (potassium uptake) and corA (Mg2+/Co2+ transporter) (Chapter 3).
These findings suggest that metal homeostasis is modulated under competence
inducing conditions, which could mean that limitation of particular metal ions in the
media may also play a role in competence induction. Therefore, a single omission
evaluation of the metal ions (iron, manganese, magnesium, copper, cobalt, ammonium molybdate and zinc) that are present in CDM was performed to assess whether these components are essential for growth of L. lactis KF147. Cells were cultivated in CDM-derived media supplemented with 1.0 % (w/v) of glucose in which
one metal component was omitted for 1000 generations, revealing that only the
omission of magnesium led to stagnation of growth, while all other metals could be
omitted from the medium without compromising growth (data not shown).
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mented with either 1% (A) or 0.1% (B) glucose and dilutions of BCAA (ranging from 1× to 98×).
Transformantion of any of the strains was not detected in any of the conditions tested despite of
proper CFU enumerations for at least 24h (Fig. S1). Subsequently,S stationary cells seeded at an
OD600 of 0.25 were incubated in culturing conditions that include either presence or absence
and either with or without glucose (C). Earliest entry into stationary phase occurred when cells
were cultivated in presence of BCAA but in absence of glucose (C). Higher biomass was obtained
when cells were incubated with a low dose of glucose (0.01%) along presence of BCAA despite
of no significant drop of pH (D). A slightly lower biomass was obtained when cells were cultivated
in absence of BCAA but in presence of 1% glucose when compared to presence of BCAA but low
glucose whereas the pH significantly drops in this condition when compared to the conditions
including BCAA but no or low glucose (D).

To explore whether magnesium limitation could activate the competence phenotype, the high-throughput transformation assay was executed with 1% glucose
supplemented CDM medium in which the MgCl2 concentration was titrated (3-fold
dilution range), revealing that premature growth stagnation was observed when
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Figure 2. ODmax values OD600 values of 8 com+ lactococcal strains cultivated in CDM supple-
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Figure 3. Maximum OD600 values of 8 com+ lactococcal strains cultivated in GCDM supplemented
with ranging concentrations of MgCl2 (0-6.3mM MgCl2). Earlier entry into the stationary phase
was observed when the lactococcal strains were cultivated in 0.23mM MgCl2 or lower concentration of MgCl2. Complete starvation of MgCl2 occured upon supplementation of 0.08mM or lower
concentrations of MgCl2. Transformantion was not detected in any of the strains and conditions
tested despite of CFU enumerations that pass the competence detection treshold criterion after
24h (Fig. S6).

MgCl2 concentrations were reduced to 0.23 mM or lower, which reflects a 27-fold
dilution compared to the original medium (Fig. 3, Fig. S5A,B). However, no clear
dose-response between MgCl2 concentrations and biomass could be observed
since all concentrations below 0.23 mM that were evaluated appeared to display
a similar and strongly reduced growth lower relative to the original medium, with
a final OD of approximately 0.3 for all MgCl2 concentrations below 0.23 mM compared to an OD of approximately 1.0 in the original CDM. However, no further loss
of growth capacity occurs when lowering MgCl2 levels below 0.08mMM as all CFU
enumerations passed the competence detection threshold criterion (Fig. S5B) and
cells still enabled acidification in all conditions (Fig. S5C), although final pH values
were higher in cells cultivated in presence of <0.23mM MgCl2. These effects in
which no further loss of growth capacity occurs and acidification capacity is maintained are probably not the result of carry-over from the preculture, as cells were
washed twice. Possibly, the internal MgCl2 levels in cells upon transfer into a new
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mented with stringent response inducers mupirocin (A, B) and decoyinin (C). A significant dose-response decline of µmax values was observed upon supplementation of 0.1-2µg/ml mupirocin in
all subsp. lactis strains (A) whereas this effect for the cremoris strains KW10 and KW2 was only
observed upon higher concentrations of mupirocin (5-25 µg/ml mupirocin, B) indicating reduced
mupirocin sensitivity for these strains. The µmax values were not affected in any of the lactococcal
strains upon supplementation of GCDM with ranging concentrations of decoyinin (0-125µg/ml).

culture might be sufficient for maintenance of acidification. Although MgCl2 starvation was established upon levels below 0.23mM in all lactococci strains, however,
transformants were not detected in any of these conditions among the 8 lactococcal strains tested.
Stringent response inducers: mupirocin and decoyinin. Decoyinin and mupirocin are
components that induce a stringent response in for instance B. subtilis and S. mutans (53–55). Decoyinin inhibits GMP-synthase leading to reduced GTP levels in the
cell, whereas mupirocin inhibits isoleucyl tRNA synthase leading to reduced levels of
charged isoleucyl-tRNAs (53, 56, 57). Notably, the lactococcal isoleucyl tRNA synthase
as well as several other tRNA synthases were significantly downregulated upon ComX
expression in L. lactis KF147 (Chapter 3), supporting a connection between stringent
response and competence. Since decoyinin and mupirocin are antibiotics, we initially
determined the minimal inhibitory concentration (MIC) in the different L. lactis strains.
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Figure 4. Maximal growth rates (µmax) of the com+ lactococcal strains cultivated in GCDM supple-

For all L. lactis subspecies lactis strains, growth was reduced in media containing
0.3-2 µg/mupirocin (Fig 4A,B, Fig. S6A-C). In contrast, the two cremoris strains
KW10 and KW2 appeared unaffected by the addition of mupirocin at a concentration up to 2 µg/ml, and displayed reduced growth only upon exposure to 5µg/
ml and 10-25 µg/ml mupirocin, respectively (Fig. 4B, Fig. S6B). Besides affected
growth rate, inhibitory concentrations of mupirocin also led to correlated lower final
culture density (Fig. S6A, B). Analogously, the MIC for decoyinin was determined
for the strains used, demonstrating that decoyinin did not appear to affect growth
rate, but did affect the final density of the culture, although strains IL1403 and
KF146 were apparently insensitive to the concentration range of decoyinin used (0
to 125 µg/ml) (Fig. 4C, Fig. S6D, E).
In subsequent experiments, the different lactococcal strains were exposed to concentrations of mupirocin or decoyinin around the MIC to obtain cultures that could
still grow (at a reduced rate or to a lower final density, respectively), in which stringent response would be induced. Under these conditions, we evaluated whether
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stringent response induction coincided with competence development by adding
plasmid DNA (pIL253 or pNZ123) to the growth medium. Importantly, under these
conditions, the CFU enumerations in the inhibited cultures still exceeded the total
number of cells (Fig. S6C, E) required for a competence detection threshold of 10-6.
Unfortunately, neither decoyinin, nor mupirocin led to detectable levels of transformation in these screening efforts for any of the strains tested, suggesting that the
apparent stringent response during competence activation (Chapter 3) may be a
consequence rather than a cause.
		

Discussion

Identification of an environmental trigger for natural competence development in
L. lactis would allow natural gene transfer as a technology to enhance strain performance in food applications. Intermediate and high ComX expression levels in
L. lactis not only lead to induction of the com-regulon but also modulates the expression of a broad range of genes involved in cellular metabolism, stress response
and stringent response (Chapter 3-4). Besides, these genes include those that play
roles in post-translational downregulation of ComX activity, such as the MecA-Clp
system ((22), Chapter 3) and could involve a role for DprA (58, 59). Intriguingly,
DprA in L. lactis appears to be controlled by the pleiotropic stringent response regulator CodY based on the CodY binding motif in its promoter region (Chapter 3).
The DprA-defective strain L. lactis IL1403 is of particular interest as DNA uptake al-
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ready occurs upon low expression levels of comX (uninduced conditions, (21)). Possibly, lacking DprA leads to absence of the DprA-dependent cue for competence
shutdown. Subsequently, a delayed or reduced competence shutdown mechanism
might lead to the detection of transformants upon conditions that trigger weak signals for competence development that would normally not lead to transformation.
Direct experimental evidence for a role of DprA or CodY in competence regulation in L. lactis is lacking. The changes that were observed in the transcriptomic
landscape upon activation of ComX only show the association between competence
induction and CodY and stringent response. Therefore, the stringent response may
either be a cause or consequence of natural competence development or metabolically linked to the genetic circuitry for activation of the early competence genes.
sequent differentation towards other cellular states such as natural competence
or sporulation depending on ‘noisy’ expression levels of several genes involved in
both competence and sporulation activation but also CodY (60–66). For L. lactis,
the strongest case which implies that competence is a consequence of stringent
response is that an activated stringent response, proposed to be coordinated by
CodY by sensing changing BCAA levels (49), in carbon starved non-growing L. lactis cells coincided with the induction of the late competence (com) genes (33, 34)
Chapter 3). In addition, the canonical carbon catabolite repression regulator CcpA
is induced upon ComX expression (Chapter 3), corroborating the link between carbon starvation and natural competence in L. lactis. Despite our efforts to create
culture conditions that are associated with carbon, nitrogen or mineral starvation,
as well as stringent response induction, we failed to detect the competence phenotype in any of these conditions at the anticipated level of > 10-6. More dedicated
research is needed to determine the relation between stringent response, starvation and natural competence.
As mentioned previously, carbon starvation led to the activation of com genes
expression in L. lactis IL1403 (34) but it was not reported whether transformation
was examined within these experiments. Although induction of starvation by shutting down the medium supply in a 1.5L retentostat containing L. lactis KF147 also
led to activation of com gene expression (33), the authors in this study failed to
demonstrate the competence phenotype using either linearized or intact plasmids.
Notably, these samples were tested after freezing of the samples first which might
be detrimental to the potentially fragile constitution of the competence machinery. Besides, competence machineries increase membrane permeability leading to
potential fragile cells and possibly cell death ((33); communicated results, (67, 68),
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Upon nutrient limitation, vegetative (thus non-growing) B. subtilis cells allow sub-

