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Abstract

ABSTRACT

Lactic acid bacteria (LAB) have been used in fermentation of foods for hundreds or even
thousands of years. During the last decade the genome sequences of a number of
commercially important LAB species and strains have been published. These sequences
provide new insights into the genetic and metabolic capacities of the species/strains
concerned. To be able to fully exploit the wealth of information produced by the genomic
revolution, efficient tools for genetic manipulation of bacterial genomes are required. Such
tools have been lacking for Streptococcus thermophilus, an important bacterium for the dairy
industry, which is used in the manufacture of yoghurt and Italian- and Swiss-type cheeses. As
several species in the genus Streptococcus are competent for natural genetic transformation,
we hypothesized that S. thermophilus possesses this property as well. Naturally transformable
bacteria take up naked extracellular DNA and incorporate it into their genomes by
homologous recombination. This mechanism provides an ideal tool for genetic engineering in
bacteria. The major goal of the present work was therefore to determine whether S.
thermophilus is naturally transformable. If so, a second goal was to investigate the usefulness

of this mechanism as a tool for genetic engineering in S. thermophilus.

Early on in the study, we identified and sequenced the gene encoding the S. thermophilus
homologue of ComX, an alternative sigma factor controlling competence development in
Streptococcus pneumonia. As we did not succeed in finding growth conditions that provoked
spontaneous competence development in S. thermophilus, overexpression of comX was
chosen as an alternative strategy. For this purpose, we used a pheromone-inducible two-
component signal transduction system that regulates bacteriocin production in S.
thermophilus. We found that overexpression of comX induced the competent state in the LMG
18311 strain, demonstrating for the first time that at least one strain of the species S.
thermophilus is naturally transformable. Further investigations showed that the transformation
efficiency of our system was high enough to allow genetic manipulation of the S.
thermophilus genome without the use of a selectable marker. Instead, transformants could be
identified by colony-lift hybridization with a specific oligonucleotide probe. The advantage of
this procedure is that the bacterial genome can be altered at preselected sites without

introduction of foreign DNA. In sum, the genetic tools developed in this thesis has opened up



Abstract

new research opportunities that will lead to a better understanding of the metabolism and
physiology of S. thermophilus, and perhaps also to the development of novel starter strains

with improved properties.

Vi



Sammendrag

SAMMENDRAG

Melkesyrebakterier har blitt benyttet til fermentering av mat i hundrevis og sannsynligvis
tusenvis av ar. I lgpet av de siste ti arene har genomsekvensen til et betydelig antall
kommersielt viktige arter og stammer av melkesyrebakterier blitt publisert. Dette har gitt ny
innsikt 1 disse bakterienes genetiske og metabolske egenskaper og potensialer. For at
forskerne skal kunne utnytte den stadig gkende mengden av sekvensinformasjon pa en best
mulig mate, trengs det effektivt genetisk verktgy. Slikt verktgy har manglet for Streptococcus
thermophilus, en viktig bakterie for meieriindustrien der den benyttes 1 produksjonen av
yoghurt samt noen harde oster av italiensk og sveitsisk type. Siden flere arter i slekten
Streptococcus er kompetente for naturlig genetisk transformasjon antok vi at det er en
mulighet for at ogsa S. thermophilus har denne egenskapen. Naturlig transformerbare
bakterier tar opp “nakent” ekstracellulert DNA og inkorporerer det i sitt eget genom ved hjelp
av homolog rekombinasjon. Denne mekanismen representerer et ideelt verktgy for genetisk
manipulasjon av bakterier. Hovedmalet med arbeidet som er presentert i denne avhandlingen
var derfor a undersgke om S. thermophilus er naturlig transformerbar. Dersom dette skulle
vise seg a vare tilfelle, var neste mal & undersgke anvendeligheten av denne mekanismen som

et verktgy for genetisk manipulasjon av S. thermophilus.

Tidlig i studiet identifiserte og sekvenserte vi et gen fra S. thermophilus som koder for en
homolog til ComX, den alternative sigma faktoren som kontrollerer kompetanseutvikling hos
Streptococcus pneumoniae. Siden vi ikke klarte a finne vekstforhold som utlgste spontan
kompetanseutvikling hos S. thermophilus, valgte vi som en alternativ strategi a overuttrykke
comX. Et induserbart tokomponent signaloverfgringssystem som regulerer bakteriosin-
produksjon hos S. thermophilus ble benyttet til dette formalet. Overuttrykk av comX induserte
kompetanse i LMG 18311 stammen, og for fgrste gang ble det vist at minst en stamme av
arten S. thermophilus er naturlig transformerbar. Videre undersgkelser viste at
transformasjonseffektiviteten vi oppnadde med vart system var hgy nok til at det var mulig a
innfgre mutasjoner direkte pa genomet til S. thermophilus, uten a vaere avhengig av
antibiotikaresistensgener eller andre markgrer til seleksjon av gnskede mutanter.
Transformanter kunne i stedet identifiseres ved hjelp av kolonihybridisering med en spesifikk

oligonukleotidprobe. Den store fordelen med denne framgangsmaten er at det bakterielle

vii



Sammendrag

genomet kan endres pa et hvilket som helst sted uten at det samtidig introduseres fremmed

DNA.

Det genetiske verktgyet som er utviklet i denne avhandlingen har gitt forskere som studerer S.
thermophilus nye muligheter som pa sikt vil resultere i bedre forstaelse av denne bakteriens
metabolisme og fysiologi, og kanskje ogsa til utviklingen av nye starterstammer med

forbedrede egenskaper.
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Introduction

INTRODUCTION

The genus Streptococcus

Morphology, metabolism and habitats

Streptococci are Gram-positive spherical or ovoid cells arranged in chains or pairs. They are
non-motile, catalase negative and unable to sporulate. Streptococci have a complex nutritional
requirement that includes amino acids, peptides, purines, pyrimidies, vitamins and salts. All
species are facultatively anaerobic and generate energy through fermentation of
carbohydrates. Glucose is degraded through the Embden-Meyerhof glycolytic pathway and
lactic acid is the main product. In the absence of glucose, most streptococci can ferment
various other sugars and sugar alcohols by means of enzymes synthesized in the presence of

the available substrate (Kilian, 1998).

The genus Streptococcus comprises a very diverse group of bacteria. Many species are
members of the commensal microflora of mucosal membranes, such as the oral cavity, upper
respiratory tract, intestine and genital tracts of humans or other animals. Some species are
important pathogens. Streptococcus pneumoniae is one of the major bacterial agents of
childhood pneumonia, the dominant cause of death in children worldwide (Garcia-Suarez et
al., 2006; Mulholland, 2007). S. pyogenes causes infections such as necrotizing fasciitis,
scarlet fever and rheumatic fever (Kilian, 1998), and S. agalactiae (group B streptococci) is a
leading cause of neonatal pneumonia, septicaemia and meningitis (Herbert er al., 2004). S.
thermophilus is a member of this genus with notably different characteristics. It is extensively
used by the dairy industry for yogurt and cheese manufacture and is regarded as the second
most important industrial dairy starter microorganism after Lactococcus lactis (Hols et al.,

2005).

Taxonomy of streptococci

The genus Streptococcus belongs to the Streptococcaceae family in the Lactobacillales order
within the Bacilli class of the phylum Firmicutes, containing Gram-positive bacteria which
have a low DNA G + C content in their genomes. Traditionally, classification of streptococci

1



Introduction

was focused on the pathogenic species, and was in the beginning largely based on haemolysis.
Streptococci were grown on blood agar to differentiate strains that were -haemolytic from
those which were not (Facklam, 2002). Haemolysis is still currently used as a guide in
classification of the bacterium to the species level (Kilian, 1998). Serological grouping of f3-
hemolytic streptococci was introduced by Rebecca Lancefield in 1933. Based on carbohydrate
antigens in the cell wall, streptococci were divided into serogroups A-W (with the exception
of I and J). This became a valuable tool for identifying pathogenic streptococci and is still
used in clinical microbiology. Despite its usefulness in classifying pathogenic streptococci,
Lancefield’s method is insufficient for classifying the majority of streptococci, in which
group-specific antigens may be absent or shared by several distinct taxa (Kilian, 1998). By
comparative analyses of 16S rRNA, more than 50 species in the genus Streptococcus have
been divided into the following phylogenetically-related clusters: the Pyogenic, Anginosus,
Mitis, Salivarius, Bovis and Mutans groups, plus one group containing species with uncertain

or unknown genetic relationship (Kohler, 2007 and references therein).

Streptococcus thermophilus

Streptococcus thermophilus was described for the first time in 1919 by Sigurd Orla-Jensen in
the book “Lactic acid bacteria” (Sherman, 1937). Due to its long history as a thermophilic
lactic starter microorganism in the dairy industry, it has been classified as “Generally
Recognized As Safe” (GRAS) for food production and has achieved “Qualified Presumption
of Safety" (QPS) status in Europe, as the only species in the genus Streptococcus. Rapid
conversion of lactose into lactate is the main role of S. thermophilus in dairy fermentations,
but the production of other compounds, such as acetaldehyde and exopolysaccharides, to
improve flavour and texture, is also an important contribution to dairy products (Behare et al.,
2009; Pastink et al., 2008; Smit et al., 2005). S. thermophilus is always used together with
Lactobacillus delbrueckii subsp. bulgaricus (Lb. bulgaricus) in yogurt production. In the
manufacture of cheese it is used together with lactobacilli for so-called “hard” cheeses (e.g.
Emmental or Grana), and alone or together with lactobacilli for production of Mozarella and
Cheddar (Hols et al., 2005). S. thermophilus is classified as a member of the Salivarius group

of streptococci which also includes Streptococcus salivarius and Streptococcus vestibularis.
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Genomics of S. thermophilus

The first whole genome sequences of S. thermophilus strains were completed and published in
December 2004 (Bolotin et al., 2004). At the time of writing, the genome sequences of three
strains (LMG 18311, CNRZ 1066 and LMD-9) have been completed and are available on the
webpage of the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.
gov/). All three strains are used as starter strains by the dairy industry. The size of these S.
thermophilus genomes are = 1.8 Mb, placing them among the smallest compared to those of
other lactic acid bacteria (LAB), which range from 1.8-3.3 Mb (Pfeiler & Klaenhammer,
2007). The S. thermophilus genome contains approximately 1900 protein-coding sequences,
of which 80 % are orthologues of other streptococcal genes. In recent years, comparative
genome analyses have provided significant new insights into the molecular biology and
physiology of this important dairy bacterium (Bolotin et al., 2004; Hols et al., 2005;
Makarova et al., 2006; Pfeiler & Klaenhammer, 2007). The S. thermophilus genome has a
very large number of pseudogenes; approximately 10 % of its genes are non-functional
(Bolotin et al., 2004). Interestingly, the most degenerated genes are related to carbohydrate
utilisation and uptake (Bolotin et al., 2004). Most S. thermophilus strains are able to utilise
only lactose, glucose and sucrose. A limited number of strains are also able to utilize
galactose and fructose (van den Bogaard er al., 2004). In LAB, the phosphoenolpyruvate-
dependent sugar phosphotransferase system (PTS) is the main sugar uptake system, catalyzing
transport concomitantly with phosphorylation of the carbohydrates. Four out of seven PTSs
are non-functional in S. thermophilus (Bolotin et al., 2004), and sucrose and fructose are the
only sugars that are taken up by PTS (Hols et al., 2005). It is also remarkable that most of the
virulence genes, which are used by other streptococci to escape the host immune system or

achieve cell adhesion, have been lost in S. thermophilus (Hols et al., 2005).

The Ami system is the only oligopeptide transport system characterized in S. thermophilus
(Hols et al., 2005). It consists of five elements: AmiA, -C, -D -E and -F. The substrate is
recognized by the extracellular oligopeptide binding protein (AmiA), the permease is formed
by two trans-membrane proteins (AmiC and AmiD), and two membrane-bound cytoplasmic
ATPases (AmiE and AmiF) provide the energy for the peptide translocation (Garault et al.,
2002). In S. thermophilus the Ami system is essential for growth in milk as well as
internalization of signal peptides involved in quorum sensing pathways (Fontaine et al., 2010;

Garault et al., 2002).



Introduction

Adaptation to a life in milk

For hundreds of years, S. thermophilus has been used in the fermentation of yogurt and
cheeses, and its genome has slowly adapted to a life in milk. Lactose is the major carbon
source in milk, while the source of nitrogen is mainly casein. The observed evolution of S.
thermophilus 1is clearly a response to this environment. Unlike other streptococci, S.
thermophilus prefers lactose as its carbon and energy source (van den Bogaard et al., 2000).
For this purpose S. thermophilus has acquired a dedicated lactose transporter, the lactose
permease LacS. Although lactose is the preferred sugar, most S. thermophilus strains utilise
only its glucose moiety. The galactose moiety of lactose is released to the medium by LacS,
which functions as a lactose/galactose antiporter (Hols et al., 2005), illustrating the evolution

towards a life in milk and specialised lactose utilisation.