Chapter 4). Therefore, it might be that this culturing condition introduced by Ercan
and colleagues (33) in L. lactis KF147, nevertheless, activates competence after all
and, thus, inspires to mimic similar conditions in a HTS-format. However, in retentostat culturing, the medium is removed and replaced by new medium while retaining
the biomass and reducing growth rates to almost 0 which cannot be mimicked in
the HTS-format set-up. This might result in a different cellular state of the cells
when compared to the experiments performed in this study involving a HTS-format due to differences in the physiological state, oxygen levels, culture density/
biomass, (environmental) pH or lactate concentrations. As we failed to induce competence by mimicking (carbon) starvation in a HTS-format, we suggest performing
the retentostat cultivation analogous to Ercan et al.
Natural competence in L. lactis is most likely a ‘window of opportunity’ facilitated
by signals impacting cell density, quorum sensing, stress and starvation as this has
been observed among many streptococci ((23, 64, 69, 70), Chapter 4). Possibly, the
window of opportunity for competence development is preceeded by a non-growCHAPTER FIVE

ing state such as, for instance, the stringent response or the VBNC-state (Chapter
4). In contrast with our results, Ercan and colleagues did not observe a dramatic loss of CFU enumerations. Nevertheless, a small percentage of the population
could have been in a (temporary) VBNC-state and could have developed a proper window of opportunity for competence within the timeframe of 0-48h in which
com gene activation was established (33). Addition of linearized DNA at T=0 and
sampling at multiple timepoints should be considered in an experimental set-up
equal to Ercan et al. 2015 in order to span the timeframes in which the window of
opportunity could have occured. Linearized DNA integrates into the genome and,
thereby, cannot be lost upon prolonged (48h) cultivation without selection pressure during the retentostat cultivation in contrast to plasmid DNA. Moreover, the
DNA can be fluorescently labeled, tracked in real-time and transferred into naturally
competent cells as was previously shown in B. subtilis (71, 72).
In this but also other studies, competence was assessed by selecting transformants that obtained a selectable marker (21–23, 47, 73, 74). However, with such
approach, there is no insight concerning late com promoter activation somewhere
during the experiment. Therefore, there is a risk that, although late com promoter
activity is induced upon cultivation of L. lactis in the tested conditions, however,
correctly tweaked com gene expression is lacking while needed to create a window
of opportunity allowing transformation. In L. lactis, through artificial induction, only
1 in a million cells enables transformation and presumes growth upon intermediate expression levels of ComX whereas half of the moderately-induced population

166

activates the late com promoters (Chapter 4). In agreement, com promoter heterogeneity is observed during the K-state of B. subtilis (71, 75). Therefore, it appears
that the window of opportunity for competence development is a result of late com
heterogeneity. Assesment of real-time late com promoter activity by the late com
reporters (Chapter 4) in the tested conditions but also during, for instance, starvation after retentostat culturing is needed as slight adaptations of that specific condition might tweak com gene expression to appropriate levels and thereby evoke
the window of opportunity for transformation.
Cells expressing high levels of ComX still enable acidification and appear in a VBNC-state (Chapter 3 and 4) and might still allow DNA uptake. In that case, by using
a CFU enumeration approach to assess transformation, these transformants will not
order to overcome this, incubating cells with DNA comprising a gene encoding a
red fluorescent protein and subsequent detection of single-cell fluorescence might
be useful to assess transformation in non-growing cells that are still metabolically
active (VBNC cells). However, such experimental approach is technically quite challenging as it requires a timelapse HTS-FACS setting, optimal expression of the fluorescent components and sensitive single cell fluorescence detection on a large scale.
In the pathogenic bacterium S. pneumoniae, natural competence is induced by
antibiotic compounds that affect DNA replication (76). These antibiotic compounds
are frequently used to treat pneumonoccal infections (76). This implies that the
early competence regulatory network has evolved towards a niche-specific trigger.
Reduced sensitivity of L. lactis strains KW10 and KW2 to the antibiotic compound
and stringent response inducer mupirocin is probably due to presence of specific
SNPs in the isoleucyl tRNA synthase protein sequence within the cremoris lineage
when compared to the subsp. lactis lineage (Fig. S7). Possibly, this might affect natural competence induction in nature if competence is genetically or metabolically
linked to the stringent response.
Conclusively, in this study we have established a HTS set-up in order to detect
transformants due to natural competence development as illustrated by the artificial induction of ComX and subsequent transformants by using this format. However, natural activation of natural competence in L. lactis was not observed and
appears to be a complex process that requires more dedicated research involving
more culturing conditions mimicking exactly similar (carbon) starvation conditions
in which late com activation has been observed previously.
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be detected if not recovered from the cultivation conditions in the HTS set-up. In
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Supplemental information

lactococcal com+ strains that were cultivated in either 0.1% or 1% of carbon source (either fructose, galactose, glucose, lactose, maltose, or ribose). CFU enumerations after 24h (B) passed the
competence detection treshold, however, transformants were not detected.
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Fig. S1. Maximum OD600 values per strain after 24h (A) and CFU enumerations after 24h of all 8

Fig. S2. Maximum OD600 values of 8 com+ lactococcal strains cultivated in CDM supplemented
with ranging concentrations of either fructose, galactose, lactose, maltose or ribose as the sole
carbon source. Already when cultivated with 0.1% of any of the carbon sources, a significant lower
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biomass was observed in all lactococcal strains. Nevertheless, no transformants were detected in
any of the strains and conditions tested despite of proper CFU enumerations that pass the competence threshold criterion after 24h (Supplemental fig. 1). However, after 72h, CFU enumerartions
dropped when cells were cultivated with 1% carbon source (Supplemental fig. 1) probably due to
acidification leading to either cell death or a VBNC state.
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8 lactococcal com+ strains that were cultivated in either 0.1% or 1% glucose and reduced BCAA
levels ranging from 1× to 98 × diluted from the original BCAA content. CFU enumerations after
24h (B) passed competence detection criterion, however, competence development was not observed in any of the conditions. After 72h, CFU enumerations were reduced in conditions with an
excess of glucose (C) probably due to acidification of the medium.
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Fig. S3. Maximum OD600 values per strain after 24h (A) and CFU enumerations after 24h (B) of all
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Fig. S4. Maximum OD600 values (A), CFU enumerations (B) and pH values (C) after 24h depicted
for each lactococcal strain cultivated in 4 types of CDM; 1. normal BCAA concentration without
carbon source, 2. normal BCAA concentration and 0.01% (low) glucose, 3. 1% glucose without
BCAA and 4. normal BCAA and glucose (1%) concentrations. Reduction of glucose appears to
have most impact on reduction of biomass. Absence of BCAA but presence of glucose led to increased acidification compared to conditions in which BCAA were present but glucose was absent
or present in low levels (0.01%).
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for each lactococcal strain cultivated in GCDM with ranging concentrations of (0-6.3mM MgCl2).
After 24h, the CFU enumerations for all strains passed the competence detection treshold criterion (B) and increasing concentrations of MgCl2 led to more acidification (C). However, competence
was not detected in any of the lactococcal strains.
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Fig. S5. Maximum OD600 values (A), CFU enumerations (B) and pH values (C) after 24h depicted
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Fig. S6. Maximum OD600 values and CFU enumerations of L. lactis strains cultivated in GCDM
supplemented with ranging concentrations of mupirocin (A-C) or decoyinin (D,E). A dose-response
decline in maximum OD600 values was observed in all L. lactis subsp. lactis strains for mupirocin
upon a concentration range of 0.3-2 µg/ml (A) whereas the two L. lactis subsp. cremoris strains
KW10 and KW2 show a dose-response decline in upon a concentration range of 5-25µg/ml (B).
CFU enumerations passed the competence detection treshold criterion for all strains despite of
mupirocin concentration (C), however, competence development was not observed. Increasing
concentrations of decoyinin (0-125µg/ml) impacted final OD600 values in all strains except for
IL1403 and KF146 (D) despite of unaffected µmax values (Fig. 4). CFU enumerations passed the
competence detection treshold criterion for all strains despite of decoyinin concentration, however, competence development was not observed.
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Fig. S7. Clustal Omega Multiple sequence alignment from protein sequences of the isoleucyl tRNA
synthases originating from the lactococcal strains used in this study. Several SNPs were detected
in the protein sequence of the isoleucyl tRNA synthase. Based on these strains, potential SNPs

tolerance to mupirocin are: A30S, R427K, A666G, T691K, T700S, I803V, E862G, P863T, N865S,
N866D, S870A, E887D, H906N, T920K, E927V.
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when comparing the subsp. cremoris strains to subsp. lactis strains that contribute to increased
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Introduction
This thesis describes the discovery of a functional competence machinery in L.
lactis, by engineered expression of the master-regulator ComX (Chapter 2), and
investigates the bacterial physiology and metabolic networks associated with competence activation in this species. Bio-informatic analysis of com regulons allows
the prediction of competence functionality in individual strains of L. lactis, revealing
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that none of the dairy lactococcal strains assessed in this thesis encode a complete competence machinery (Chapter 2). Competence activation coincides with
increased efficiency of homologous recombination due to increased expression of
the DNA recombination machinery, aiding rapid mutant construction (Chapter 2
and Chapter 3). Notably, it also appears to coincide with activation of genes that
are related to the stringent response, which we postulate to involve CodY-mediated
regulation (Chapter 3). These co-regulated gene networks explain the stagnation of
growth observed upon excessive competence activation, which led cells to enter a
so-called viable but not culturable (VBNC) state (Chapter 4). Despite these advances in our understanding of the physiological state associated with competence,
efforts to induce such physiological state and thereby the competence phenotype
by changes in environmental conditions, including stringent response activation,
VBNC-state and (carbon and nitrogen) starvation, failed to identify the natural trigger for competence development in L. lactis (Chapter 5). Therefore, the quest for
the natural trigger for competence development remains an important hurdle in
the application of L. lactis competence as a tool for the construction of improved
industrial strains.

Essential com genes in L. lactis
Although we could predict a functional competence phenotype for some lactococcal strains by assessing the intactness of com genes using a comparative genomic
analysis approach (Chapter 2, (1)), it is unclear for some late com genes whether
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these are essential for the transformation phenotype; comEB, dprA and comC. In
L. lactis, deletion of comEA-EC abolished transformation (Chapter 2, (1)), underpinning essentiality of the comE operon which is in agreement with a previous study in
S. thermophilus (2). However, the second gene in the comE operon found in other
species, comEB encoding a deaminase, is absent in L. lactis. In B. subtilis, absence
of ComEB leads to a significant reduction of transformation but not a complete
abolishment of the phenotype, implying that this function is non-essential but facilitates efficient transformation (3). In addition, the lack of ComEB in L. lactis might be
compensated by the constitutively expressed functional analogue CTP-deaminase
encoded by the dcdA gene. In any case, the results in this thesis unambiguously
establish that the lack of a comEB homologue in L. lactis does not interfere with
functional competence either because it is not essential for competence development or another protein compensates the lack of ComEB.
DprA is considered to be part of the late-competence machinery (i.e., its promoter contains the canonical com- box and dprA expression is controlled by ComX;
protection of internalized DNA. However, it appears to be truncated in several L.
lactis strains, including the comX-induced transformable strain L. lactis IL1403 harboring pNZ6200 (1, 6), indicating that dprA is not essential for transformation in
this strain. Intriguingly, uninduced L. lactis IL1403 harboring pNZ6200 cells were
also transformable (1). Speculatively, this might imply that non-functional shutdown
of competence, due to absence of DprA, leads to transformability also at lower expression levels of ComX. Exploring the transcriptomic landscape of this strain upon
uninduced conditions could reveal whether the fold-increase of ComX expression
compared to the empty vector control is higher than the fold-increase of ComX
expression in L. lactis KF147 upon similar conditions.
The comC encoded peptidase, predicted to be involved in processing and translocation of competence pili-components, appears to be truncated in many strains.
Strikingly, although the expression of ComC was clearly controlled by ComX in L.
lactis KF147 (Chapter 3), this did not seem to be the case in L. lactis KW2 according
to the analyses reported by David and coworkers (7). The possibility that David et
al. might have missed the transcriptional induction of comC in their RNA-seq data
cannot be ruled out, especially since the promoter region of the comC gene in L.
lactis KW2 does contain a recognizable com-box. However, an alternative explanation could be that, in L. lactis KW2, ComC is not essential for the competence
phenotype, possibly due to the presence of other peptidases that fulfill the ComC
role in the biogenesis of the competence-pilus. To unambiguously determine the
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Chapter 3) and is involved in competence shut-down in S. pneumoniae (4, 5) and

minimal gene set required for lactococcal competence, bioinformatics analysis,
transcriptomics data along with promoter analysis and a systematic, laborious evaluation of competence in com-gene mutant derivatives would be required.

Subspecies lactis versus cremoris
Although classification of the lactococcal subspecies is based on phenotypic traits,
it is unclear which genes precisely contribute to this subspecies diversification (8–
14). An important driver of genetic diversity and evolution in L. lactis is niche adaptation by acquiring beneficial traits for growth in milk and reductive evolution to
abandon unessential traits (9, 11, 13–16). Indeed, reduction of com genes has been
observed primarily in these dairy lactococcal strains (Chapter 2) and appears to be
part of reductive evolution during adjustment to the dairy niche. Nevertheless, the
late com genes appear to be strongly conserved within the lactis and cremoris subspecies (on estimation 95-100% identity within the subspecies), but are clearly distinct between the subspecies (54-79% identity) despite of their sequence conser-
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vation and consistent positions in the lactococcal genome. In contrast, comparison
of the core genes recA and ssbB between the subspecies reveal a higher protein
identity (around 90-100%) compared to the canonical com genes (Chapter 2, (1)).
This might imply that the canonical late com genes have evolved from different
ancestor genes between the lactococcal subspecies. Nevertheless, it remains unclear why the protein identity of com genes is substantially lower when compared
to other core genes between the lactococcal subspecies. A comparative genomics
approach is needed to assess whether there is a substantial lower sequence identity of the Com protein sequences when compared to the average protein identitiy
scores of core functions between subsp. lactis and cremoris strains.

Dairy versus plant: Why do dairy lactococcal strains harbor an incomplete com
geneset?
The evolution benefit of competence as a phenotype appears to be two-fold:
nutrient acquisition (DNA as a source for nucleotides and phosphate and ribose
upon its degradation), and acquisition of (novel and beneficial) genetic traits (17).
As discussed previously, the habitat, rather than subspecies classification appears
to impact on the preservation of com genes. Primarily dairy adapted strains, irrespective of their subsp. cremoris or subsp. lactis classification, show incomplete
com regulons (Chapter 2, (1)). Why would genomic decay of com genes contribute
to population fitness of lactococcal strains in the dairy environment? Possibly, the
trigger for competence development is lost in the dairy niche leading to decay of
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‘’non-relevant’’ genes (e.g., the com genes), a process coined reductive evolution
which leads to reduced molecular costs and a corresponding fitness benefit. Paradoxically, it could also be that the natural trigger for competence is present in the
dairy environment. Intriguingly, in this context, is the finding that the promoter of
comX is activated in the proteolytic negative strain L. lactis MG1363 upon cultivation in MPC (milk protein concentrate) (18, 19). Activation of natural competence
in the dairy niche could lead to genomic instability and activation of a VBNC-state
(Chapter 4), imposing a severe growth deficiency in which strains with mutated com
genes might escape this non-growing state and thereby grow more effectively in
this niche. Additionally, comX promoter activity was reduced in L. lactis cultivated in
MPC upon addition of a mixed starter culture (18) suggesting that the other strains
might consume the component that triggers comX expression. Typically, mixed
starter cultures harbor a large percentage or proteolytic positive strains (20, 21).
Potentially, (specific) proteins in milk, e.g. casein, might contribute to comX promoter activation and are degraded by proteolytic positive strains. An experiment
extracellular DNA (e.g., a plasmid with a selectable marker) could be performed to
assess activation of competence by transformation assessment on selective plates.

Backslopping of lactococcal cultures might be detrimental to the com regulons
in L. lactis
L. lactis cultures have been propagated for thousands of generations in the dairy
environment using a process called ‘back-slopping’ (22, 23) in which repetitive
re-inoculation of fresh milk with a sample from a previous batch of the fermented
product is performed. During back-slopping, bacteria accumulate mutations and
can acquire or lose mobile genetic elements (24), contributing to niche adaptation
(14). Typical and extensively backslopped Gouda cheese starter strains that originate from Ur, a complex undefined mixed starter culture, are the L. lactis subsp. cremoris TIFN strains (TIFN1-7, (23, 25)). Comparative genomics of publically available
genomic sequences of these L. lactis TIFN strains reveal that all strains harbor an
incomplete set of com genes (Table 1, 2). Moreover, the start codon of some com
genes (comGE and comGF) has changed from ATG to GTG or TTG, respectively, as
observed in previously analyzed dairy strains (Chapter 2, (1)), which might lead to
reduced translation efficiency and consequently reduced protein levels. Besides, in
several dairy lactococcal strains, insertion of IS982 transposases, which have been
observed in several lactococcal plasmids harboring traits that contribute to growth
in milk (26), has been observed previously (Chapter 2, (1)) within essential late com
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including strain L. lactis KF147 cultivated in milk or MPC in presence of selectable

genes. The results obtained in this thesis might possibly imply that the redundancy of
functional competence leads to genetic decay of competence associated functions.
Speculatively, there might still be com+ cells within dairy lactococcal cultures depending on the extend of niche adaptation, backslopping and propagation time
despite of an expected fitness burden in com+ cells compared to com- cells as
competence is a molecular costly process ((27–29), this thesis). Intriguingly, the socalled ‘’wild’’ dairy strain L. lactis subsp. lactis strain 1AA59 (30), isolated from a
starter-free traditional artisanal cheese only exposed to short term dairy adaptation
(not backslopped), indeed has a complete set of com genes (Table 3). This finding
implies that dairy lactococcal strains might initially harbor complete com regulons
and potentially lose genetic capacity for competence development upon (extensive) backslopping. Exposure to extensive backslopping in an adaptive evolution
experiment including the non-backslopped dairy lactococcal strain 1AA59 (30)
could reveal whether decay of com genes occurs in such environment and, thereby,
directly link this process to com gene decay. Overall, a shotgun metagenome se-
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quencing approach on a large scale in multiple backslopped cultures or strains that
originate from artisanal products and subsequently exposed to backslopping could
strengthen the hypothesis that (extensive) backslopping might be detrimental to
the com regulons in lactococci. Conversely, the degree of com regulon reduction
could also, in turn, reflect the extent of backslopping for a specific strain.

Plant-derived lactococcal strain adapted to grow in milk: what happens to the
com geneset?
Interestingly, in L. lactis KF147, loss of mobile genetic elements and decay of genes
occurred after cultivation for 1000 generations in milk to adapt to the dairy environment, however, the com genes remained intact in 3 clonal derivatives of strain
L. lactis KF147 (e.g. strain NZ5521, NZ5522 and NZ5523, (15)). Nonetheless, more
prolonged adaptation might be required (exceeding 1000 generations) to assess
com gene decay in this strain as possibly the mutation rates are relatively low. Besides, this strain also acquired gain-of-function mutations in for instance the Opp
peptide-transport system (15). However, a more active Opp system might lead to
more rapid (unnecessary) activation of competence if competence pheromones in
L. lactis are imported by the opp system like S. thermophilus (31).Disruptive mutations in the late com geneset might therefore eventually stabilize the genome
and prevent the competence-associated phenotypes to occur including stringency,
growth inhibition and VBNC. Moreover, during continuous backslopping procedures, possibly genomic decay of com genes leads to a growth benefit resulting in
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Table 2. Comparative genomic analysis of com genes from extensively backslopped lactococcal strains (TIFN1-7) compared to the com+ L. lactis KF147 strain

100

71

pseudogene

221

221

221

TIFN7
KF147
(REF)

lactis

TIFN4

cremoris

cremoris

TIFN3

221

cremoris

lactis

TIFN2

221

TIFN6

cremoris

TIFN1

comC

TIFN5

subsp.

Strain

Table 1. Comparative genomic analysis of com genes from extensively backslopped lactococcal strains (TIFN1-7) compared to the com+ L. lactis KW2 strain

100

98

pseudogene

221

221

221

221

221

cremoris

TIFN1

comC

subsp.

Strain

GENERAL DISCUSSION

191

192

lactis

lactis

1AA59

REF (KF147)

221

221

comC

100

99

215

215

100

98

comEA

736

736
100

99

comEC

440

440
100

94

comFA

216

216
100

99

comFC

312

312
100

98

comGA

357

357
100

99

comGB

127

127
100

99

comGC

143

143
100

97

comGD

98

98
100

99

comGE

141

141
100

96

comGF

94

94

comGG

100

96
163

163

comX

100

99

Figure 1. S. thermophilus harbors more pseudogenes and a smaller genomes size compared to L. lactis subsp. lactis and L. lactis subsp. cremoris strains.
Therefore, the increased amount of pseudogenes suggests that more extensive genomic decay occurred in S. thermophilus compared to L. lactis.