Most LABs are auxotrophic for several amino acids. The genes involved in biosynthesis of
amino acids are highly conserved in S. thermophilus, and the amino acid auxotrophy is strain
specific, but in general minimal compared to other LABs (Garault er al., 2000; Hols et al.,
2005; Letort & Juillard, 2001; Pastink et al., 2009). The amounts of free amino acids and
peptides are limited in milk, and the optimal growth in milk is therefore dependent on
hydrolysis of milk caseins into peptides and amino acids. The first step of casein degradation
is performed by cell-wall proteases. The cell wall protease PrtS has been shown to be
essential for S. thermophilus growth in milk (Delorme et al., 2010; Fernandez-Espla et al.,
2000). Only a few S. thermophilus strains (e.g. LMD-9) contain the prtS gene. The PrtB
protease from L. bulgaricus is necessary for growth of S. thermophilus strains lacking the prtS
gene during co-cultivation of S. thermophilus and Lb. bulgaricus in milk (Courtin et al.,
2002). Recently, a study addressing the emergence of the prtS gene in S. thermophilus was
performed on strains from the historical collection of the French Institut National de
Recherches Agronomiques (INRA) (Delorme et al., 2010). This collection contains strains
collected from diverse products in different countries from 1956 to 2008. Only 21 out of 135
S. thermophilus strains from the INRA collection contained the prtS gene (Delorme et al.,
2010). Interestingly 80 % of the strains harbouring prtS were collected after 1999. This
indicates that this key enzyme, which increases the fitness of S. thermophilus in milk, may
have become more common as a result of selection for its occurrence in commercial starters

(Delorme et al., 2010).
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Horizontal gene transfer in S. thermophilus

Even though S. thermophilus has evolved mainly through loss-of-function events (Bolotin et
al., 2004), horizontal gene transfer has also shaped its genome through acquisition of foreign
genes. As mentioned above, the cell wall protease gene, prtS, confers an important metabolic
trait for milk adaptation, and seems to have become more widespread among S. thermophilus
strains during the last 10 years (Delorme et al., 2010; Rasmussen et al., 2008). Although prtS
is part of a genomic island flanked by two tandem insertion sequence elements that may
facilitate its integration into new genomes, no elements for transfer have been identified
(Delorme et al., 2010). The S. thermophilus PrtS displays 95 % identity with PrtS from
Streptococcus suis, and appears to have been transferred laterally to S. thermophilus (Delorme
et al., 2010). Several small genomic islands including genes involved in bacteriocin
production (blp) or synthesis of polysaccharides (eps) are also thought to be the result of
horizontal gene transfer events (Hols et al., 2005). A 17 kb region, found within a truncated
pepD gene, consists of fragments with more that 90 % identity to DNA from Lb. bulgaricus
and the L. lactis subspecies lactis and cremoris. The genes believed to originate from Lb.
bulgaricus enable S. thermophilus to synthesize methionine, a rare amino acid in milk

(Bolotin et al., 2004; Hols et al., 2005).

The genome of S. thermophilus also contains fragments derived from phages and plasmids
(Figure 1). Clustered, regularly interspaced short palindromic repeats (CRISPR) loci consist
of a leader sequence followed by short, highly conserved DNA repeats (23-47 bp) interspaced
with variable spacers (21-72 bp). The spacers are not conserved and are usually found to be
homologous to DNA from bacteriophages or plasmids. Adjacent to CRISPR is a
heterogeneous family of cas (CRISPR associated) genes encoding proteins that often contain
nuclease, helicase, polymerase or RNA- or DNA-binding domains (Horvath & Barrangou,
2010; Waters & Storz, 2009). CRISPR arrays, together with associated cas genes, provide
acquired immunity against phages and plasmids (Horvath & Barrangou, 2010; Sorek et al.,
2008). Phage infection and subsequent phage proliferation will lead to cell death in the
majority of sensitive bacteria. In a small fraction of the population, the foreign DNA (of
phages or plasmids) invading the cell is recognized by a Cas complex that cleaves off a novel
spacer unit and integrates it into the leader end of the CRISPR locus (Figure 1A). This results
in acquired immunity against subsequent infections because the foreign DNA is targeted in a

sequence-specific manner (Horvath & Barrangou, 2010). The CRISPR arrays are initially
5
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transcribed as a long RNA (Figure 1B), which is subsequently processed to individual spacer
units flanked by two partial repeats called crRNAs. These small RNA units are used by a Cas
complex to recognize invading DNA to be inactivated by the complex (Horvath & Barrangou,
2010). Since incoming CRISPR spacers are integrated in the leader end of the locus, these
fragments also provide a historical perspective of previous infections. CRISPR systems are
assumed to be transferred horizontally by plasmids, megaplasmids or prophages (Horvath &
Barrangou, 2010; Sorek et al., 2008). The number of CRISPR loci is variable between strains.
Four CRISPR/cas systems are present in S. thermophilus DGCC7710, and three of the
systems are homologous to systems of Staphylococcus epidermidis, Streptococcus mutans and

Escherichia coli (Horvath & Barrangou, 2010 and references therein).
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Figure 1. The CRISPR/Cas system. A) Immunization: Incoming exogenous DNA is recognized by a Cas
complex that integrates a novel spacer unit at the leader (L) end of the CRISPR locus. B) Immunity: transcription
of CRISPR arrays (pre-crRNA) are processed into mature crRNAs which are used by a Cas complex to
recognize incoming DNA to be inactivated by the Cas complex. From (Horvath & Barrangou, 2010). Reprinted

with permission from AAAS.
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Quorum sensing and two-component signal transduction

Cell to cell communication in bacteria is accomplished by extracellular signalling molecules.
If the signal is produced by the bacteria themselves, a response can be attuned to the
population density. This process, termed quorum sensing, allows bacterial populations to
coordinate gene expression. Two-component signal transduction systems in bacteria function
by transferring a phosphoryl group from a receptor to a response regulator. The receptor in a
classical two-component system (TCS) is usually a membrane bound histidine protein kinase
(HK) designed to sense a particular signal and in response activate its cognate response
regulator (RR), which in turn is responsible for the cellular response. The quorum sensing
mechanism depends on a low-molecular-weight autoinducer that can be synthesized and
secreted by the bacteria themselves. The autoinducer is sensed by a dedicated HK which
responds by autophosphorylating a conserved histidine (His) residue. Subsequent transfer of
the phosphate group to an aspartic acid (Asp) residue in the cognate RR will induce a

conformation change that increases the affinity of the RR for its target promoters.

Sensing changes in the environment may be vital for the ability of bacteria to adapt to new
conditions. A classical TCS is commonly used for this purpose to regulate features such as
bioluminescence, virulence, sporulation and competence for natural transformation (Waters &
Bassler, 2005). Both the HK and the RR have a modular architecture, and many different
combinations of the modules have been reported, reflecting the widespread use of TCS in
bacteria (Gao & Stock, 2009). In the following I will concentrate on TCS responding to
unmodified peptide pheromones in LAB. These systems are known to regulate production of
class II bacteriocins and competence for natural genetic transformation in streptococci (Diep
et al., 1995; Havarstein et al., 1995a). Genome analyses of the three completed genome
sequences from S. thermophilus strains have identified eight complete two-component
systems that are potentially involved in quorum sensing (Hols et al., 2005). Some of these
systems have an unknown function, while others display significant homology to systems
from other species and might be responsible for production of bacteriocins or to mediate

stress responses.
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Histidine kinases

Histidine kinases (HKSs) consist of two functional domains: a highly variable sensor domain
and a conserved cytoplasmic kinase core domain. The amino acid sequence diversity observed
in the N-terminal sensor domains reflects the diversity of environmental signals sensed by
different TCS. Based on the membrane topologies of their sensor domains HKs are divided
into three major groups (Mascher et al., 2006). The largest group (classical HKs), sensing
solutes and nutrients, typically consists of a relatively large extracellular sensing domain
residing between two transmembrane helices. In the second group, the membrane-embedded
sensor domain consists of 2-20 membrane-spanning helices. This is the smallest group but
contains most of the TCSs involved in quorum sensing in Gram-positive bacteria. The third
group has a cytoplasmic sensor domain and detects internal stimuli. The C-terminal conserved
kinase core domain contains several amino acid motifs (H, N, D, F and G boxes), named after
the most conserved amino acid residue in each box. The kinase core can be divided into two
conserved subdomains; 1) the dimerization and histidine phosphotransfer domain, containing
the H box with the phosphorylation site, and 2) the catalytic and ATP-binding domain
containing the rest of the boxes (Mascher et al., 2006). Together these subdomains define a
highly conserved ATP binding cavity (Bilwes et al., 2001; Marina et al., 2001). There is some
variability in the conserved H, N, D, F and G boxes, and based on these differences HPKs
have been divided into 11 distinct subfamilies (Grebe & Stock, 1999).

As mentioned above, unmodified peptides are known to regulate production of class II
bacteriocins and competence for natural genetic transformation (Diep et al., 1995; Havarstein
et al., 1995a). Most of the HKs responding to unmodified peptide pheromones belong to the
histidine protein kinase subfamily 10 (HPK;p) (Grebe & Stock, 1999). HPK;, is membrane
localized and has 5-8 transmembrane segments (Havarstein, 2003 and references therein). The
HPKy family is characterized by having a kinase domain lacking a D box, an N box
containing only one aspargine (D), no Proline (P) in the H box, and tyrosine (Y) as the second
residue downstream of the conserved histidine in the H box (Grebe & Stock, 1999). ComD,
the HK of the TCS regulating competence in S. pneumoniae, is classified as a HPK;y (Grebe
& Stock, 1999). To the best of my knowledge, the histidine kinase BIpH (a paralogue of
ComD), which regulates bacteriocin production in S. pneumoniae, has not been assigned any

HPK subfamily. Comparison of the H, N, F and G boxes from the kinase domains of BlpH
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and its homolog StbH (stul687) from S. thermophilus LMG 18311 with the same boxes from
ComD reveals that both BlpH and StbH most likely belong to the HPK o subfamily (Figure
2). The conserved boxes in the kinase domains of BlpH and StbH have high homology to the
kinase domain of ComD, and, except for one extra aspargine in the N box, all the above-

mentioned criteria characterizing the HPK family are present.

Box: H N

StbH LYNSVRSFRHDYSNLLVTL - 76 aa — EILDFIIVISIFLDNAIEGA -
BipH LYKEIRSFRHDYTNLLTSL - 76 aa - SLLDFLTIVSILCDNAIEAS -

ComD LYNEIRGFRHDYAGMLVSM - 76 aa - ELLDLVRIMSVLLNNAVEGS -

Box: F G
StbH — 36 aa —-IFERGVSNKGRERGIGLANVTEILDNYINVNLETQSNNESFTQQLTI
BlpH — 36 aa —-IFSFGASSKGEERGVGLYTVMKIVESHPNTNLNTTCQONQVFRQVLTV

ComD - 36 aa -LFALGFSTKGRNRGVGLNNVKELLDKYNNIILETEMEGSTFRQIIRF

Figure 2. Comparison of H, N, F and G boxes from the kinase domain of StbH from S. thermophilus LMG
18311 with BlpH and ComD from S. pneumoniae Rx. ComD belongs to the HPK,, family. Red letters =
conserved residues in HPK,, family, blue letters = conserved hydrophobic residues in HPK, family. Aspartic

acid (D) is underlined in the N box. aa = amino acids.

HPKs function as dimers. For HPK( type of receptors it is presumed that binding of their
ligands, the unmodified peptide pheromones, brings about a conformational change in the
HPK transmembrane domain that leads to autophosphorylation of the conserved His residue
in the histidine kinase domain (Johnsborg & Havarstein, 2009). Upon phosphorylation the
configuration of the kinase will allow the response regulator access to the phosphorylation site
(Gao & Stock, 2009). Transfer of the phosphoryl group to the response regulator will induce a
conformational change in its DNA binding domain that increases its efficiency as a

transcriptional activator of target genes (Gao et al., 2007; Robinson et al., 2000).
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Response regulators

Response regulators (RRs) usually consist of two domains; the N-terminal conserved receiver
(REC) domain accepting the phosphoryl group from the HPK, and the C-terminal variable
effector domain. Phosphorylation of the RR occurs at a conserved Asp residue in the REC
domain resulting in a conformational change that elicits a change in the structure of the DNA
binding site of the effector domain(Gao et al., 2007). RRs are classified according to their
type of effector domains. About two thirds of all RRs contain a DNA binding output domain
and function as transcription factors (Galperin, 2006). The remaining third consist of only the
REC domain or have RNA binding, protein binding, enzymatic or uncharacterized output
domains (Galperin, 2006; Gao et al., 2007; Gao & Stock, 2009). Based on their function or

structure the RRs are further divided into subfamilies (Figure 3).