Table 3. Comparative genomic analysis of com genes from the artisanal lactococcal strain 1AA59 compared to the com+ L. lactis KF147 strain
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outgrowth of com- strains. However, completeness of canonical late com clusters
might possibly be beneficial during the first stages of growth in milk to acquire
novel traits such as plasmid-encoded casein and lactose utilization or to obtain
nutrients like nucleotides. An adaptive evolution experiment including the L. lactis
strains NZ5521-23 could be performed in which strains are propagated for 1000,
10000 or 100000 generations in milk to assess whether prolonged cultivation in
dairy leads to com gene reduction following comparative genomics.

Intact competence regulons in dairy streptococci despite extensive genome
decay
Dairy L. lactis and S. thermophilus strains share similar historical patterns in terms of
growth in the dairy niche and, thereby, are typically in close ecological proximity (32).
The current proposition regarding dairy S. thermophilus strains is that this bacterium
descends from the S. salivarius clade, and has been subjected to advanced adaptation towards the dairy niche (33). Notably, similar to L. lactis, genomic decay of S.
average, more extensive genomic decay has occurred in S. thermophilus compared
to L. lactis which is reflected in the increased % of pseudogenes in S. thermophilus
compared to L. lactis (Fig. 1) possibly due to its prolonged cultivation in the dairy
niche. However, in contrast to S. thermophilus, only dairy L. lactis appears to lose
genetic capacity for transformation whereas com regulons in (dairy) S. thermophilus
remain intact (Table 4). The question is: why do dairy S. thermophilus strains maintain
(late) com regulons despite of more genomic decay in contrast with L. lactis?
Notably, S. thermophilus is not able to grow effectively in milk due to lack of,
or only highly-limited proteolytic activity. Therefore, S. thermophilus is depending
on the proteolytic activity of Lactobacillus delbrueckii subsp. bulgaricus (basonym L.
bulgaricus (36)) in milk (37–41). What if nutrients are eventually running low and S.
thermophilus has to compete for the last nutrients with Lactobacillus delbrueckii subsp. bulgaricus for survival? Possibly, S. thermophilus eventually attempts to reduce
the amount of competitors (42–45), in this case Lactobacillus delbrueckii subsp. bulgaricus, at the end of yoghurt fermentation by bacteriocin production. Intriguingly,
activation of the BlpC bacteriocin is linked to the early competence system ComRS
in S. thermophilus thereby thus leading to predation (17). Besides, bacteriocin-induced lysis of the competitors leads to replenishment of nutrients in the extracellular
environment but also to the release of genomic DNA which can be transported and
integrated into the naturally competent cells (17) or can be used as a nutrient source
for nucleotides and phosphate for instance. However, induction of the blp cluster by
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thermophilus during propagation in milk has been established previously (34, 35). On

addition of BlpC in S. thermophilus LMD-9 does not appear to inhibit growth of L.
bulgaricus under laboratory conditions and the blp cluster appears not to be induced
during mixed cultures of S. thermophilus with Lactobacillus delbrueckii subsp. bulgaricus compared to mono-cultures (38, 40). Therefore, it appears unlikely that predation occurs from BlpC activation in a mixed culture containing S. thermophilus and
Lactobacillus delbrueckii subsp. bulgaricus unless other bacteriocins are activated via
the early competence system by S. thermophilus in a mixed culture with Lactobacillus delbrueckii subsp. bulgaricus. However, if that would be the case, it still remains
unclear why also the late com regulons are maintained in S. thermophilus unless the
corresponding late com proteins are also intertwined in regulation or maintenance of
predation. In that case, assessment of predation capacity in gene deletion mutants
of late com genes might provide more insight why also late com regulons are maintained in dairy S. thermophilus and whether it is linked to predation. Alternatively, it
could also be that natural competence fulfills an essential role in nutrient acquisition
for S. thermophilus in order to maintain energy metabolism during further acidifica-
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tion of the yoghurt by Lactobacillus delbrueckii subsp. bulgaricus. Assessment of
the S. thermophilus genome for mutations in an experiment comprising Lactobacillus delbrueckii subsp. bulgaricus and S. thermophilus during yoghurt production
in which pH and energy metabolism are in favor of S. thermophilus could reveal
whether energy metabolism impacts maintenance of com genes in S. thermophilus.

Maintenance of natural competence to rescue S. thermophilus from the Muller’s ratchet
As mentioned previously, it appears that S. thermophilus harbors more pseudogenes
compared to L. lactis (Table 2) indicating more extensive genomic decay and an increased overall mutation rate. Bacteria tweak mutations rates constantly to enable
niche adaptation upon changing environmental conditions (46) but possibly also in
a mutualistic or symbiotic relationschip like S. thermophilus and L. bulgaricus upon
cultivation in dairy for yoghurt production. However, in asexual populations, high
mutations rates can lead to accumulation of irreversible detrimental mutations upon
absence of homologous recombination, which is a process termed ‘’the Muller’s
ratchet ‘’ (47–52). Suggestively, HGT and homologous recombination could rescue
asexual bacterial populations from detrimental mutations (52). Speculatively, the late
com regulons may be maintained in S. thermophilus to allow transformation and repair genetic mutations by homologous recombination of essential core genes due to
the higher risk of decay by an overall increased mutation rate when compared to, for
instance, L. lactis. Evidently, S. thermophilus lacks recQ, in contrast to L. lactis, which
is suggested to increase genomic instability and mutation rate (34, 35).
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Table 4. Natural competence in S. thermophilus. The established genes encoding the DNA uptake machinery, comX and the QS-mechanism comRS of S. thermophilus LMD-9 were used to search the genomes of a set of other (dairy) S. thermophilus genomes (initially targeting the NCBI-reference genome for each
species). Strains were obtained from the NIZO culture collection. Taken together, the results of this in silico analysis indicate that all S. thermophilus strains
evaluated here harbor a complete set of com genes. The question mark indicates that the contig end was reached during analysis in the middle of the corresponding gene.
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As essential genes are highly conserved, the chance to repair these genes by homologous recombination is higher than for regions that are less conserved due to
reduced homologous flanking regions. Moreover, the homologous recombination
machinery is induced during natural competence development in a wide range
of bacterial species including streptococci and L. lactis ((53), Chapter 2). Indeed,
Mignolet and colleagues discuss the opportunity that natural competence and concomitant predation allows integration of external DNA from close relatives (e.g.
brother and sister cells) (thus primarily homologous regions) that were killed by
predation (17) or killed by the further acidification by L. bulgaricus possibly to provide functional copies of essential core genes. Hypothetically, it might therefore be
that maintenance of both early and late com genes in S. thermophilus is essential
to keep an optimum between a permanent high mutation rate to allow niche adaptation and cope with the mutualistic relationship with L. bulgaricus and to rescue S.
thermophilus from the Muller’s hatchet.
Conclusively, in the S. thermophilus Muller’s hatchet, a higher mutation fre-
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quence, leading to detrimental mutations of core genes, might be compensated by
newly imported genetic fragments obtained through natural competence. Support
of this theory appears to be two-fold: 1: an increased mutation rate due to mutations of the repair machinery/loss of recQ and 2: a substantial burden on the energy
metabolism in S. thermophilus at the end of fermentation potentially due to the
high amounts of acids produced by L. bulgaricus. Besides, maintenance of the com
geneset in S. thermophilus, in contrast to dairy L. lactis strains, might also support
this theory as it might be essential for escaping the Muller’s hatchet and therefore
survival of S. thermophilus in its natural habitat: dairy niche along with L. bulgaricus.
Constitutive expression of recQ (from L.lactis) or an improved repair machinery
in S. thermophilus might lead to reduced mutation rates. Such strategy could be
employed in an S. thermophilus strain, which has not been adapted yet to the dairy
niche, or an ancestral S. thermophilus strain to assess whether this leads to com
gene decay upon cultivation in dairy along with L. bulgaricus. Besides, it would
also be interesting to assess whether a recQ- ancestral dairy lactococcal strains, with
still a complete com set, along with its recQ+ relative, leads to maintenance of the
com gene set upon cultivation in milk and whether com gene decay occurs in the
recQ+ strain.

Conservation of com genes in Lactobacillaceae
To expand our bioinformatic analysis beyond L. lactis, we employed the same strategy in Lactobacillaceae to assess their genetic potential for natural competence.
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Initial analysis employed competence protein sequences of L. lactis KF147 (Chapter
2), to identify their homologues in Lactiplantibacillus plantarum subsp. plantarum
WCFS1 (basonym Lactobacillus plantarum WCFS1, (36)), revealing a complete and
highly homologous competence gene set in L. plantarum WCFS1 (Table 5; (54)). Notably, the non-essential comEB is absent in L. lactis (Chapter 2, (1, 7)), but was found
to be present in L. plantarum WCFS1. Subsequently, the L. plantarum WCFS1 competence protein sequences were used to evaluate whether orthologous genes were
encoded within Lactobacillaceae, using reference genomes for several species (Table 5). Several of these representative Lactobacillaceae genomes harbored a complete set of competence genes, but some contained competence-pseudogenes.
However, analysis of these pseudogenes in other strains of the same Lactobacillus
species, revealed complete and intact copies of these genes, implying that functionality of competence may vary among strains of these species, analogous to
what was observed in L. lactis. These analyses indicate that it is likely that many
species and strains within Lactobacillaceae could become competent, based on
is more prevalent among bacteria than originally anticipated (55).