Name/representatives
RNA Protein

binding  binding T 26% CheB
T 45% GGDEF/EAL
Other 1o oo, Enzymatic ----- 1 1.8% HD-GYP
Stand-alone Tl 1.1% PP2C
; T 118% HisKA-HAT Pase

| 29.7%  OmpR/PhoB

T ]165% Narl/FixJ

I 19.7% NtrG/DetD
7] 2.9% LytR
DNA binding - - - - - ------~- 11.1% ActR
0.7% YesN

TiBS

Figure 3. Bacterial RRs classified according to function. Distribution of percentage values are based on analyzes

of = 9000 bacterial RRs. Reprinted from (Gao et al., 2007), with permission from Elsevier.

RRs activated by HPK g type histidine kinases have DNA binding domains belonging to the
LytTR (or LytR) family (Grebe & Stock, 1999; Johnsborg & Havarstein, 2009; Nikolskaya &
Galperin, 2002). In this family the DNA binding domain is composed of B-strands, unlike the
typical helix-turn-helix structure found in most response regulators containing a DNA binding
output domain (Nikolskaya & Galperin, 2002; Sidote et al., 2008). RRs of the LytTR family
are known to bind as dimers to degenerated 9-10 bp direct repeats in their target promoters
(Risgen et al., 1998; Ween et al., 1999). S. pneumoniae harbours two RRs of the LytTR
family type: ComkE, regulating natural competence, and BIpR, regulating bacteriocin
production (Galperin, 2006). The BIpR homologue StbR from S. thermophilus belongs to the

LytTR family as well (Galperin, 2006).
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Natural genetic transformation in the genus Streptococcus

Natural genetic transformation in bacteria is a natural mechanism for active uptake and
heritable integration of naked DNA from the environment. Frederick Griffith discovered this
phenomenon in Streptococcus pneumoniae as early as 1928, based on his observation that
mice did not survive injections with a non-pathogenic mutant strain if they were mixed
together with heat-killed pathogenic pneumococci (Griffith, 1928). We now know that the
explanation for this surprising result is that the avirulent strain took up DNA from the dead
wild type strain, and thereby reverted to a virulent strain. Even though many years have
passed and lots of research has been done since Griffith reported his observations, scientists
worldwide are still studying this fascinating feature of streptococci. Extensive studies have
been done on natural genetic transformation in the model species S. pneumoniae. Figure 4
displays a simplified sketch of the regulation of natural genetic transformation in S.

pneumoniae.

S. pneumoniae

Natural genetic transformation in Streptococcus pneumonia is regulated by quorum sensing in
response to environmental signals. When grown under laboratory conditions, S. pneumoniae
is naturally transformable during a brief period of time at the beginning of the exponential
growth phase and is then referred to as being competent. The development of competence in
S. pneumoniae depends on two sets of essential genes (Figure 4 and 5). Some of the proteins
encoded by the so-called early competence genes make up the quorum sensing system
controlling the competent state. A subfraction of the late competence genes encodes proteins
involved in binding, uptake and integration of extracellular DNA into the competent cell’s
genome. ComX is the alternative sigma factor specifically required for transcription of the

late competence genes, linking expression of the early and late competence genes.
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Figure 4. Regulation of natural genetic transformation in S. pneumoniae. The early competence genes
(comABCDE) encode the quorum sensing system controlling the competent state. ComX is the alternative sigma
factor responsible for the induction of the late competent genes encoding proteins involved in binding, uptake

and integration of extracellular DNA. N\ leader peptide, % phosphoryl group. For further details see text.
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Five gene products (ComAB and ComCDE) make up the quorum sensing circuit that
regulates competence development in S. pneumoniae by producing, secreting and monitoring
the extracellular concentration of the competence stimulating peptide (CSP). The precursor of
the competence stimulating peptide is encoded by comC, and contains a Gly-Gly type of
leader peptide (Havarstein et al., 1995a). It is transported across the cytoplasmic membrane
by the ABC transporter ComAB (Hui & Morrison, 1991; Hui et al., 1995). The leader peptide
is removed by ComA concomitant with export (Havarstein er al., 1995b; Ishii et al., 2006;
Kotake et al., 2008). Binding of the secreted CSP to its histidine kinase receptor (ComD) is
believed to stimulate transfer of a phosphoryl group from the histidine kinase to the cognate
response regulator (ComE) (Havarstein et al., 1996; Pestova et al., 1996). Phosphorylated
ComE binds to a 9 bp imperfect direct repeat motif found in the promoter regions of early
competence genes (designated DR in Figure 4 and 5) (Ween et al., 1999). When ComE
activates transcription of the early genes comAB and comCDE it generates an autoinduction
circuit. As a result the amount of extracellular CSP will increase, which in turn will increase
the amount of phosphorylated ComE inside the cell. At a critical CSP concentration ComE
will elicit a chain reaction in which the alternative sigma factor ComX will induce
transcription of the late competence genes (Lee & Morrison, 1999). ComX is regarded as the
product of an early competence gene, but it has not been experimentally proven that the
promoter region of the comX gene contains a ComE-binding site. However, a DR-like motif
which deviates from the consensus sequence at two positions has been identified upstream of
comX (Havarstein, 2003). It has therefore been assumed that the promoter of comX will bind
phosphorylated ComE (ComE-P) with lower affinity than the promoters of the other early
genes. A high concentration of ComE-P in the cell may therefore be needed to turn on the
expression of comX and the late genes (Havarstein, 2003). In addition to ComE, ClpP and
ComW are also known as regulators of ComX. ComX is stabilized in AclpP mutants
indicating that the level of ComX is negatively regulated by ClpP-mediated proteolyses
(Chastanet et al., 2001; Robertson et al., 2002; Sung & Morrison, 2005). The early
competence gene comW, which is needed for induction of the competent state in S.
pneumoniae, represents an additional level of regulation (Peterson et al., 2004). ComW
protects ComX from ClpP-mediated proteolyses, but it is not needed for comX expression

(Sung & Morrison, 2005).
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Figure 5. Organization and functional characterization of CSP-induced genes in S. pneumoniae identified by
PCR amplicon-based microarrays. Genes required for competence are in red, those that are dispensable for
competence are in green, and essential or otherwise unanalyzed genes are in grey. Pentagons (not in scale)
indicate the open reading frame orientation within each cluster. In cases where sense direction of transcription
for individual genes is determined by reporter fusions this is indicated by arrows. Vertical lines indicate location
of putative terminators. DR: ComE binding site (direct repeat), c: ComX binding site (combox promoter).

Reprinted from (Peterson et al., 2004), with permission from John Wiley and Sons.

The promoters of the late competence genes contain a conserved -10 sequence (TACGAATA)
called the combox or cinbox (marked as C in Figure 5), constituting the binding motif of
ComX (Campbell et al., 1998). When late competence genes are transcribed the alternative
sigma factor ComX replaces the primary sigma factor (6™) in the RNA polymerase

holoenzyme (Lee & Morrison, 1999).

In addition to S. pneumoniae, nine of twelve other naturally transformable Streptococcus
species contain early competence genes (Gardan et al., 2009; Johnsborg et al., 2007). For
these nine species (S. oralis, S. peroris, S. mitis, S. gordonii, S. cristatus, S. sanguinis, S.
anginosus, S. intermedius and S. infantis) competence is presumably regulated in the same

manner as for S. pneumoniae.
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S. mutans

S. mutans is a major cause of human dental caries, and a leading cause of infective
endocarditis (Banas, 2004). As in S. pneumoniae, the development of competence for natural
transformation in S. mutans is regulated by quorum sensing in response to environmental
signals (Ahn et al., 2006; Perry et al., 2009). Although the alternative sigma factor ComX and
the late gene products are homologues of the corresponding competence proteins found in S.
pneumonia, there are some differences between S. mutans and S. pneumoniae when it comes
to regulation of competence induction. The early competence genes in S. mutans, whose
products are involved in CSP secretion and sensing, are more closely related to the blp than
the com system in S. pneumoniae (Martin et al., 2006). In S. mutans there is no binding site
for ComE in the promoters of the early genes comAB, comC or comDE (Martin et al., 2006;
van der Ploeg, 2005). The autoinduction circuit driven by ComE in S. pneumoniae is therefore
missing in S. mutans. This is assumed to be the reason for the delayed competence
development in S. mutans compared to S. pneumoniae. While the competence stimulating
peptide (CSP) induces competence only minutes after addition to cultures of S. pneumoniae
(Morrison, 1997), it takes two hours to achieve the maximum competent state in S. mutans
(Kreth et al., 2005). ComX is needed for induction of competence both in S. pneumoniae and
in S. mutans (Lee & Morrison, 1999; Li et al., 2002), but the early competence gene comW,
whose product is needed for stabilization of ComX in §. pneumoniae, is not present in S.
mutans (Martin et al., 2006). The lack of a ComE binding site in the promoter of comX (van
der Ploeg, 2005), and the fact that a AcomE mutant of S. mutans is still transformable at a
fairly high residual level (Li et al., 2001b), indicate that comX expression is presumably not

directly regulated by ComE in S. mutans.

The ecological niche of S. mutans is a multispecies biofilm known as dental plaque, a major
cause of human dental caries. The early competence genes encoding the quorum sensing
system essential for genetic competence in S. mutans have been demonstrated to be involved
in biofilm formation (Li er al., 2002; Zhang et al., 2009). While the comCDE genes are
situated on the same transcription unit in S. pneumoniae, the comC gene in S. mutans is
encoded on the complementary strand relative to comDE and is transcribed in the opposite
direction (Li et al., 2001b). Interestingly, with regard to biofilm formation, a S. mutans

AcomC mutant behaves very differently from a AcomD (or AcomE or AcomX) mutant. While
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biofilm formed by the AcomC mutant contains very long chains of cells and lacks the wild
type architecture, the AcomD, AcomE or AcomX mutants form biofilm with reduced biomass.
It is therefore believed that transcription of comC may not only be correlated with comDE for
development of competence, but may also be regulated by a yet unknown regulator (Li et al.,
2002). In addition to regulating competence (Ahn et al., 2006) and biofilm formation (Li et
al., 2002; Zhang et al., 2009), the ComC-ComDE signal transduction pathway in S. mutans
has also been shown to regulate features like bacteriocin production (Kreth et al., 2006; van
der Ploeg, 2005), acid tolerance (Li et al., 2001a), and bacteriocin-mediated self-lysis in a
subfraction of the population (Perry et al., 2009).

S. thermophilus

Before the current work, S. thermophilus had never been shown to be a naturally
transformable species. In her master thesis, Ingunn Alne demonstrated that S. thermophilus
encodes homologues of two late competence genes, celA and celB (also called comEA and
comEC respectively) (Alne, 2001). Later, sequencing of the whole genome verified this
finding and demonstrated that all essential late competence genes are present in the S.
thermophilus genome (Bolotin ef al., 2004). Due to the long history of S. thermophilus as a
starter strain, we speculated that it might have lost the ability to develop the competent state,
as a result of evolving in a stabile habitat quite different from the natural habitats of other
streptococci. Living in a stable controlled environment like milk in the dairy industry seems to
be a rather protected milieu compared to those of other streptococci, whose habitats, as
members of the commensal flora of human or animals, appears stressful and competitive. The
question we sought to answer was therefore whether the competence regulon of S.
thermophilus is still functional or whether it has degenerated as a result of the domestication

of this bacterial species.
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Genetic engineering in lactic acid bacteria

Opportunities and challenges of genetic engineering in lactic acid bacteria (LAB)

Research on many bacterial species is severely hampered by the lack of efficient methods for
introducing foreign DNA into these bacteria. When an efficient procedure for transformation
has been established, and the genome sequence is available, the possibilities for genetic
engineering and molecular research are almost unlimited. In practice genetic engineering also
represents a challenge. It can be difficult to choose from multiple options, and systems that
work well in one species or strain will not necessarily work well in others. Different codon
usage in the recipient and donor may result in unsuccessful or reduced expression of
heterologous genes, and products of imported genes may be unstable or insoluble in the new
host. Export of foreign proteins may cause problems as well, or the product may be subject to
extracellular degradation. In some cases genes with high homology to each other may have

different function in different species, or their regulation might be different.

In general, a selection marker is used to identify bacteria that have taken up foreign DNA in a
heritable manner. Antibiotic resistance genes are commonly used for this purpose, but are not
desirable in the dairy industry due to the risk of spreading these genes to other bacteria
occupying the human alimentary tract. Alternative food grade markers, or other techniques for
identifying positive transformants, are therefore required. Naturally occurring bacteriocin
resistance genes or genes required for the metabolism of rare sugars like xylose, inulin and
sucrose can be used as food grade selection markers (de Vos, 1999). Furthermore, cryptic
plasmids from GRAS organisms may be used in the construction of food grade vectors
(Shareck et al., 2004). Vector pHRM1 (6,4 kb) (El Demerdash et al., 2003), which is derived
from the cryptic S. thermophilus plasmid pSt08, uses a small heat shock protein encoded by
the shsp gene (from pSt04) as a selection marker. S. thermophilus transformants harbouring
the pHRM1 vector have increased resistance to incubation at 60°C or pH 3.5, and are able to
grow at 52°C. This marker was demonstrated to be as efficient as an erythromycin marker
when selecting for transformants (El Demerdash et al., 2003). It is very important for the
dairy industry that food grade cloning systems are stable. Consequently, genetic manipulation

of the chromosome will be preferred over more unstable plasmid systems. The loci of lactose
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metabolizing genes have been used as a genomic integration target, taking advantage of the

lacZ gene as a food grade marker (Mollet ef al., 1993).

For the dairy industry it is of outmost importance that their products are safe. All genetic
manipulations of dairy organisms must therefore be made in a food grade manner, and
according to strict rules defined by the European Food Safety Authority (EFSA) or the U.S.
Food and Drug Administration. To the best of my knowledge, no genetically modified starter
used by the dairy industry has so far been approved by the EFSA. In “Directive 2009/41/EC
of the European Parliament and of the Council”, dealing with the contained use of genetically
modified microorganisms, a genetically modified organism (GMO) is defined as “an
organism in which the genetic material has been altered in a way that does not occur
naturally through fertilisation and/or natural recombination”. According to Directive

2009/41/EC:

“i) genetic modification occurs at least through the use of the following techniques:

1. Recombinant nucleic acid techniques involving the formation of new combinations of genetic
material by the insertion of nucleic acid molecules produced by whatever means outside an
organism, into any virus, bacterial plasmid or other vector system and their incorporation into a
host organism in which they do not naturally occur but in which they are capable of continued
propagation.

2. Techniques involving the direct introduction into a micro-organism of heritable material
prepared outside the micro-organism including micro-injection, macro-injection and micro-
encapsulation.

3. Cell fusion or hybridisation techniques where live cells with new combinations of heritable
genetic material are formed through the fusion of two or more cells by means of methods that
do not occur naturally

ii) the following techniques are not considered to result in genetic modification:

(1) in vitro fertilisation;
(2) natural processes such as: conjugation, transduction, transformation;
(3) polyploidy induction.

on condition that they do not involve the use of recombinant-nucleic acid molecules or GMMs
(genetically modified micro-organisms) made by techniques/methods other than:
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1. Mutagenesis.

2. Cell fusion (including protoplast fusion) of prokaryotic species that exchange genetic material
by known physiological processes.

3. Cell fusion (including protoplast fusion) of cells of any eukaryotic species, including
production of hybridomas and plant cell fusions.

4. Self-cloning consisting in the removal of nucleic acid sequences from a cell of an organism
which may or may not be followed by reinsertion of all or part of that nucleic acid (or a synthetic
equivalent), with or without prior enzymic or mechanical steps, into cells of the same species or
into cells of phylogenetically closely related species which can exchange genetic material by
natural physiological processes where the resulting micro-organism is unlikely to cause disease
to humans, animals or plants.

Self-cloning may include the use of recombinant vectors with an extended history of safe use in
the particular micro-organisms”

According to above-mentioned definitions, EU legislation today seems more focused on the
methodology used to make the mutation rather than the nature of the genetic modification.
Consequently, organisms that have been subjected to random mutagenesis, by for example
exposure to mutagenic radiation or chemicals, are not regarded as GMOs. However, if
recombinant DNA techniques have been used to introduce mutations, even in the case of point
mutations and small deletions which occur naturally in a growing population of bacteria, the

resulting strains are regarded as GMOs.

The NICE system — an inducible food grade gene expression system

The nisin-controlled gene expression system (NICE) is widely used as a tool for induced gene
expression in Gram-positive bacteria (Mierau & Kleerebezem, 2005). Nisin is produced by
Lactococcus lactis, and its production is regulated by a classic two-component signal
transduction system. It is a natural antimicrobial peptide that effectively inhibits growth of
both Gram-positive and Gram-negative bacteria and the outgrowth of Bacilli and Clostridia
spores (de Arauz et al., 2009). Today nisin is widely used as a food preservative. Since nisin
was first marketed in England in 1953, it has been approved for food applications in 48
countries (de Arauz et al., 2009). Consequently nisin, and the two-component signal
transduction pathway (NisR and NisK) regulating nisin expression, have been promoted as a

food grade inducible expression system.
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The nis cluster consist of 11 genes (Figure 6) (Kuipers et al., 1995) and contains three
promoters: nisA, nisR and nisF. The nisA promoter regulates the expression of the
nisABTCIP operon, where nisA encodes the nisin A precursor. The gene products of
nisBTCIP are involved in modification, translocation, immunity, and processing of nisin. The
nisR promoter controls expression of the two-component signal transduction system NisRK.
The HK is encoded by the nisK and the RR by nisR. The last promoter, nisF, controls
expression of the genes nisFEG, encoding an additional immunity system protecting against
nisin. NisA and nisF promoters are autoregulated by nisin in a concentration dependent
manner, while the nisRK operon is constitutively expressed independently of nisin (de Ruyter

et al., 1996a).

nisA nisB nisT nisC nisl nisP nisR  nisK nisF  nisE nisG

nisin A modification translocation modification immunity  protease regulation immunity

Figure 6. The nisin A gene cluster. Promoters are marked with flags, asterisk indicate that the promoter are
regulated by the two-component signal transduction system, NisRK (response regulator and histidine kinase,

respectively). Reprinted from (Kuipers et al., 1998), with permission from Elsevier.

A B-glucuronidase gene from E. coli was the first heterologous gene expressed by nisin
induction in L. lactis (Kuipers et al., 1995). The nisA promoter was fused to the promoterless
reporter gene gusA on plasmid pNZ273 resulting in a construct named pNZ8008. This
construct was transformed into L. lactis NZ9800, a strain with a disrupted nisA gene (AnisA).
The resulting strain produced p-glucuronidase when induced by nisin, and the level of
production was directly related to the amount of inducer added (Kuipers et al., 1995). When
the nisRK operon was integrated in the chromosome of MG1614, a strain lacking the nisin A
gene cluster, B-glucuronidase activity was observed after nisin induction. This demonstrated
that in the presence of the nisRK operon, controlled expression of recombinant proteins is
possible when the gene of interest is fused to the nisA promoter. The nisRK operon may be
present on the chromosome naturally, or introduced by replacement recombination.
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Alternatively the nisRK operon may be placed on a plasmid (Kleerebezem et al., 1997). In
order to control the expression of a target gene in a strain already containing the nisin gene

cluster, the nisA gene (or genes involved in the export of nisin, e.g. nisT) must be deleted.

Expression systems based on NICE are versatile for several reasons. They originate from a
food grade source (L. lactis), and have a broad host spectrum. The system has already been
successfully used in S. pneumoniae, S. agalactiae, S. pyogenes, Enterococcus faecalis and
Bacillus subtilis (Eichenbaum et al., 1998). The nisRK are the only genes required for signal
transduction, and only sub-lethal amounts of nisin are needed for effective induction (Kuipers
et al., 1995). Induction by nisin displays a linear dose-response curve, making it possible to
produce toxic gene products in sub-inhibitory amounts (Kuipers et al., 1995). The NICE
system can also be used for overexpression of genes. High level production of aminopeptidase
N, corresponding to 47 % of total intracellular protein content, has been achieved (de Ruyter
et al., 1996b). The inducer, nisin, is already used in food products, and the amount needed for
induction is available at low cost. Despite the advantages, there might be species or strains
where the NICE system does not work well. In these cases, similar systems may be identified
and used, resulting in tailor-made expression systems consisting solely of genetic elements

from the strain of interest.

Potential of genetically modified LAB

There are several benefits associated with the use of LAB in food production. The
fermentation process causes lactic acid production and acidification of the product, thereby
preventing development of spoilage microorganisms and possible pathogens. Consequently,
the shelf-life of the fermented product is improved (Auclair & Accolas, 1983). Some strains
will also produce bacteriocins which will further increase the antibacterial effect (Cotter et al.,
2005). The organoleptic qualities of the final product will also be influenced by LAB. In the
production of yogurt both consistency and flavour depend of the metabolism of the lactic
starter(s) (Auclair & Accolas, 1983). The rheological characteristic of dairy products will for
example be influenced by the bacterial production of exopolysaccharides (EPS) (Purohit et

al., 2009), while hydrolysis of milk proteins by peptidases from LAB is important for flavour
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formation in many types of cheeses (Smit et al., 2005). Considering that the properties of the
starter strain(s) have a strong impact on the quality of the fermented product, there should be a
strong potential for genetic engineering in LAB. Commercial strains can be genetically
modified to improve inherent properties, introduce desirable characteristics or remove
unwanted traits. In L. lactis, for example, a food grade nisin-inducible expression system that
was used to induce lysis of a starter strain, facilitated release of intracellular enzymes

involved in flavour formation and accelerated cheese ripening (de Ruyter et al., 1997).

Production of Mozzarella represents one example of how the dairy industry might take
advantage of genetically modified lactic acid bacteria. S. thermophilus is used alone or
together with lactobacilli in the production of Mozzarella. Residual galactose in Mozzarella
cheese is associated with a browning defect in cooked products (Sanders, 1991). S.
thermophilus is known to prefer lactose as a carbon source (van den Bogaard et al., 2004),
and the lactose enters the cells by a lactose/galactose antiporter system, the LacS permease
(Gunnewijk et al., 1999). When lactose is hydrolyzed, LacS will transport the galactose
moiety out of the cell in exchange for lactose. So when S. thermophilus grows on lactose,
galactose will be released to the environment, accumulating in the Mozzarella cheese. Most S.
thermophilus strains are unable to metabolize galactose. The challenge is therefore to prevent
accumulation of galactose in the cheese. Several studies have been published where different
research groups have tried different strategies to select, or make, a stable galactose positive S.
thermophilus strain (de Vin et al., 2005; Robitaille et al., 2007; Thomas & Crow, 1984;
Vaillancourt et al., 2004; Vaughan et al., 2001). One very interesting industrial yogurt starter
identified is the IMDOST40 strain, which does not excrete the galactose moiety during
growth on lactose (de Vin et al., 2005). In this strain the glucose and galactose moieties of
lactose are both utilized. IMDOST40 may not be a good strain for Mozzarella production, but
it may provide information on how strains already used in such production could become able

to metabolize galactose through genetic engineering.

The potential use of recombinant LABs goes beyond the dairy industry. In the last years the
interest in genetically modified LAB as vehicles for mucosal delivery of therapeutic and
prophylactic compounds, as well as DNA vaccines, has increased substantially (Wells &

Mercenier, 2008). So far, lactococci and lactobacilli have been most frequently used for these

22



Introduction

purposes, probably due to better developed molecular toolboxes for members of these genera
compared to other LAB with GRAS status. Lactococci have successfully been used to
produce cancer antigens, tetanus antigens and cytokines (Wells & Mercenier, 2008; Diep et
al., 2009 and references therein). The cytokine murine interleukin-10, known to be useful for
treatment of inflammatory bowel disease, was used in the first clinical trial with recombinant
LAB as delivery vehicles (Braat et al., 2006). Patients with Chron’s disease were treated with
living, genetically modified L. lactis in which the thymidylate synthase gene (thyA) on the
genome was replaced with a synthetic sequence encoding the mature human interleukin-10
gene (hIL10). In this strain, the only foreign DNA was the human AILI0 gene. By replacing
the thyA gene with hIL10 the strain became dependent on thymidine or thymine for growth
and interleukin-10 production (Steidler et al., 2003). This is a very elegant way to prevent
GMO accumulation in the environment. Thymidine is not present outside the human body in
amounts that would support growth of the GMO, implying that the genetically modified L.
lactis strain will die after passage through the intestine. If the strain restores viability outside
the human intestine through acquisition of an intact thyA gene, the genetic modification will

be reversed during the recombination event resulting in a wild type L. lactis strain.
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Objectives and outline of the thesis

OBJECTIVES AND OUTLINE OF THE THESIS

Several different species belonging to the genus Streptococcus are competent for natural
genetic transformation. However, most members of this genus, including S. thermophilus,
have never been shown to possess this property. At the onset of this work the genome
sequence of S. thermophilus had not been determined. We therefore did not know whether S.
thermophilus possesses all of the genes required for natural transformation in S. pneumoniae.
However, an earlier study by Ingunn Alne showed that S. thermophilus encodes homologues
of the pneumococcal late competence genes celA and celB (Alne, 2001). For this reason we
speculated that S. thermophilus might be competent for natural transformation, despite the
fact that spontaneous competence development has never been observed for this bacterium. In
addition to being very interesting it its own right, a way to induce the competent state in S.
thermophilus would also be of great practical importance for the scientific community and the
dairy industry. In contrast to existing molecular tools available for S. thermophilus, natural
transformation represents a highly versatile and efficient mechanism that can easily be
exploited for genetic manipulation of this bacterium. Natural transformation would be a very
useful tool for studies aimed at improving our knowledge of the physiology and metabolism
of S. thermophilus, and could also be used to generate mutants with novel and unique value-
added properties. The major goal of the present work was therefore to determine whether or
not S. thermophilus is a naturally transformable species. If the answer to this question turned
out to be positive, an additional objective would be to investigate the potential of natural

transformation as a tool for genetic engineering of S. thermophilus.