SigH overexpression in L. plantarum harboring a complete com regulon
In Lactobacillaceae genomes, the comX homologues are commonly annotated as
sigH. To assess whether a similar engineered sigH expression approach could elicit
a natural competence phenotype within Lactobacillaceae, the sigH gene of L. plantarum WCFS1 (56) was cloned under control of the nisin inducible nisA promoter.
Subsequently, SigH expression was induced in L. plantarum NZ7100 (a derivative
of strain WCFS1 containing chromosomally integrated nisRK genes; (57)) using an
appropriate range of nisin concentrations (from 0 to 20 ng/ml nisin; (58)). However, we were not able to demonstrate transformation by an extracellularly provided
plasmid in any of these induced cultures (data not shown). This preliminary negative
result may be due to mismatched SigH expression levels for competence development. Alternatively, it could be that regulation of competence expression in L.
plantarum requires additional regulatory factors and simply cannot be overruled
by engineered expression of SigH. Besides, restriction and modification systems
typically hamper plasmid uptake during natural competence (59). However, this is
less likely during natural competence due to single-stranded DNA importation and
modification of the DNA upon translocation into the cell. Nevertheless, both linear
and circular plasmid and homologous linear DNA fragments that can integrate into
the genome could be considered to assess transformation in L. plantarum upon

197

GENERAL DISCUSSION

their complete competence gene set, which corroborates that natural competence

198

226

WCFS1

39b

ComC
221 NA

strain
KF147

241

54b

ComEA
215 NA
161

NA

ComEB
absent NA
763

45b

ComEC
736 NA
450

51b

ComFA
440 NA
224

53b

ComFC
216 NA

229

absent

218

241

225

227

224

pseudogenec

NCFM

ATCC 334

UCC118

IFO 3956

ATCC 33323

CNRZ 32

DSM 20016

TMW 1.1304

48

45

46

46

47

42

absent

GG

227

210

231

227

224

229

223

227

221

53

53

51

52

53

51

51

54

52

161

161

absent

absent

159

158

absent

absent

absent

83

84

83

86

48

47

c

742

703

762

761

745

753

52

51

48

48

57

51

pseudogene

762

734

67

57

55

67

pseudogenec

443

428

422

438

66

54

420
445

57

53

427
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Table 5. Natural competence in Lactobacillaceae (adapted from Bron et al. 2019 (54) including revised taxonomy (36))
a
Needleman-Wunsch Global Align Protein Sequences tool in protein BLAST
b
protein sequence identity (%a) compared to L. lactis KF147
c
the complete protein is encoded in the genome of other strains of the same species
NA = not applicable

Lacticaseibacillus
rhamnosus
Lactobacillus
acidophilus
Lacticaseibacillus
paracasei
Ligilactobacillus
salivarius
Limosilactobacillus
fermentum
Lactobacillus
gasseri
Lactobacillus
helveticus
Limosilactobacillus
reuteri
Fructilactobacillus
sanfranciscensis

Comparative analysis with other Lactobacillaceae genomes, using the L. plantarum WCFS1 protein sequences

Species
Lactococcus lactis
Lactiplantibacillus
plantarum

protein lengtha (nr. of residues) / protein sequence identity (%a) compared to L. plantarum WCFS1 (or L. lactis KF147b)
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178
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48
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ComX
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SigH overexpression to rule out problems regarding plasmid uptake. In conclusion,
the detection of genetic potential for competence development in L. plantarum is
intriguing, but its functionality and regulation remain to be established.

Role of com genes in the competence-related stringent response
CodY activates or represses gene expression of genes harboring a CodY motif in
its promoter upon changes in GTP-pools in for instance B. subtilis (60) and BCAApools in L. lactis (61, 62). Interestingly, upon presence of cas- amino acids, CodY
represses comK expression in B. subtilis (63–66) and, thereby, inhibits competence
for transformation. This implies a direct role for CodY to downregulate competence
upon absence of certain nutrients, such as BCAA or nucleotide pools, in B. subtilis. CodY motifs were also observed upstream genes that positively or negatively
correlate with com gene expression in L. lactis (Chapter 3). However, attempts to
influence GTP and branched-chain amino acid pools did not lead to detection of
transformants in com+ lactococcal strains (Chapter 5). Moreover, the promoter reindicate that there is no direct regulatory network between ComX and CodY during
adaptation towards stress or competence. Notably, dprA, involved in DNA protection and competence shut-down in S. pneumoniae (4, 5), harbors a CodY-regulatory
motif in its promoter region which might imply a link between CodY and competence shutdown.

Alarmone synthases involved in stringency and competence
The alarmone (p)ppGpp is synthesized by synthases, such as RelA, upon decreasing
levels of GTP and has been suggested to fulfill a role in alleviation of CodY repression in B. subtilis (60). Moreover, natural competence can be activated indirectly
via RelA by mediating intracellular GTP levels in B. subtilis (67). In B. subtilis, ComGA and RelA interact and, thereby, prevent hydrolysis of ppGpp which results in a
non-growing state until ComGA levels are reduced (68). If this is true for L. lactis
as well, this might explain why high expression levels of ComX in our experiments
leads to a prolonged non-growing state as comGA expression is constantly activated (Chapter 4, fluorescence data of reporter cells for comGA expression). Absence
of a competence-related stringent response or VBNC-state in a ComGA mutant in
L. lactis might reveal whether ComGA is involved in the non-growing state of lactococcal competence upon artificial induction of ComX. Nevertheless, despite the
lack of relA activation in these cells (Chapter 3), the GTP pyrophosphokinase YijE,
which shows high sequence similarity to the competence-associated (p)ppGpp syn-
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gion of comX in L. lactis does not harbor a CodY motif and vice versa, which might

thase RelP in S. mutans (Khan et al. 2016), is induced upon primarily high levels of
ComX, and to a lesser extend also upon intermediate levels of ComX, in L. lactis
(Chapter 3). Possibly, a reporter for yijE expression along with the comGA reporter
might reveal concomitant expression and, in case of single-cell tracking, whether
yijE and comGA are activated in a coordinated manner as moderate levels of ComX
only leads to partial late com promoter activation. Additionally, tracking growth of
the lactococcal comGA defective strains SK110, AM2, SK11, A76 upon expression
of intermediate and high levels of ComX might be interesting to assess whether
these strains bypass the non-growing state during comX induction. However, these
strains harbor multiple other com gene mutations and, therefore, absence of a
non-growing state in these strain can also be contributed due to other truncated
com genes or other additional mutations. Ideally, the interplay between RelP and
ComGA in activation of the VBNC state would be investigated by mutagenesis of
these loci in L. lactis KF147, followed by low- and high-level activation of ComX
expression (Chapter 2, 3) to evaluate the impact on the non-growing phenotype
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that occurs upon high expression levels of ComX. Besides, it would be interesting
to assess whether a yijE/relP mutant bypasses the stringent response and/or VBNC-state and, subsequently, if this allows transformation upon medium but also
high expression levels of ComX due to lack or incomplete stringent responses.

Viable but not culturable (VBNC) state in L. lactis
The viable but not culturable (VBNC) state might be a consequence of stringent
response activation and is characterized by a zero-growth phenotype in which cells
remain metabolically active (69). Currently, living cells are sometimes defined as
cells that enable growth on agar plates, however, such studies ignore cells in the
VBNC state. Therefore, further research to determine whether cells are metabolically active should include assays that assess more than culturability and membrane intactness solely but also, for instance, acidification. Recently, VBNC L. lactis
upon ampicillin treatment were detected by using a pH-sensitive GFP (70). In this
approach, decreasing the intracellular pH by addition of acid leads to abolished
fluorescence which can be restored by increasing the intracellular pH which is only
possible if cells consume ATP to enable ATPase proton pumps to function. This is
an elegant tool to study acidification creating also the opportunity for a quantitative
single cell experimental approach when coupled to HTS single cell fluorescence
imaging set-up (71).
Assessment of for instance com activation by the com reporters (with a different
fluorescent protein) along with this tool could provide additional data on metabolic
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rates in ComX expressing cells on a single cell level. Similarly, Ercan and colleagues
also discussed presence of a small population of VBNC cells among carbon starved
L. lactis (discussion section Chapter 7 in Ercan 2014 (72)) which might potentially also express the DNA uptake machinery. However, no transformants were detected in their experiments although this was examined after storage of cells by
freezing which impacts cell vitality and viability especially of cells expressing the
competence machinery (72–74). Although the VBNC-state is observed in L. lactis in
multiple different conditions, among which is the natural competence state, more
dedicated research is needed to assess whether these conditions are also linked to
competence development.			
Taken together, natural competence appears to be intertwined in a larger network of regulatory mechanisms comprising the stringent response and the VBNC-state that regulate cell metabolism and physiology. However, it remains unclear
how exactly these regulatory pathways are connected and impact each other upon
tweaked expression levels of involved genes by changing environmental conditions.
network as a bet-hedging strategy in order to adapt to changing environmental
conditions (75). This hypothesis is brought forward primarily in the results regarding
moderate-level induction of ComX in the com reporter L. lactis KF147 harboring
pNZ6200 and pZ6204 as only a part of the population shows fluorescence, with
different intensities, reflecting differential activation of com promoters. How exactly
this is regulated within the cell remains unclear, however, this might point towards
bimodal distribution of ComX by stochastic oscillations of creating and degrading
ComX. For instance, the ComX degradation system Clp-MecA (76, 77) appears
to be controlled, either directly or indirectly, by ComX (Chapter 3) suggesting an
equilibrium state between ComX activation and degradation. In addition, it would
also be interesting to assess whether mRNA and protein half-lives contribute to
fluctuations in ComX expression as well.

Toxicity of constitutive ComX expression
David and colleagues also described comX-induced competence activation in L.
lactis KW2 by using a constitutive comX-overexpression approach comprising the
strong promoter P32 which leads to maximum transformation rates of 10-3 (7). Despite this finding, it has been reported that constitutive expression of ComX leads
to toxicity and replicate variability of transformation rates (7). Nevertheless, this
might imply that the transformants following constitutive comX expression can escape the competence-related stringent response (Chapter 3, 4) after taking up the
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Possibly, activation of natural competence might be part of an overall remodeling

DNA but, possibly, that the part of the population suffering from toxicity cannot
escape the stringent response. Plausibly, these cells that allow constitutive high expression levels of ComX might have obtained a mutation in the genome that contributes to reduced and tweaked comX expression or that bypasses the stringent
response. If these cells would have obtained mutations in the stringent response
pathway, they might resume growth more easily upon comX induction. Therefore,
it might be interesting to perform whole genome sequencing on L. lactis KW2 or
KF147 harboring the constitutive comX overexpressing construct but also on the
escaper population of L. lactis KF147 harboring pNZ6200 expressing high levels of
comX (Chapter 4), in order to assess whether such mutations were obtained.