Paper I. “Pheromone-induced expression of recombinant proteins in Streptococcus
thermophilus”; describes the development of an inducible expression system for this
bacterium. The system, whose natural function is to control bacteriocin production in S.
thermophilus LMG18311, consists of an unmodified peptide pheromone, its histidine kinase
receptor, its cognate response regulator, and a pheromone-responsive bacteriocin promoter.
To identify functional elements in the bacteriocin promoter, deletion mapping and site-
directed mutagenesis were carried out. Our results showed that a degenerated direct-repeat
motif is essential for pheromone-inducible transcriptional activation, and presumably

represents the sequence motif recognized by the response regulator.
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Paper II. In the article entitled; “Natural genetic transformation: a novel tool for efficient
genetic engineering of the dairy bacterium Streptococcus thermophilus™; the activity of the
promoters driving the expression of the gene encoding the competence specific sigma factor
ComX and the late competence operon comAE-comEC were studied by fusing these
promoters to a luciferase reporter gene. Under laboratory conditions low-level activity of the
comX promoter was detected in early logarithmic growth phase, whereas the comEC promoter
was virtually inactive. However, when using the system described in paper I to overexpress
comX, a strong activation of the comAE-EC promoter was observed. This result indicated that
all late competence genes were expressed under these conditions, and that the S. thermophilus
LMG18311 cells might have developed the competent state. Transformation experiments with
naked extracellular DNA carrying an antibiotic resistance marker showed that this was indeed
the case, demonstrating that S. thermophilus LMG18311 has preserved an intact set of late
competence genes despite the fact that its genome has been found to contain a large number
of pseudogenes. This new powerful technique makes genetic engineering in S. thermophilus
simple and efficient, and makes it possible to construct starter strains with novel and/or

improved properties.

Paper III. In the paper; “A food-grade site-directed mutagenesis system for Streptococcus
thermophilus LMG 18311”; the genetic tools developed in paper II are used for genetic
engineering of the LMG18311 strain. Due to the high efficiency of the natural transformation
system, we were able to perform site-directed mutagenesis without the use of a selection
marker. Our results demonstrate that the method described can be used to introduce specific
changes anywhere in the genome of the S. thermophilus LMG 18311 strain without leaving
behind any foreign DNA.
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MAIN RESULTS AND DISCUSSION

S. thermophilus LMG18311 possesses a non-functional bacteriocin locus

Proteins encoded by the sthABCHR locus of the S. thermophilus LMGI18311 strain are
orthologues of the corresponding proteins encoded by the bIpABCHR locus regulating
bacteriocin production in S. pneumoniae (de Saizieu et al., 2000; Reichmann & Hakenbeck,
2000). In S. pneumoniae, BlpC, the precursor of the mature signalling peptide, is processed
and secreted by the ABC transporter BIpAB. The receptor of the signalling peptide is the
membrane-bound histidine kinase BlpH, which together with its cognate response regulator
BIpR constitute a two-component regulatory system. In S. thermophilus LMG18311 there is a
frameshift mutation in the stbB gene that probably renders the transporter non-functional. This
assumption has been confirmed by a later study showing that bacteriocin production can be
observed for S. thermophilus strain LMD-9, which has an intact stbB gene, but is missing in
two strains, LMG 18311 and CNRZ 1066, possessing truncated versions of this gene
(Fontaine et al., 2007). Comparison of the StbHR proteins from LMGI18311 with the
corresponding two-component systems from S. pneumoniae indicated that this system is still

functional in strain LMG18311.

Construction of an inducible expression system

As the StbHR proteins of S. thermophilus LMG 18311 appeared to be functional, we set out
to develop an inducible expression system based on this signal transduction pathway (Paper
I). We assumed that the signalling peptide controlling the activity of the StbHR system is
encoded by the stbC gene, even though the amino acid sequence of the stbC product is
completely different from the product of the corresponding bipC gene. However, both
proteins contain a so called double-glycine type leader peptide at their N-terminal ends
(Havarstein et al., 1994). As the processing site of GG-leaders is known to be immediately
downstream of the two glycine residues, a peptide corresponding to the predicted mature
signalling peptide was synthesized chemically. To test whether this peptide, termed the STP-
pheromone, is able to activate the StbHR system, the gusA reporter gene was cloned into the
pTRKH2 vector behind the promoter of the putative bacteriocin gene stbD. Indeed, after

electroporation of the resulting construct into the LMG18311 strain we were able to show that
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the rate of transcription of gusA increased dramatically when cells harbouring the reporter
plasmid were subjected to the STP-pheromone. The observed STP-activated gusA expression
proved that the StbHR signal transduction system is functional and can be used for inducible
expression of genes placed behind the stbD promoter. Unfortunately, the stbD promoter was
not completely shut off in the absence of STP, giving rise to some background activity in
uninduced cells (Paper I, Figure 3). This makes our system less useful in situations where a
leaky promoter represents a problem, for instance when expressing toxic proteins. A
mutational analysis of the stbD promoter was therefore carried out, with the aim to map the
binding site of StbR, and to identify sequence elements responsible for the leakiness of this

promoter.

Identification of a putative binding site for StbR in the promoter region of stbD

The response regulator, StbR, which activates transcription from the sthD promoter, has a
DNA binding domain that belongs to the LytTR family (Galperin, 2006; Nikolskaya &
Galperin, 2002). Previous studies have revealed that response regulators in this family bind as
dimers to degenerated 9-10 bp direct repeat motifs in their target promoters (Risgen et al.,
1998; Ween et al., 1999). The two repeated sequences are separated by a 12 bp spacer region,
and the whole sequence motif is separated from the downstream Pribnow box by a stretch of
31-32 nucleotides. Through deletion mapping experiments we were able to identify a short
region in the stbD promoter that was required for STP induced gusA expression. This region
contained a direct repeat-like motif consisting of two 9 bp repeats located 31 bp upstream of a
predicted Pribnow box (Paper I, Figure 2A). However, in contrast to previously studied direct
repeat motifs (Risgen et al., 1998; Ween et al., 1999), the repeats in the stbD promoter are
separated by eleven instead of twelve base pairs. Earlier studies have shown that the length of
this spacer is crucial for promoter activity, and that removal of just one nucleotide renders the
promoter non-functional (Knutsen et al., 2004; Risgen et al., 2001). Interestingly, introduction
of an extra base pair between the left and right repeat (Mut 12, Paper 1) essentially eliminated
the inducibility of the stbD promoter. This result confirmed that the length of the spacer is
very important. The reason for this is presumably that StbR binds as a dimer (Knutsen et al.,
2004; Risgen et al., 1998; Ween er al., 1999), and that the orientation of one monomer

relative to the other is crucial for establishing intermolecular contact that stabilizes the dimer
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complex. The angle of rotation between adjacent base pairs in double-stranded B-DNA is
about 34°. Thus, addition or removal of a single base pair in the spacer region will rotate one
StbR monomer by 34° with respect to the other around the DNA axis. It is therefore not
surprising that changes in the length of the spacer region disrupt the functionality of the

promoter.

Mutational analysis of the stbD promoter

As the stbD promoter unfortunately turned out to have some background activity in the
absence of the STP-pheromone, it was of interest to identify the sequence element(s)
responsible for the leakiness of this promoter. Sabelnikov et al. (1995) have found that so
called extended —10 promoters, which contain a T-TG-extension of the -10 site
(TNTGNTATAAT), sometimes function well without an accompanying -35 site in S.
pneumoniae. A possible extended -10 promoter (TGCTATACT) was found to be present in
the stbD promoter region (Paper I, Figure 2A). Using site directed mutagenesis this sequence
was changed into AACTATACT to remove the conserved TG motif believed to be an
essential functional element in the extended -10 promoter. Unfortunately, no reduction in
background level transcription was observed for the resulting mutant (MutTG). However, the
TG-mutant promoter displayed poor inducibility, strongly indicating that the TGCTATACT

sequence constitutes the — 10 site of the inducible promoter controlled by StbR.

Recently, Sidote et al. (2008) determined the crystal structure of the DNA-binding domain of
AgrA in complex with its target DNA. The response regulator AgrA together with the
histidine kinase AgrC constitute a classical two-component regulatory system that controls the
expression of virulence and other accessory genes in Staphylococcus aureus (Novick &
Geisinger, 2008). The structure reported by Sidote and co-workers is the first to be solved for
a DNA-binding domain of the LytTR family. The structure revealed that only three amino
acids (H169, R233 and N201) form direct or water-mediated hydrogen bonds with bases in
the 9 bp direct repeat sequence (A;C,A3G4TsTesA7A3Go) specifically recognized by the LytTR
domain of AgrA (Sidote et al., 2008). Amino acid H169 interacts with Gg, whereas R233
interacts with A; and the complementary base to C, on the parallel strand. Amino acid N201

forms a water-mediated hydrogen bond with Te, and also contacts the ribose of A;. The latter
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interaction is not base specific. Interestingly, the bases that are involved in hydrogen bonding
with the H169, N201 and R233 residues of AgrA (A, indirectly C,, T¢ and Go) are also
conserved in the direct-repeat motif recognized by the LytTR domain of StbR
(ACCATTCGG - 11 bp - ACTTTTTGG). This indicates that these conserved bases, which
play an essential role in AgrA-DNA interaction, perform the same function in the StbR
system. However, the properties of the Mutl1 and MutV mutants suggest that at least one of
the bases in positions 3, 4 and 7 are important for StbR binding (Paper 1, Figures 2B and 3).
By exchanging the bases T3, T4 and T7 in the right repeat into Az, A4 and C; (Paper I, Figure
2B, Mutl1), increased expression of GusA was observed both in induced and uninduced cells.
In contrast, substitution of the corresponding bases in the left repeat (Cs, A4 and C;) with Tj,
T4 and T7 (Paper I, Figure 2B, MutV) resulted in considerable loss of inducibility. Alignment
of the amino acid sequences of AgrA and StbR showed that only H169 is conserved in StbR
(data not shown). Presumably, the N201 and R233 residues have been replaced by other
amino acids, with slightly different positions in the StbR primary sequence, that make specific
contacts with the critical bases in the direct repeat motif. Consequently, the bases that make
direct contacts with the response regulators may not be identical in the AgrA and the StbR

systems.

Our mutational analysis failed to identify the reason for the relatively high background
activity of the stbD promoter. However, as a significant increase in gusA expression was
observed in uninduced cultures of the Mutl 1 mutant, it is likely that the background activity
arises as a result of StbR binding. It is known from the literature that in some cases
unphosphorylated response regulators are able to activate low-level transcription from their
target promoters (Ellison & McCleary, 2000; Geng et al., 2004). It has also been reported that
acetylphosphate, an intermediate in the pyruvate metabolism of S. thermophilus, might serve
as a phosphoryl donor for response regulators (Wolfe, 2010). Thus it is not inconceivable that
StbR could activate transcription from the sthD promoter even in the absence of the STP-
pheromone. Other possible explanations for the STP-independent background activity of this
promoter is cross-phosphorylation of StbR by other histidine kinases or transcriptional cross-
activation by a related response regulator (Laub & Goulian, 2007). In S. prneumoniae, the
response regulators BIpR and ComE regulates bacteriocin production and competence for

natural transformation, respectively. BlpR and ComE both possess a LytTR-type DNA
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binding domain (Galperin, 2006), and bind to similar but not identical direct repeat motifs.
Interestingly, it has been demonstrated that BIpR as well as ComE are able to induce
expression of the ABC transporter QsrAB. The reason for this is that the gsrAB promoter
contains a direct repeat motif that is recognized by both response regulators (Knutsen et al.,
2004). The genome of S. thermophilus does not encode a response regulator related to ComE,
but contains a gene (stu0543) encoding another response regulator with a LytTR-type DNA
binding domain (Galperin, 2006). Together with its cognate histidine kinase (HKO02), this
response regulator (RR02) makes up a two-component regulatory system of unknown
function. Thus, at least in theory, it is possible that the HK02/RR02 system might be

responsible for the leaky behaviour of the stbD promoter.

Despite the fact that we were not able to prevent or explain the observed leakage from the
stbD promoter, the expression system described in paper I still represents a valuable research
tool for inducible expression of homologous and heterologous proteins in S. thermophilus

LMG18311.

Is S. thermophilus competent for natural genetic transformation?

The ability to bring DNA into a living cell is a prerequisite for most studies involving gene
manipulation in bacteria. Different types of artificial transformation, as for instance
electroporation and heat shock/CaCl, treatment, are the most commonly used methods. In
some cases, however, one of the natural systems, conjugation, transduction or natural
transformation, will be a better choice. Many bacteria are poorly transformable or even
impossible to transform with current artificial methods. In some of these cases natural
transformation might represent an excellent alternative to artificial transformation. Genetic
engineering based on natural transformation has the advantage that it does not depend on
plasmids, but allows direct manipulation of the bacterial genome. Until now, 65 bacterial
species have been demonstrated to be competent for natural genetic transformation
(Johnsborg et al., 2007). There is reason to believe, however, that the actual number is much
higher. BLAST analysis of fully sequenced bacterial genomes available at the NCBI database
(http://www.ncbi.nlm.nih.gov/) shows that competence genes are present in many bacteria

that have never been observed to be naturally transformable in the laboratory. Most of the
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species that belong to the genus Streptococcus possess so called late competence genes. These
genes encode proteins involved in DNA binding, processing, uptake and recombination. The
presence of these genes indicates that the bacterium carrying them is competent for natural
transformation or that an ancestor of the bacterium had this property. At the onset of the
present study it was known that the S. thermophilus genome encodes the late competence
genes comEA and comEC (designated celA and celB in S. pneumoniae), and that the promoter
region of these genes contains a ComX binding site (Alne, 2001). These findings strongly
suggested that a ComX regulon that includes the late competence genes is present in S.
thermophilus. Using degenerated primers based on sequence comparisons of streptococcal
comX genes available in databases, we succeeded in amplifying and sequencing the complete
comX gene from S. thermophilus by the end of 2002 (unpublished results). Approximately

two years later the complete S. thermophilus genome was published (Bolotin et al., 2004).

comX is expressed in early logarithmic phase

Knowing that S. thermophilus contains comX and the late competence genes comEA and
comEC we wanted to determine whether these genes are transcribed under standard laboratory
growth conditions. Two different reporter plasmids were therefore constructed by fusing the
promoters of comX and comEA to a firefly luciferase gene (luc) in the shuttle vector pTRKH2
(O'Sullivan & Klaenhammer, 1993). The plasmids, pXP and pEAP, were introduced into S.
thermophilus LMG 18311 by electroporation, giving raise to the strains XP and EAP. The
amount of light produced was measured automatically while cultures of the XP and EAP
strains were grown in an Anthos Lucy 1 luminometer at a preset temperature. Surprisingly,
we discovered that both promoters were active during early to approximately mid-logarithmic
phase (Paper II, Figure 1). However, the level of luciferase expression in the strain harbouring
the pEAP plasmid was very low, indicating that too little ComX is produced under the
conditions used to activate transcription of the late competence genes. In an attempt to
identify conditions that would further increase the activity of the comX and comEA promoters
we varied a number of different parameters, such as medium composition and temperature.
We also tried to stress the S. thermophilus cells by adding mitomycin C (0.05 — 0.2 pg/ml),
ethanol (1%) and NaCl (150 mM). The DNA damaging agent mitomycin C had previously

been shown to induce the competent state in S. pneumonia (Prudhomme et al., 2006). None of
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these treatments dramatically increased the expression of the luc reporter gene. Among the
conditions tested, cultivation of S. thermophilus at 37°C in Todd-Hewitt medium

supplemented with 0.8 % glucose (THG) gave the best overall results.

Overexpression of comX induces competence for natural transformation in S.
thermophilus LMG 18311

As we did not succeed in identifying growth conditions or stress factors that induce
competence for natural transformation in S. thermophilus, we considered that our best option
would be to overexpress comX from an ectopic promoter. Luo et al. (2003) had already used
this approach with success in S. pneumonia. Their strategy was to clone the comX gene into a
multicopy plasmid behind a nisin-inducible promoter. Our attempt to use the same system in
S. thermophilus was not successful, and we therefore had to rely on the pheromone induced
expression system described above (Paper I). To determine the efficiency of the expression
system in different media, a reporter plasmid was made in which the luc reporter gene was
placed behind the stbD promoter. The highest level of light emission obtained was with STP-
induced (250 ng/ml) cells grown at 37°C in THG. To be able to monitor the effect of ectopic
comX expression on the activity of late gene promoters, a combined expression and reporter
plasmid was constructed. Two different DNA fragments were cloned in opposite directions
into the polylinker of the pTRKH2 plasmid. One of the fragments consisted of the stbD
promoter fused to the comX gene, while the other fragment consisted of the luc gene placed
behind the comFEA late gene promoter. Addition of the STP-pheromone to cultures of S.
thermophilus LMG 18311 cells carrying this construct (pXL) resulted in an approximately
600-fold increase in luminescence compared to a corresponding culture of EAP. No increase
in light emission was observed when cultures of the XP and EAP strains were subjected to
STP. This demonstrates that the observed increase in luminescence was due to the STP-
induced ectopic expression of comX. These very promising results suggested that the
expression system might be powerful enough to induce the competent state, provided that all
late genes required for transformation are still functional in LMG 18311. Indeed, about 3x10°
streptomycin resistant (Str) CFUs (Colony-Forming Units) per ml of culture were obtained
when 1 pg/ml of genomic Str"-DNA was added to cultures of the XL strain pretreated with
the STP-pheromone. The total number of CFUs in the cultures was about 5x10° per ml (Paper
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ID). To verify that the streptomycin resistant transformants resulted from uptake of Str"-DNA
by natural transformation, we disrupted the late competence gene comEC (also termed celB)
known to be essential for natural transformation in S. pneumoniae and Bacillus subtilis (Berge
et al., 2002; Draskovic & Dubnau, 2005). Transformation experiments carried out with the
XL AcomEC strain gave no transformants, demonstrating that the positive results obtained

with the XL strain must be due to natural genetic transformation.

After further optimization of the protocol, transformation efficiencies were approaching 1 %
(CFU transformants x 100/CFU total) with the XL strain. Such results were achieved in
experiments where a target gene was replaced by an antibiotic resistance marker or a modified
version of the target gene by double-crossover recombination. The inserted sequence was
flanked at both ends by approximately 1000 bp fragments that were homologous to the
flanking regions of the target gene. Naked DNA taken up by a competent cell is nicked at a
random site when binding to a receptor at the cell surface. Then one strand is degraded while
entry of the other strand proceeds linearly from the newly formed 3’-end to the extremity of
the donor fragment (Mejean & Claverys, 1988). To decrease the chance that nicking takes
place within the fragment encompassing the marker gene and flanking regions, the entire
fragment was cloned into the pCR2.1-TOPO plasmid before transformation. This strategy was
later used in the work presented in paper III in order to obtain higher transformation

efficiency.

In paper Il we demonstrated for the first time that a member of the species S. thermophilus
can be made competent for natural genetic transformation. This is remarkable considering that
the LMG 18311 strain is a dairy starter derived from an ancestral strain that probably was
domesticated several thousand years ago, and that adaptation to a life in milk has resulted in
loss of functionality of about 10 % of the S. thermophilus genes (Bolotin et al., 2004). The
fact that the late competence genes involved in binding, uptake and recombination of DNA
are still intact, strongly indicates that these genes perform an important function in the LMG
18311 starter strain. One possibility is that DNA released from bacteria that have died from
natural causes during the fermentation process is taken up by competent sister cells as a
source of nucleotides, nitrogen and/or energy. This DNA-for-food hypothesis is unlikely

because only the DNA uptake machinery would have to be conserved to exploit extracellular
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DNA as a source of nutrition. The high level of transformants obtained show that the
competence proteins involved in protection and recombination of the incoming ssDNA is
functional as well. Besides, if DNA was taken up as a source of food it would be expected
that the presence of extracellular DNA would induce the competent state in S. thermophilus.
Another possibility is that natural transformation serves as a mechanism for the acquisition of
novel traits. It is for instance known from in silico analyses of S. thermophilus genomes that a
17 kb region of foreign DNA that is inserted into the pepD gene consists of a mosaic of
fragments. Most of these fragments seem to have been acquired from Lactobacillus
bulgaricus and Lactococcus lactis by lateral gene transfer. Since L. bulgaricus and L. lactis
are used together with S. thermophilus in the production of yoghurt and so called hard-cooked
cheeses, these lateral gene transfer events have probably taken place during the manufacturing
process. Interestingly, the 17 kb region contains a unique gene, metC, which is 95 % identical
to the L. bulgaricus version of this gene. The presence of metC allows S. thermophilus to
synthesize methionine, a rare amino acid in milk. Even though useful genes appear to have
been acquired by S. thermophilus through natural transformation after it was adapted to a life
in milk, it is unlikely that such rare events will favour those bacteria that are naturally
transformable over those that have lost this property over time. After all, there is a cost
connected with the maintenance of a functional transformation machinery. The third and
clearly most plausible possibility is that the transformation machinery has been conserved to
enable S. thermophilus to cope with endogenous DNA damage. Such damage, which is an
inadvertent side effect of normal metabolism, can be repaired by uptake and incorporation of

homologous DNA released from dead sister cells during yoghurt and cheese fermentation.

Natural genetic transformation in S. thermophilus LMD-9

Recently S. thermophilus strain LMD-9 was demonstrated to turn on natural competence
spontaneously in early exponential phase, when grown in peptide free chemically defined
medium (CDM) (Gardan et al., 2009). Curiously, identical conditions did not induce the
competent state in S. thermophilus strain CNRZ 1066, and only a few transformants were
obtained with the LMG 18311 strain. In the same paper it was also demonstrated that the Ami
oligopeptide transporter (AmiCDEF) and the oligopeptide-binding protein AmiA3 are

essential for positive transcriptional regulation of comX and the late competence genes. In
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addition to playing a role in nutrition, oligopeptide transport systems are known in some cases
to be involved in cell-cell communication and quorum sensing (Kozlowicz et al., 2006;
Pottathil & Lazazzera, 2003). In these cases the role of the oligopeptide transport system is to
internalize a short signalling peptide, which acts inside the cell by directly or indirectly
modulating the activity of a transcriptional regulator. A paper representing a breakthrough in
our understanding of competence regulation in S. thermophilus was very recently published.
In this study Fontaine and co-workers (2010) succeeded in identifying both the signalling
peptide and its putative intracellular target, the transcriptional regulator ComR. Furthermore,
by comparing the transcriptomes of a LMD-9 AAmiA-F mutant and a LMD-9 AcomX mutant,
they were able to identify the early competence genes. The signalling peptide, which is
encoded by the comS gene, is synthesized as a precursor peptide consisting of 24 amino acids
(MKTLKIFVLFSLLIAILPYFAGCL). The processing site and the protease involved in the
production of mature signalling peptide remain unknown, but experiments with synthetic
peptides have shown that only the C-terminal 7 amino acids (PYFAGCL) are required for full
biological activity. ComS might be secreted by the Sec pathway, but it cannot be ruled out
that a specific transporter is involved. Presumably, signalling peptides that have been
imported by the Ami system interact directly with ComR, and provoke a conformational
change that increases the regulator’s affinity for an inverted repeat motif found to be present
in the promoter regions of the comR, comS and comX genes. By stimulating transcription from
its own promoter, and from the promoter of comsS, an autocatalytic chain reaction takes place
that amplifies the signal and coordinates competence development throughout the bacterial
population. As mentioned above, the putative binding site of ComR is also present in the
promoter region of the comX gene. It is therefore likely that activated ComR directly
stimulates expression of comX, whose product then drives expression of the proteins involved

in binding, processing, uptake and recombination of DNA.

Gardan et al. (2009) found that spontaneous competence development in CDM was very
inefficient for S. thermophilus strain LMG 18311, and that strain CNRZ 1066 remained non-
competent under these conditions. Interestingly, Fontain and colleagues later showed that by
adding the synthetic pheromone PYFAGCL to cultures of LMG 18311 and CNRZ 1066,
competence was induced in both strains with transformation efficiencies equal to that
obtained for CDM-grown cultures of LMD-9 (Fontaine et al., 2010). Since extracellularly
added pheromone induced competence in LMG 18311 and CNRZ 1066, it must be the
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production, export or maturation of ComS that are not functional in these strains.
Alternatively, it is possible that while growth in CDM stimulates production of mature
pheromone in strain LMD-9, pheromone production might require different conditions in

strains LMG 18311 and CNRZ 1066.