Conservation of early com genes
In S. thermophilus, competence activation via the pheromone-regulator system
ComRS involves the Opp system for uptake of the comX inducing peptide (XIP, (78)).
Although there are no clear comRS homologues in L. lactis, to my knowledge, an
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XRE-transcriptional regulator with a downstream small pheromone/bacteriocin-like
peptide in L. lactis KF147 is categorized as a ComC-like peptide (LLKF_0359). Addition of the C-terminal part of the putative KF147 pheromone-like peptide nor XIP
(from S. thermophilus) led to the detection of natural transformants in L. lactis (data
not shown). However, the C-terminal part of the streptococcal ComS did inhibit
growth of L. lactis KF147 upon higher concentrations (Fig. 2A) whereas the putative
competence pheromone from L. lactis KF147 did not affect growth (Fig. 2B). Possibly, ComS harbors antibiotic features towards other species. Nevertheless, these
peptides did not induce natural competence in L. lactis.
Early competence systems in L. lactis presumably need a transport system, like
the Opp system, for pheromone uptake as well. Possibly, L. lactis harbors distinct
comRS- or comCDE- like early competence genes assigned to other orthologous
groups. A genome wide mutagenic approach in which mutations arise leading to
low but constitutive pheromone expression and possibly to competence development might reveal the lactococcal early com genes. However, mutations that arise
leading to constitutive expression of the putative competence pheromone might
also lead to the inability to bypass the non-growing state (Chapter 2-4). Other opportunities to explore whether the pheromones impact com gene expression might
include transcriptomics upon induction with a broad set of putative pheromones or
specific environmental conditions in order to examine late com activation. Moreover, cells exposed to the supernatant of L. lactis KF147 expressing moderate or low
levels of ComX might reveal whether the lactococcal early com system is linked to
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Figure 2. Growth curves of L. lactis KF147 incubated with ranging concentrations of the C-terminal
part of ComSst (A) and a putative competence pheromone originating from L. lactis KF147 (B).
Crude peptide synthesis was exploited for the putative pheromone as, obviously, the exact pheromone sequence is unknown. The C-terminal part of ComSst affects growth of L. lactis KF147 upon
higher concentrations whereas the competence pheromone originating from L. lactis KF147 does
not affect growth. Induction with neither peptides resulted in transformation of L. lactis KF147.

Conservation and phylogenetic relatedness of comX in LAB
The natural trigger to activate the early com regulon differs between species and
can relate to antibiotic induction, starvation, presence of a specific habitat related
molecule among others (75, 79). Multiple early com systems have been established
that typically involve a pheromone and regulator such as ComRS for S. thermophilus (31, 78, 80, 81) and ComCDE for S. pneumoniae (82–88). Possibly, these systems
also relate to different environmental triggers for competence development and,
thereby, also different ancestors of the master regulator for competence. Intriguingly, no bidirectional best hits (BBH) following BLASTP analysis were observed for
the S. thermophilus ComX and the lactococcal ComX. BBHs are indicative of gene
orthology in prokaryotes (89) suggesting that it is unlikely that a common ancestor
is shared for the master regulator of competence between these genera. However,
the 3’ region of the lactococcal com-box is quite similar to the com-box motif in S.
thermophilus (Fig. 3) indicating that ComXKF147 might recognize the streptococcal
com-box and vice versa. A ComXKF147 overexpression approach in S. thermophilus
LMD-9 (or vice versa) and subsequent assessment of transformation could be performed to test whether lactococcal ComX can activate streptococcal late com gene
expression. Nevertheless, it remains unknown whether L. lactis and S. thermophilus
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or in a positive autoregulatory feedback loop upon late com gene expression.

share a similar activation pathway for competence or whether these species need
different environmental signals and early com systems including ComX despite of
close phylogenetic relatedness on a genera level and a similar natural habitat.

A putative additional role for comX in L. lactis besides inducing competence
development
Full induction of comX (2ng/ml nisin) in com- strain NZ9000 led to a similar growth
inhibition effect as observed in comX overexpression in L. lactis KF147 harboring pNZ6200 (Fig. 4). This indicates that comX overexpression in L. lactis NZ9000
enables a stress response despite of its inability to develop natural competence
(Chapter 2, (1)). Possibly, comX fulfills other functions besides competence gene
induction which is strengthened by the findings that comX induction in L. lactis
KF147 leads to expression of stress response genes (hrcA, GroELS, dnaKJ, GrpE,
clpB, clpE, cshA, hslO, uvrA, radA and uspA). Moreover, the uspA (universal stress
protein A) and comX promoters in the com- strain L. lactis MG1363 are activated
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during cheese manufacturing (18). Concomitant induction of natural competence
and stress response associated functions that play crucial roles in maintenance and
repair of cellular function have been established previously (90) and contributes to
the theory that natural competence is part of a general stress response (91). A transcriptomic analysis (Chapter 3) could be conducted with this com- strain expressing
high levels of ComX and compared to L. lactis KF147 (com+) expressing high levels
of ComX to test whether com- strains elicit a similar stringent and stress response to
com+ strains independent of intact late com regulons.

Reporters to study natural competence and its (unknown) activation in L. lactis
In Chapter 3, promoter probe reporters for com gene expression were developed
in order to obtain information about single cell com gene expression. Interestingly,
only a small fraction of the moderately induced population enables competence for
transformation whereas about 50% of the population shows activation of late com
promoters (Chapter 4). Potentially, an approach including transformation of a DNA
molecule comprising rfp and the promoter probe reporter for com gene expression
might correlate com gene expression to transformation as a certain amount of late
com gene expression (GFP intensity) should then coincide with RFP expression. A
microfluidic device as developed by Fontana et al. 2019 could be used to track and
quantify single cell late com gene expression with the reporter promoter probes
in time and concomitant RFP expression to assess transformation (71). Obviously,
a large number of cells is needed in order to perform such experiment as only 1 in

204

Figure 3. Com-box of S. thermophilus LMD-9 (A, based on upstream sequences of comEA, comFA
and comGA) and the L. lactis KF147 com-box (B, Chapter 3).

pNZ6200 before and after induction of comX (B). Cells were either induced with moderate levels (0.03 ng/ml nisin) or high levels (2 ng/ml nisin, full induction) when the culture reached and
OD600 of 0.3. Full induction of comX also results in growth inhibition in L. lactis NZ9000 harboring
pNZ6200 despite of an incomplete late competence geneset.

a million cells is transformable (Chapter 2). However, in Chapter 4 we established
that cells expressing high levels of ComX enter a VBNC state. If these cells are
also transformable, concomitant GFP and RFP expression might be detected at a
higher frequency and thereby reveal whether in fact a higher percentage of cells are
transformed but do not succeed to subsequently grow on plates. When using a microfluidic device, expression of comX could be tweaked by changing the flow or nisin
concentration through the device to assess transformation at different levels of ComX.
The com reporters can also be used to assess whether certain conditions induce com gene expression. These reporters can be cultured in agar plates to which
components can be added in drilled-in holes thereby facilitating diffusion to create a concentration gradient of the compounds throughout the plate. Regions in
the plate that represent appropriate concentrations of the compound to facilitate
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Figure 4. Growth curves of L. lactis NZ9000 harboring pNZ6200 (A) and L. lactis KF147 harboring

activation of com genes will lead to gfp expression in the com reporters that are
cultivated in the agar plate. Moreover, along with the components tested, also
donor DNA comprising the rfp gene could be co-incubated with the cells in order
to observe if any of the cells activating the late com promoters also enables rfp
expression and, thus, allowed transformation.
Assessment of late com promoter activation (fluorescence) by using the promoter
probe reporter cells in agar had been attempted (unpublished data). In the agar,
a nisin gradient was created by addition of 2ng/ml nisin to a hole in the agar plate
containing L. lactis harboring the com reporter. This will in theory create a concentration gradient of nisin within the plate in which fluorescent cells, the activated
com reporters, can be expected at regions in which the nisin concentration is between 0.005 and 0.1 ng/ml nisin (1). However, this attempt did not lead to detectable late com gene expression due to technical and sensitivity issues regarding gfp
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expression in bacteria cultivated in agar plates or agar slides.

The future of natural competence in improving strain performance for food
fermentation
Improvement of LAB in order to enhance strain performance for fermentation purposes is of great interest for the food industry. Natural competence has the advantage over other mechanisms within HGT that it does not require a donor organism
or phage to acquire novel DNA. Moreover, integration of novel DNA is very efficient due to activation of the homologous recombination machinery upon natural
competence development (Chapter 3). Over the past years, transfer of prtP, for
improved proteolysis, and the his cluster, to obtain histidine prototrophy, had been
facilitated by natural competence in S. thermophilus (92–94). Other relevant traits
regarding improvement of food by using LAB include, for instance, gene clusters
that are involved in pathways linked to flavour formation, texture (eps cluster), (alternative) sugar utilization and phage resistance.
Nevertheless, traits that contribute to flavour and texture formation for instance
are non-selectable traits and, therefore, additional strategies should be developed to
acquire strains with non-selectable traits by HGT. A few strategies could be employed
to overcome the issue regarding lack of selection possibilities. One option would be
to generate a HTS set-up for culturing millions of colonies and assess their phenotype
for the new trait of interest. However, such approach is very laborious. Microfluidic
devices enabling single-cell analysis (71) could be used for large scale screening of
transformants with probes. Another option would be to perform a pre-enrichment
step of the DNA encoding the trait of interest by enriching for the relevant fragment
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using complementary DNA attached to magnetic beads. Thereby, the amount of
DNA that does not encode the trait of interest will be reduced in the total pool of
DNA which will, in theory, increase the chance of transformation of the trait into the
bacterium. Besides a pre-enrichment phase, also a post-enrichment phase could be
used to detect transformants harboring the non-selectable phenotypes. The waterin-oil mulsion technology developed by Bachmann et al. 2013 enables the selection
of strains with increased biomass yield by providing a spatially structured environment with no or only limited limited substrate competition substrate available for
populations that originate from individual cells (95). Moreover, post-enrichment strategies might also employ techniques such as fluorescence in situ hybridization (FISH)
or recognition of individual genes by FISH (RING-FISH) (54, 96, 97). However, (RING-)
FISH requires permeabilized cells which is therefore not directly compatible with viability (96, 97). Although a study reported successful FISH of live bacterial cells (98),
this appeared to be unreproducible or appeared only possible on unfixed dead cells
(96, 97). Therefore, novel strategies to overcome the need for permeabilized cells
post-enrichment strategy to detect naturally improved strains.
Pre- and post-enrichment strategies deserve more attention to facilitate a universal approach for obtaining novel traits and to solve the non-selectable trait issues. Conclusively, although HGT mechanisms and primarily natural competence
have great potential to enhance strain improvement for the food industry, more
research specifically focusing on selection based on other criteria than functional
traits is required to move towards natural strategies that improve bacterial strain
performance. The relevance of natural competence in improving industrial strain
performance in food will probably depend on whether we discover how to induce
natural competence in a non-GMO approach in L. lactis but also other bacteria and
how to retrieve a transformant harboring a non-selectable trait.
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in (RING-) FISH and low sensitivity issues are needed to be used as an appropriate
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CHAPTER SEVEN