In all naturally transformable streptococci studied prior to S. thermophilus, the quorum
sensing system regulating competence development consists of a peptide pheromone (14-23
amino acids), a dedicated ABC-transporter and a two-component signal transduction pathway
(Johnsborg et al., 20006). It is therefore remarkable that the quorum sensing system regulating
competence in S. thermophilus is completely different in all its components. It is tempting to
speculate that this unusual feature represents a special adaptation to the milk habitat.
However, as the same quorum sensing system is present in other non-dairy species belonging
to the salivarius phylogenetic group (Streptococcus salivarius and Streptococcus vestibularis)

this cannot be the case (Fontaine ef al., 2010).

Food-grade site directed mutagenesis in S. thermophilus LMG 18311

To date, no genetically modified yoghurt or cheese starter strains have been approved by The
European Food Safety Authority (EFSA). Presumably consumers would be less sceptical
towards the use of genetically modified organisms (GMOs) in the dairy industry if the strains
used contained only minor genetic modifications. In light of this, we decided to make an
attempt at developing a new genetic tool that would make it possible to introduce any desired
mutation into the genome of S. thermophilus without the use of selection markers or other
kinds of foreign DNA. In paper II we obtained results indicating that the relatively high
efficiency of the transformation procedure developed for S. thermophilus LMG 18311 would
make it possible to perform site-directed mutagenesis in this strain without having to rely on
antibiotic resistance selection for the identification of desired mutants. Instead, we planned to
screen for transformants without selection by performing colony hybridization with a
digoxigenin-labelled oligonucleotide probe. This strategy would only be feasible if the
fraction of mutants relative to wild type cells in the transformation mix turned out to be high
enough to allow identification of positive colonies without having to screen a very large

number of agar plates. To get a direct estimate of the transformation efficiency we decided to
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take advantage of the fact that a simple blue/white screening procedure exists for the
identification of AlacZ mutants. As a proof of principle we aimed at inactivating the lacZ gene
by making only minor changes to this gene. We therefore planned to change Gjss into Ajss
and insert an extra nucleotide (G) between Ajsg and A5, alterations that would give rise to a
nonsense and a frameshift mutation, respectively. Since S. thermophilus cells are linked
together in chains, it would be necessary to separate transformants from non-transformants
after transformation. A mechanical blender was used for this purpose. After seeding agar
plates containing X-gal with appropriately diluted transformation mix, several white colonies
could be observed on each plate (Paper III, Figure 2). This result established beyond doubt
that the efficiency of our transformation procedure would allow direct identification of
mutants by colony-lift hybridization. We therefore repeated the transformation experiment,
and screened seeded agar plates without X-gal with a 30 bp DIG-labelled probe designed to
specifically recognize AlacZ mutants. This generally applicable method worked very well,
demonstrating that our site-directed mutagenesis system can be used to alter preselected sites
in the genome of S. thermophilus LMG 18311 without introducing any foreign DNA. As the
procedure relies on the pXL helper plasmid, a genetically engineered strain of S. thermophilus
developed for the dairy industry must be cured before it can be used in fermentations. The
helper plasmid is unstable, and it is therefore quickly lost from host cells during growth in the
absence of erythromycin. There is a very small chance that the pXL plasmid or parts of it
could integrate into the host cell genome by for example illegitimate recombination. As an
extra precaution, a GMO strain intended for food production should therefore be examined by
for instance Southern hybridization using the plasmid as a probe. Recent advances in
sequencing technologies present the opportunity to perform large-scale sequencing rapidly
and at a low cost. Consequently, whole genome sequencing might be used to detect

unintended changes in a GMO constructed by the method outlined above.
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CONCLUDING REMARKS

The aim of the present study was to develop new and more efficient genetic tools suitable for
genetic engineering of S. thermophilus. This objective was fully realized for strain LMG
18311. Our contribution has opened up a new field of research in S. thermophilus, and has
inspired other research groups to apply the novel tools and extend our work (Fontaine et al.,
2010; Gardan et al., 2009). In addition, our contributions to the molecular toolbox of S.
thermophilus include an inducible gene expression system that can be used for all purposes
that do not require an absolutely tight promoter. These techniques will be of great benefit for
researchers investigating the physiology and metabolism of S. thermophilus, and will
hopefully also be used by the dairy industry to construct improved starter strains in the not too
distant future. Consumer acceptance of dairy products made with starter strains classified as
GMOs will require that the use of GMO strains significantly improves the product in one way
or another. Such improvements might involve health or taste benefits, better keepability, or a
substantially reduced price. In addition, the consumer must perceive the product as safe. This
will require better communication between the consumers and the industry in a language that

is understandable to the public in general.

Even though the signalling peptide and most of the cognate quorum sensing system required
for competence induction in S. thermophilus have now been identified, the physico-chemical
conditions stimulating expression, secretion and sensing of the peptide pheromone have not
been sorted out. Future work should therefore focus on identifying the primary master switch,
i.e. the environmental cues and corresponding cellular sensor systems that activates

pheromone production and drives S. thermophilus into the competent state.
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Abstract A locus encoding proteins with high homol-
ogy to the pneumococcal BlpABCHR quorum-sensing
system was identified in Streptococcus thermophilus
LMG 18311. The BIpABCHR system regulates bacte-
riocin production in Streptococcus pneumoniae by
monitoring the extracellular concentration of a pep-
tide-pheromone encoded by blpC. The homologous
system in S. thermophilus, termed StbABCHR, con-
tains a corresponding gene (stbC) encoding a possible
peptide-pheromone (STP) that presumably controls
bacteriocin production in S. thermophilus. We synthe-
sized this peptide and found that it activates transcrip-
tion of a gusA reporter gene placed behind the
promoter of the bacteriocin-like gene stbD. Further-
more, deletion mapping and mutational analysis of the
stbD promoter region were used to identify a degener-
ated direct repeat motif required for STP induced
GusA expression. Our findings provide strong evi-
dence that STP regulates bacteriocin production in
S. thermophilus LMG 18311, and show that the StbAB-
CHR quorum-sensing system can be exploited for
inducible expression of recombinant proteins in this
bacterial species.
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Introduction

Streptococcus thermophilus is used as a starter in the
production of yoghurt and certain cheeses. Even
though this makes it one of the economically most
important bacteria in the dairy industry, the genetic
tools available for researchers studying S. thermophilus
is limited compared to those developed for other
widely used lactic acid bacteria (LAB). In particular,
there is a need for better tools that will make it possible
to express foreign or endogenous proteins in a con-
trolled manner. We therefore set out to develop an
inducible system for expression of recombinant pro-
teins in S. thermophilus. Since this bacterium is used in
the fermentation of various foods, we wanted to use
genetic elements originating from the bacterium itself
in order to introduce as little foreign DNA as possible.

Cell-cell communication by secreted peptide-pher-
omones is a common phenomenon in Gram-positive
bacteria (Eijsink etal. 2002; Kleerebezem 2004;
Waters and Bassler 2005). A subgroup of these phero-
mones consists of unmodified peptides (Hévarstein
2003). In the genus Streptococcus pheromones
belonging to this subgroup regulate production of
bacteriocins, competence for natural genetic transfor-
mation, virulence and biofilm formation (Diep et al.
1995; Hévarstein et al. 1995a; Hava and Camilli 2002;
Li et al. 2002; Hidalgo-Grass et al. 2004). They are
ribosomally synthesized as precursor peptides con-
taining N-terminal double-glycine leader sequences
that are removed concomitant with transport over the
cytoplasmic membrane (Hévarstein etal. 1995b).
Their dedicated secretion apparatuses consist of an
ABC-transporter and an accessory protein. Once out-
side the bacterial cell the mature peptide-pheromone
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is sensed by a specific histidine kinase residing in the
cytoplasmic membrane of the producer cell (Havar-
stein et al. 1996; Pestova et al. 1996). Binding of the
peptide ligand presumably results in autophosphory-
lation and subsequent transfer of the phosphoryl
group from the histidine kinase to its cognate
response regulator. In the phosphorylated state the
response regulator will initiate transcription of target
genes, i.e. genes with promoters containing the appro-
priate binding site (Risgen et al. 1998; Ween et al.
1999). As mentioned above, production of class II
bacteriocins in streptococci and other Gram-positive
bacteria is often regulated by this kind of quorum-
sensing system (Saucier et al. 1997; de Saizieu et al.
2000; Eijsink et al. 2002; van der Ploeg 2005; Mierau
and Kleerebezem 2005). Production of bacteriocin is
turned on when the extracellular concentration of a
particular peptide-pheromone reaches a critical level,
reflecting that the bacterial population responding to
that peptide-pheromone is dense enough to attack
competing bacteria sharing the same niche (Eijsink
et al. 2002). Another way to turn on bacteriocin pro-
duction is to add natural or synthetic peptide-phero-
mone to the bacterial culture. Consequently, if a
recombinant gene is placed behind a bacteriocin pro-
moter, it is possible to induce expression of this gene
by adding the appropriate pheromone. This principle
has already been exploited to construct efficient sys-
tems for regulated gene expression in other LAB
(Axelsson et al. 2003; Mathiesen et al. 2004; Sgrvig
et al. 2005; Mierau and Kleerebezem 2005). In the
present work we took advantage of a quorum-sensing
system identified in the genome of S. thermophilus
(Hols et al. 2005) to develop a peptide-pheromone
based system specifically designed for inducible
expression of recombinant proteins in this important
dairy starter.

Materials and methods
Bacterial strains and growth conditions

Streptococcus thermophilus strain LMG 18311 (ATCC
no.BAA-250) (Bolotin et al. 2004) was grown in Hogg-
Jago glucose broth (HIG) (3% tryptone; 1% yeast
extract; 0.2% beef extract; 0.5% KH,PO,; 0.5% glu-
cose). Electroporated cells were grown in HIG supple-
mented with 0.5% lactose (HJIGL), and 04 M b-
sorbitol (HJGLS). Escherichia coli were grown in
Luria-Bertani (LB) broth (1% tryptone; 0.5% yeast
extract; 1% NaCl,). Agar plates were prepared by add-
ing 1.5% (w/v) agar to the media. All incubations were
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carried out at 37°C, and all optical density measure-
ments of bacterial cultures were performed spectro-
photometrically at 660 nm.

Electroporation

Preparation of electrocompetent S. thermophilus LMG
18311 cells were performed essentially as described by
Buckley etal. (1999). Competent 18311 cells were
thawed on ice, and 1 pg plasmid was added to 80 pl
cells. After 30-min incubation on ice, the cells were
transferred to a 1 mm electroporation-cuvette, and a
single electric pulse was delivered (settings at 1.6 kV
and 2.5 ms) using a Bio-Rad MicroPulser unit. The
electroporated cells were immediately resuspended in
1 ml ice-cold HIGLS and incubated for 3 h at 37°C,
before spreading on HJGL plates containing 2 pg/ml
erythromycin. Transformants were picked after 24—
48 h incubation at 37°C, and verified by PCR using the
primers M13F and M13R (Table 1) complementary to
sequences flanking the cloning site in the pTRKH2
vector (O’Sullivan and Klaenhammer 1993).

Construction of the inducible expression vector pTB18

A ~250 bp PCR fragment, corresponding to the pro-
moter region of the stbD gene (see Figs. 1, 2a), was
amplified using the primers Prim 1 and Prim 2
(Table 1) and genomic DNA from S. thermophilus
strain LMG 18311 as template. Thermal cycle condi-
tions were as follows: 2 min at 97°C followed by 30
cycles of 1 min at 94°C, 30 s at 60°C (annealing) and
1 min at 72°C (extension). The PCR reaction was ana-
lyzed by agarose gel electrophoresis, and a fragment of
the expected size was detected. The PCR fragment was
ligated into the pDRIVE-vector as described by the
manufacturer (Qiagen), and transformed into chemi-
cally competent E. coli TOP10 cells (Invitrogen).
Transformants were selected on LB plates containing
50 pg/ml of kanamycin. After purification of the
recombinant plasmid, the cloned PCR fragment was
excised from the pDRIVE vector using the restriction
enzymes PstI and Sacl (Fermentas). The promoter-
fragment was then purified by agarose gel electropho-
resis followed by gel extraction (Jet Quick, Saveen),
ligated in to the plasmid pTRKH2 (O’Sullivan and
Klaenhammer 1993) precleaved with Pstl and Sacl,
and transformed into chemically competent E. coli
TOP10 cells (Invitrogen). Finally, transformants con-
taining pTRKH2 plasmid harboring the stbD pro-
moter-fragment were selected on LB plates containing
500 pg/ml erythromycin. The resulting expression vec-
tor was termed pTB18.