SUMMARY
SAMENVATTING

Summary
One of the most important dairy lactic acid bacteria is Lactococcus lactis which is
used for the production of, cheese, butter and butter milk by fermenting carbohydrates that are present in milk (1, 2). This requires a set of genetically encoded traits
in order to be able to grow in milk, e.g. lactose utilization and proteolytic activity
(3–5). Lactococcal strains can be screened for genetically encoded traits by using
comparative genomics. Typically, such approach can also distinguish regions that
have been acquired through horizontal gene transfer. Horizontal gene transfer is an
important mechanism in which bacteria acquire exogenous DNA from other genera
or species. Phage transduction, nanotubes, conjugation and natural competence
are forms of horizontal gene transfer of which the latter does not require a donor
cell or virus. Bacteria that enable natural competence harbor early competence
genes, involved in competence regulation, and late competence genes, encoding
the component for the DNA-uptake machinery (6–8). In addition, cells that develop
SUMMARY

natural competence for transformation also express the recombination machinery,
thereby facilitating integration of large fragments of exogenous DNA harboring
homologous regions into the genome (9, 10). Besides, plasmids can be obtained
during the natural competence state. L. lactis is considered as a non-competent
species despite of the observation of many competence genes within the lactococcal genome (11) and the observation of their expression upon carbon starvation
conditions (12–14). Establishing natural competence in this species will contribute to
enhanced strain performance and might pave the way for natural strain improvement
as, currently, genetically modified micro-organisms are not allowed in food (15).
Therefore, in Chapter 2 (16), it was examined whether a set of subsp. cremoris
and subsp. lactis strains, originating from different habitats, harbors a complete set
of competence genes. Intriguingly, none of the dairy lactococcal strains assessed
in Chapter 2 harbor a complete set of competence genes whereas some plant
isolates (from both subsp. cremoris and lactis) appear to encode a complete set of
competence genes. One of these strains, L. lactis KF147, is known to express the
com genes upon starvation after retentostat culturing (Ercan et al. 2015). Next, we
created a construct harboring the gene encoding the master regulator of competence, comX, under control of the nisin A promotor. This construct was successfully
transferred to L. lactis KF147 and induction of this strain with moderate levels of
nisin led to transformation that was dependent on the expression of the ComE operon. Moreover, also the L. lactis strains IL1403 and KW2, both encode a complete
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set of com genes, were able to be transformed upon moderate comX overexpression. Conclusively, several L. lactis strains with a complete set of competence genes
can express a functional DNA-uptake machinery and allow transformation upon
moderate levels of ComX.
In Chapter 3, the competence state in L. lactis was further investigated in as it
was previously observed that high expression levels of ComX led to growth stagnation and nontransformability. A micro-array was performed to assess gene expression of lactococcal genes upon no, intermediate and full induction of comX.
Primarily genes involved in general stress response, recombination were induced
upon comX induction and correlated positively with com gene expression. Interestingly, genes involved in translation and amino acid metabolism were downregulated upon comX induction and correlated negatively with com gene expression.
Among these positively and negatively correlated genes, many of these harbor
the CodY motif in their promotor region suggesting a role for CodY and possibly
the stringent response during natural competence in L. lactis. A more pronounced
stress response, including induction of a potential ppGpp alarmone synthase YijE,
was observed in cells expressing high levels of ComX when compared to cells extion phenotype.
This phenotype was further examined in Chapter 4. A com reporter was created
harboring the PcomGA promotor upstream a superfolder gfp sequence. Intermediate expression of ComX led to heterogeneous activation of the late com promotor
from comGA in approx. 40-50% of the population whereas high expression levels
of ComX led to homogenous activation of the late com promotor from comGA.
Furthermore, transformation could not be detected in cells expressing high levels
of ComX. Besides, these cells lost the capacity to form a colony on an agar plate,
however, remained intact and were able to continue acidification indicating metabolic activity.
In Chapter 5, attempts to discover the natural trigger for natural competence in
L. lactis were made by using a High- throughput screening method in which conditions that induce starvation or the stringen response were mimicked. 8 L. lactis
strain harboring a complete set of competence genes were used as a test panel in
order to detect transformation within several conditions. None of these conditions
showed detectable transformation in any of the 8 lactococcal strain despite of a
phenotypic response in all strains upon exposure to these conditions that induce
starvation and stringent responses. In all tested conditions, a sufficient amount of
cells from the lactococcal strain was included which was confirmed by CFU counts
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pressing moderate levels of ComX thereby possibly explaining the growth stagna-

and considering the transformation rate of L. lactis. Thus far, it appears that the natural trigger to activate natural competence in L. lactis has not been discovered yet.
In the final Chapter, Chapter 6, all findings of Chapter 2 to 5 are subjected to a
general discussion but in more detail. These discussions include, for example, a
possible explanation on why the competence genes of dairy lactococcal strains decay in contrast to lactococcal strains that originate from plants. Besides, dairy streptococcal strains do not show a decay of competence genes in contrast to the dairy
lactococcal strains. A possible explanation for this is also discussed in Chapter 6.
Overall, all findings from Chapters 2 to 5 are discussed for further research regarding natural competence in L. lactis and the quest for the natural trigger of natural
competence. Finally, a future perspective is outlined to discuss the opportunities
of natural methods to improve strains, why further research in this field is important
and what information is still needed in order to improve food by enhanced strain
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Nederlandse samenvatting
Miljoenen mensen over de wereld eten gefermenteerde voeding. Voorbeelden
hiervan zijn zuivelproducten zoals kaas en yoghurt, maar ook producten zoals bier
en wijn (1–3). De Gram-positieve bacterie L. lactis is een belangrijke bacterie in
de zuivelindustrie (4) omdat het de lactose in melk verbruikt en omzet naar o.a.
melkzuur, een proces dat fermentatie heet (2). Deze bacterie is geclassificeerd als
veilig en heeft de GRAS (Generally Regarded As Safe) status en is in overvloed aanwezig in starter cultures die ontwikkeld zijn voor de productie van kaas, maar ook
voor de productie van boter, zure melk en karnemelk (4–6). Ook al wordt L. lactis
dus veelvuldig gebruikt voor de productie van zuivel, de huidige aanname is dat
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L. lactis oorspronkelijk een bacterie is die van planten komt (7–10). In het genoom
(verzameling van alle genen) van de bacterie vinden continu veranderingen plaats,
bijvoorbeeld mutaties op een positie in het DNA, waardoor de bacterie in sommige
gevallen beter kan overleven dan zijn ‘’broers en zussen’’ in de leefomgeving waar
deze zich op dat moment in bevindt, natuurlijke selectie. Daarnaast kunnen bacteriën nieuwe eigenschappen verkrijgen door middel van ‘’horizontale gen overdracht’’ waarbij ze gebruik maken van verschillende systemen zoals bacteriofaag
transductie, nanotubes, conjugatie maar ook natuurlijke competentie.
Natuurlijke competentie is een mechanisme dat genetisch gecodeerd is in de
bacterie en dat onder speciale omstandigheden tot expressie komt (review: (11–
13). Wanneer dit gebeurt, dan zorgt de regulator ComX er voor dat er een groot eiwitcomplex, gecodeerd door de late competentiegenen, in het celmembraan ingebouwd wordt (11, 14). Dit eiwitcomplex heeft een ingang, langs de eiwitten ComEA
en ComEC, waardoor DNA van de omgeving de cel binnen kan treden en in het
genoom geplakt kan worden of, in het geval van plasmides, als autonoom stukje
erfelijk materiaal zich in de cel kan bevinden (15). Er zijn nog vele andere eiwitten
betrokken, bijvoorbeeld de eiwitten gecodeerd in het comG cluster die een pili
structuur vormen of om het DNA bij het complex te krijgen door het te ‘’vangen’’ of
om gaten te boren in de celwand zodat het DNA makkelijker bij het eiwitcomplex
kan (12). De eiwitten ComFA en ComFC zijn betrokken bij het internaliseren van het
DNA (16–18), dat enkelstrengs wordt, en vervolgens beschermd wordt door andere
eiwitten zoals DprA, SsbA, zodat het niet afgebroken wordt (19).
In de yoghurt bacterie Streptococcus thermophilus, weten we ook welke genen
betrokken zijn bij het ‘’aanzetten’’ van de master regulator ComX die het late competentie systeem tot expressie brengt. Deze genen behoren tot de ‘’early’’ com-
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petentiegenen en coderen voor een transcriptie factor (ComR) en een feromoon
(ComS) (20, 21). ComR en ComS komen tot expressie wanneer S. thermophilus in
minimaal chemisch gedefinieerd medium wordt gegroeid (22), waardoor uiteindelijk via ComX ook de late competentiegenen tot expressie worden gebracht en
het eiwitcomplex gevormd wordt in de celwand zodat DNA transformatie mogelijk
wordt (20).
Op deze manier kan een bacterie, op een natuurlijke manier, nieuwe eigenschappen verkrijgen die gecodeerd liggen op het nieuwe stukje erfelijke materiaal dat
via natuurlijke competentie de cel is binnen getreden. Dit is dus een belangrijk
mechanisme dat de bacterie kan helpen om belangrijke eigenschappen te verkrijgen waarop de kans op overleving, bijvoorbeeld in een nieuwe omgeving, mogelijk vergroot wordt. Bovendien, dit natuurlijke proces kan ook gebruikt worden
om betere stammen van bacteriën te krijgen waardoor de fermentatie van voedsel
verbeterd. Een voordeel van natuurlijke competentie ten opzichte van traditionele lab technieken om DNA in een cel te krijgen is dat veel grotere stukken DNA
opgenomen kunnen worden via natuurlijke competentie en ook wordt DNA veel
efficiënter geïntegreerd in het genoom. In de huidige EU wetgeving is het gebruik
van genetisch gemodificeerde micro-organismen in voedsel niet toegestaan (23),
maar een bacterie die zijn eigen mechanisme gebruikt, zoals natuurlijke competentie, om nieuw DNA te verkrijgen valt daar niet onder.
Echter, we weten niet of alle bacteriën dit kunnen en, tot voor kort, wisten we
niet of L. lactis dit ook zou kunnen. De aanwezigheid van de competentiegenen wil
namelijk niet altijd betekenen dat deze ook functioneel zijn door bijvoorbeeld mutaties die leiden tot een verkort eiwit. Daarom heb ik in dit onderzoek gekeken of L.
lactis de genetische en functionele capaciteit heeft om dit mechanisme aan te zetten en hoe ik dit systeem kan induceren om te kijken of er DNA opgenomen wordt.

Overzicht van de inhoud van het proefschrift
In dit proefschrift is de ontdekking van een functioneel competentie systeem in L.
lactis beschreven waarbij de master regulator van natuurlijke competentie, ComX,
tot overexpressie is gebracht in stammen met een complete set aan competentiegenen (24). In hoofdstuk 2 is er een vergelijkende genomische analyse uitgevoerd
om te bepalen welke L. lactis stammen een complete set competentiegenen hebben. De L. lactis stam KF147 werd geselecteerd uit een groep stammen aangezien
deze stam een complete set competentiegenen had, maar ook omdat deze de
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bijvoorbeeld efficiënter verloopt of de smaak en textuur van een product worden

juiste eigenschappen bevat om, met behulp van het nisine systeem, ComX tot
overexpressie te brengen zodat de cel het natuurlijke competentie complex gaat
aanmaken. Dit is tot uiting gebracht door middel van het inbrengen van een plasmide waarbij het gen comX onder controle ligt van de nisine A promotor die geactiveerd wordt door nisine toe te voegen aan het medium. Alleen middelmatige
concentraties van nisine leiden tot transformatie van de cel met DNA dat aangeboden is in de omgeving en het uitschakelen van de belangrijke competentiegenen
comEA en comEC leidt er toe dat dit niet gebeurt. Hierbij hebben we laten zien
dat het transformeren van de cel daadwerkelijk gebeurd via het natuurlijke competentie systeem. Naast L. lactis KF147, wisten we ook de stammen L. lactis IL1403
en L. lactis KW2 te transformeren conform de voorspelling door de vergelijkende
genomische analyse.
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Hoofdstuk 3 beschrijft het transcriptoom (het gen expressie profiel) van L. lactis
KF147 wanneer ComX middelmatig, maar ook tot hoge expressie wordt gebracht.
Door middel van een Fisher correlatie werd bepaald welke genen een positieve of
negatieve correlatie hebben in verhouding tot de com genen. Hierbij werd duidelijk dat, naast de competentiegenen, genen betrokken bij stress, recombinatie, en
inorganisch ion transport een positieve correlatie hebben tot de com gen expressie
en dat genen die betrokken zijn bij translatie en aminozuur biosynthese juist een
negatieve correlatie hebben. Hierbij lijkt de pleiotropische regulator CodY ook een
rol te spelen. Deze regulator is belangrijk voor het induceren van een ‘stringent response’, een waarschuwingssysteem voor de bacteriële cel. Cellen die grote hoeveelheden ComX produceren stoppen met groeien, maar ook detecteren we geen
transformanten. Daarnaast is er ook een dramatischere stress en stringent response
dan cellen die middelmatige expressie van ComX hebben en wel transformeerbaar
zijn.
In hoofdstuk 4 is de natuurlijke competentie staat van L. lactis KF147 onderzocht
in de gehele populatie. Hierbij is er een zogeheten reporter construct gemaakt
waarin de coderende sequentie van een groen fluorescent eiwit (gfp) onder controle staat van de promotor van comGA in vector pIL253. Dit construct hebben
we geplaatst in L. lactis KF147 naast het construct dat ComX tot overexpressie
brengt wanneer er met nisine geïnduceerd wordt (pNZ6200). De cellen die beide
constructen bevatten werden vervolgens geïnduceerd met middelmatige en hoge
concentraties van nisine om expressie van ComX te stimuleren. Bij middelmatige
expressie van ComX in deze cellen zagen we heterogene, oftewel veel verschillen,
activatie van de competentie promotor in de hele populatie terwijl bij hoge expressie van ComX zagen we een meer homogene activatie van de competentie promo-
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tor. Bovendien, transformatie kon niet worden gedetecteerd en de capaciteit om
een kolonie te vormen was verminderd bij cellen met hoge expressie van ComX.
Echter, deze cellen die hoge niveaus van ComX tot expressie brengen, bleven wel
intact en konden blijven verzuren wat er wel op wijst dat cellen metabool actief
blijven.
In hoofdstuk 5 hebben is geprobeerd om te ontdekken wat de natuurlijke ‘’trigger’’ is voor natuurlijke competentie in L. lactis door een high-throughput screening
methode op te zetten waarin we condities nabootsen waarin een voedsel tekort is
of een stringent response kunnen induceren. 8 L. lactis stammen, die een complete
set competentiegenen hebben, werden gebruikt als test panel om transformatie te
detecteren in de verschillende condities. In geen van de condities werd transformatie waargenomen bij de 8 L. lactis stammen ondanks dat er een fenotypische response te zien was wanneer de stammen werden blootgesteld aan ‘’verhongering’’
genoeg cellen om transformatie te kunnen detecteren, dit bleek na het bepalen
van de CFUs (Colony Forming Units) en de in acht genomen transformatie graad.
Tot dusver is de natuurlijke trigger om natuurlijke competentie te activeren in L.
lactis dus nog niet ontdekt.
In het laatste hoofdstuk, hoofdstuk 6, worden de bevindingen van hoofdstuk 2
t/m 5 bediscussieerd in algemene zin. Hierin wordt o.a. besproken wat een mogelijke verklaring kan zijn waarom de competentiegenen van L. lactis vervallen in
stammen die aangepast zijn om te kunnen groeien in zuivel in tegenstelling tot de
L. lactis stammen die aan de plant omgeving aangepast zijn. Ook is het frappant
dat de S. thermophilus stammen die gebruikt worden in zuivel productie (met name
yoghurt) wel altijd een complete set competentiegenen hebben in tegenstelling
tot de L. lactis stammen die ook in zuivel kunnen groeien. Een mogelijke verklaring
hiervoor wordt ook in dit hoofdstuk besproken. Daarnaast wordt uiteen gezet in
hoeverre de bevindingen in hoofdstuk 2 t/m 5 kunnen bijdrage aan toekomstig
onderzoek betreft natuurlijke competentie in L. lactis en het vinden van de natuurlijke trigger hiervan. Tot slot wordt er een toekomst perspectief geschetst waarin
natuurlijke methodes voor het verbeteren van stammen bediscussieerd wordt,
maar ook waarom dit onderwerp belangrijk blijft om te blijven bestuderen en welke
informatie nodig is om voedsel te kunnen verbeteren door middel van een verbeterde stam prestatie.
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en condities die een stringent-response kunnen induceren. Elke conditie bevatte
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en TTvW en ‘’ m’n oude zwemclubgenootjes’’ WS-Twente maatjes Janneke + Jelte
en Evelien voor de afleiding!

Verder ook dank aan alle vrienden in de oud-BML groep/Hosselchat ;) + aanhang
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voor de steun en gezellige uitjes maar ook voor het aanhoren van mijn proefschrift
verhalen ;), en dan in het bijzonder: Sjoerd, Tonja, Eliene, Kathelijn, Helma, Herman, QW, Annemiek, Renske, Berdine en Marijn.

Dankjewel Elma voor je flexibiliteit, de mooie omslag en formatting van het proefschrift!
Bedankt aan de Wissinks: Rob, Miriam, Dion, Karst en aanhang! Jullie kennen me
ondertussen al zo’n 10 jaar en ik waardeer jullie gezelligheid en nuchterheid enorm!
Ook wil ik mijn familie bedanken. Oom Toon, Jane en Jessica; bedankt voor alle
steun en interesse. Tante Jet, oom Menno en Thijn bedankt voor alle gezellige fa-

milie momentjes! In gedachten natuurlijk ook lieve Merlin, misschien ben jij wel de

reden geweest dat ik überhaupt dit pad ingeslagen ben. Ik mis je.
Oma, van jouw eeuwig optimisme en doorzettingsvermogen heb ik een hoop geleerd! Helaas heb je de verdediging niet meer kunnen meemaken, maar je steun
tijdens het proces is enorm waardevol geweest! Opa, ‘’ den Oaldn’’, het is altijd
lachen samen met jou, wat een fantastische humor heb je toch, en wat een leuke
gesprekken hebben we de afgelopen jaren gevoerd. Bedankt voor alles en je interesse in mijn onderzoek!
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Mama, jouw vrolijkheid en betrokkenheid bij mij en Lincy is van onschatbare waarde geweest, zeker bij het schrijven van deze thesis. Dankzij jou is het altijd gezellig
thuis, maar ook natuurlijk dankzij papa! Papa, jouw opbeurende peptalks en gezellige wandelingetjes en mountainbike tochtjes zijn ook van onschatbare waarde
geweest. Wat ik ook enorm waardeer is dat jullie me altijd stimuleerden om te doen
wat ik leuk vond, zonder daarbij te pushen. Pap, mam, zonder jullie had ik dit nooit
gekund. Lincy en Wies, ook heel er bedankt voor al jullie steun! Lincy, ik ben blij
dat er iemand is die om precies dezelfde dingen lacht ;) en met me mee wil kijken
naar Friends :) en ondertussen ook naar Modern Family. Het was altijd gezellig om
weer af te spreken in het oosten, westen, of midden ;). Afstand kan ons niet scheiden. Ook al woonde ik ‘ver weg’, dit voelde niet meer zo na een simpel telefoontje
doordeweeks en leken jullie allemaal weer heel dichtbij. En terugkomen naar het
mooie Twente bleef altijd aanvoelen als vanouds.
Camiel, ik weet niet of het me was gelukt zonder jouw relativeringsvermogen, droge humor en steun in alles wat ik doe. Ik denk dat jij meer vertrouwen in mij had dan
ga ik maar niet proberen. Wel weet ik zeker dat ik het je soms lastig hebt gemaakt,
sorry nog daarvoor, maar dat hoort er vast een beetje bij ;). De afgelopen jaren
waren de mooiste jaren uit mijn leven vooral dankzij jou en ik ben benieuwd naar
wat het leven ons nog meer gaat brengen :).
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ik zelf. Ik kan denk ik niet op papier zetten hoeveel je voor me betekent, dus dat
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