Arch Microbiol (2006) 186:465-473

467

stbA stbB  stbC  stbH stbR  stbD
Wz SN —] e
P1 P2 P3

Fig.1 The genomic organization of the stb locus in Streptococcus
thermophilus LMG 18311. StbA: ABC-transporter. StbB: the
accessory protein of StbA. A frameshift mutation in sthB proba-
bly makes the StbAB transporter non-functional. StbC: the pre-
cursor of the STP peptide pheromone. StbH: histidine kinase
assumed to be the receptor of STP. StbR: the cognate response
regulator of StbH. StbD: a bacteriocin-like peptide. P1-3 indi-
cates the promoter regions of the three different transcription
units. The stb locus is situated between nucleotide positions
1490249 and 1496546 in the genome of Streptococcus thermophi-
lus LMG 18311

A Mut 1

CTTCAAGGTCTAGTCCTCTCTTTTATGACGAATACTGTTTATTGAAAAATITG

TAACATAAAGAAAACGGTTTTTCATTTTTTTATGAGTATAAAATGAGATTTTT

Mut 2 Left D.R.
TTCTGAATTTTAGAAATAAITATACATTAGGAATTACCATTCGGGACATATAG

Right D.R.  Mut3 P.B.
CCACTTTTTGGGIACGCTAGCTCTGATAGAGACAATTGAATGCTATACTAAAG

ATGTGATTGAGAGATCACACGATAAAAATTTTAGGAGGTAGTTGCCATG - gusA

B

TB18G ACCATTCGG - 11 bp - ACTTTTTGG - 28 bp - TGCTATACT
Mut 11 ACCATTCGG - 11 bp - ACAATTCGG - 28 bp - TGCTATACT
Mut 11c¢ ACCATTCGG - 11 bp - ACAATTCGG - 29 bp - TGCTATACT
Mut 12 ACCATTCGG - 12 bp - TACAATTCGG - 28 bp - TGCTATACT
Mut V ACTTTTTGG - 11 bp - ACTTTTTGG - 28 bp - TGCTATACT
Mut TG ACCATTCGG - 11 bp - ACTTTTTGG - 28 bp - AACTATACT

Fig. 2 a The sequence of the stbD-promoter (P3). The Pribnow-
box (TATACT) and extended Pribnow-box (TGNTATACT) are
indicated in bold. The direct repeat motifs (D.R.) are underlined,
and the start codon of the gusA reporter gene is indicated in ital-
ics. The endpoints of the deletions giving rise to Mut 1, Mut 2 and
Mut 3 are indicated by vertical bars. b Sequences of direct repeat
motifs and extended Pribnow-box of various stbD promoter mu-
tants. Introduced base substitutions are indicated in bold. TB18G
represents the wild-type sequence

Cloning of the gusA reporter gene in pTB18

The gusA reporter gene (A-S69414) was excised from
the pSIP403 vector (Sgrvig et al. 2003) with the restric-
tion enzymes Ncol and Xhol (Promega), and purified
by agarose gel extraction (Jet Quick, Saveen). As the
start codon of the stbD gene is naturally part of a Ncol
site (see Prim 1, Table 1), the purified gusA fragment
was ligated directly into the pTB18 expression vector
precleaved with Ncol and Xhol. The resulting con-
struct, pTB18G, was subsequently transformed into
chemically competent E. coli TOP10 cells (Invitrogen),

and positive clones were selected on LB plates contain-
ing 500 pg/ml of erythromycin. The presence of the
gusA gene, correctly inserted behind the stbD pro-
moter, was verified by DNA sequencing, using a com-
bination of the primers M13F, M13R, Gus5F, GuslR,
Gus2R, and Gus3R (Table 1). To ensure that the
cloned promoter/gusA fragment was inserted in the
opposite direction of the lacZ promoter, restriction
mapping of pTB18G with the restriction enzymes
Ncol, Smal and EcoRV was carried out. Finally, the
pTB18G construct was transformed into S. thermophi-
lus strain LMG 18311 by electroporation as described
above, resulting in the TB18G strain.

The Arg-tRNA transcriptional terminator from
S. pneumoniae (Havarstein et al. 1995a) was inserted
upstream of the stbD promoter to prevent read-
through of possible transcripts originating in the
pTRKH2 vector. Using pTB18G as template, and the
primers TB18G-term and GusR (Table 1), a DNA
fragment encompassing the stbD promoter and the
gusA reporter gene was amplified. The TB18G-term
primer contains the Arg-tRNA terminator, and its
3’-end is complementary to the vector sequence imme-
diately upstream of the stbD promoter sequence. The
GusR is complementary to the region immediately
downstream of the gusA gene. The resulting PCR frag-
ment was first cloned into the pCR 2.1-TOPO vector
(Invitrogene), excised by BamHI and Xhol, and
ligated into the corresponding sites of the pTRKH2
vector. After sequencing the complete insert using the
primers described above, the construct was trans-
formed into the S. thermophilus strain LMG 18311 by
electroporation.

GUS assay

To determine whether transcription from the stbD-
promoter was induced by synthetic STP added to
S. thermophilus LMG 18311 cells harboring the pTB18G
plasmid, cultures subjected to the peptide-pheromone
were assayed for B-glucuronidase activity. Synthetic
STP (NH,-SGWMDYINGFLKGFGGQRTLPTKDY
NIPQV-COOH) was supplied by Genosphere Bio-
technologies (Paris, France). Uninduced cultures,
receiving no peptide-pheromone, were run in parallel
as negative controls. An overnight culture of the
TB18G strain grown in HIG was diluted to an optical
density of 0.05 in preheated HIG (37°C), and incu-
bated until it reached an optical density of 0.15. STP
was then added to the final concentration of 250 ng/ml.
After 2 h of incubation at 37°C, 1 ml samples of STP-
induced and uninduced cultures were withdrawn and
centrifuged at 16,000xg for 1 min. Following removal
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Table 1 Primers used in this study

Primer Sequence

Prim 1 5'-GTTTGAGTTG CCATGGCAACTACCTCC-3’

Prim 2 5'-ATTAGGATCCTTCAAGGTCTAGTCCTCTCTTTTATGACG-3’

MI13F 5'-GTAAAACGACGGCCAG-3'

M13R 5'-CAGGAAACAGCTATGAC-3'

Gus5F 5'-GTCACGCCGTATGTTATTGCC-3’

GuslR 5'-GGACATACCATCCGTAATAACGG-3'

Gus2R 5'-CTGCCCAGTCGAGCATCTCTT-3’

Gus3R 5'-CCTTGTCCAGTTGCAACCACCT-3'

TB18G-Term 5'-ACTGGGATCCAAAGCCGGGAATTTTCCCGGCTTTTTTTTTAAAAAACCTGCAGAC
GCGTTACGTATC-3’

GusR 5'-TACCGAATTCCTCGAGTCTAGATCATTGTT-3’

Mut 1 5'-AAATGGATCCTGTAACATAAAGAAAACGGTTTT-3’

Mut 2 5'-AATAAGGATCCTATACATTAGGAATTACCATTCGGGAC-3’

Mut 3 5'-TTTGGGATCCACGCTAGCTCTGAT-3’

MutST.1 5'-GGAATTACCATTCGGGACATATAGCCACAATTCGGGACGCTAGCTCTGATAGAG-3’

MutST.2 5'-CTCTATCAGAGCTAGCGTCCCGAATTGTGGCTATATGTC CCGAATGGTAATTCC-3’

MutST.3 5'-GGAATTACCATTCGGGACATATAGCCTACAATTCGGGACGCTAGCTCTGATAGAG-3’

MutST.4 5'-CTCTATCAGAGCTAGCGTCCCGAATTGTAGGCTATATGTCCCGAATGGTAATTCC-3’

MutST.5 5'-CGCTAGCTCTGATAGAGACAATTGAAAACTATACTAAAGATGTGATTGAGAG-3’

MutST.6 5'-CTCTCAATCACATCTTTAGTATAGTTTTCAATTGTCTCTATCAGAGCTAGCG-3’

MutST.7 5S-TAATATACATTAGGAATTACTTTTTGGGACATATAGCCACTTTTTGGGACG-3'

MutST.8 5'-CGTCCCAAAAAGTGGCTATATGTCCCAAAAAGTAATTC CTAATGTATATTA-3'

of the supernatants, the pellets were resuspended in
400 pl ice-cold NaPi buffer (S0 mM NaPi, pH 7.0). The
resuspended cells were lysed by adding 20 ul ace-
tone:toluene (9:1 vol/vol) followed by 10-min incuba-
tion at 37°C and subsequent storage on ice. Then 10 pl
aliquots of cell extracts were mixed with 400 pl Gus
buffer (50 mM NaPi, pH 7.0; 10 mM B-mercaptoetha-
nol; 1 mM EDTA; 0.1% TritonX-100), before 40 ul of
a 16 mg/ml solution of p-nitrophenyl-B-p-glucuronide
dissolved in 50 mM NaPi, pH 7.0, was added. Samples
were protected from light and incubated for 20 min at
37°C. The reactions were stopped by adding 400 pl
0.2M Na,CO;. The increase in A,y (AA,)s/min) was
used to calculate nanomoles of B-glucuronidase pro-
duced per minute and OD at 660 nm (nanomoles/min-
ute/optical density). When the molar adsorption
coefficient ¢ is used (& for para-nitrophenyl-B-p-glucu-
ronic acid = 18.000 I/mol/cm), the p-glucuronidase
activity can be calculated in nanomoles/minute/optical
density using the relationship A = ¢bc [A (absorbance)
=¢ (I/mol/cm) x b (cm pathway through the solution)
x ¢ (molar concentration of the absorbing species in
M)] (de Ruyter et al. 1996).

Construction of promoter deletion mutants

In order to identify the region of the stbD promoter
required for pheromone-driven transcriptional activa-
tion, three promoter deletion mutants were constructed
(Mut 1, Mut 2, and Mut 3; Fig.2a). The deletion
mutants were made by amplifying DNA fragments
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containing the desired promoter deletion plus the com-
plete downstream gusA gene. Each PCR reaction was
set up using one promoter-primer (Mut 1, Mut 2, or
Mut 3; Table 1) in conjunction with a primer (GusR,
Table 1) complementary to the region immediately
downstream of the gusA gene. The pTB18G plasmid
was used as template. To avoid introducing errors dur-
ing amplification, the Phusion high-fidelity polymerase
(Finnzymes) was employed. The annealing tempera-
ture was set to 50°C. After 30 cycles, Taq polymerase
was added to the samples, and the PCR reaction was
incubated for 9 min at 78°C in order to generate 3'-end
adenine overhangs for the subsequent TOPO cloning.
The products were analyzed by agarose gel electropho-
resis, and three PCR-fragments of the expected size
were obtained. Then, the PCR reactions were used in
TOPO TA-Cloning (Invitrogen) as described by the
manufacturer, and transformed into chemically compe-
tent E. coli TOP10 cells (Invitrogen). Positive clones
were selected on LB plates containing 50 pg/ml of
kanamycin. The plasmid constructs were purified, and
the cloned PCR fragment excised from the TOPO vec-
tor using the restriction enzymes BamHI and Xhol
(Fermentas). After purification by gel extraction (Jet
Quick, Saveen) the fragments were ligated into the
pTRKH2 plasmid precleaved with BamHI and Xhol,
and transformed into chemically competent E. coli
TOP10 cells (Invitrogen). Transformants were selected
on LB plates containing 500 pg/ml erythromycin.
Before the purified plasmid constructs were trans-
formed into the S. thermophilus LMG 18311 strain by
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electroporation, the cloned inserts were sequenced to
ensure that no undesired mutations had been intro-
duced during the PCR amplifications. Finally, the
resulting promoter deletion strains, Mutl, Mut 2, and
Mut 3 (see Fig. 2a), were tested in GUS assays to deter-
mine whether their shortened promoters still
responded to synthetic STP pheromone.

Introduction of point mutations in the putative StbR
binding site

The Quick-Change Site-Directed Mutagenesis Kit
(Stratagene) was used as described by the manufac-
turer to make the promoter mutants, Mut 11, 12, V and
TG, depicted in Fig. 2b. The pTB18G plasmid was used
as template in the PCR reactions together with four
pairs of complementary primers (MutST.1-8, see
Table 1) designed to construct each of the mutants
listed above. Transformants containing the various
mutant plasmids were isolated by plating on LB plates
containing 500 pg/ml erythromycin. Then, the inserts of
the four purified mutant plasmids were sequenced to
verify that the correct base substitutions had been
introduced. During this work it was discovered that
one of the sequenced Mut 11 plasmids contained an
extra cytosine 6 bp downstream from the right direct
repeat (Fig.2a). This mutant was called Mut 1lc
(Fig. 2b). All five mutant plasmids were subsequently
transformed into the S. thermophilus LMG 18311
strain as described above, giving rise to the Mut 11,
11c, 12, V and TG mutant strains.

0,18
0,16

0,14 {‘
0,12
011

0,08
0,06

Nanomol/min/OD6600

0,04 1
0,02 +

0 :
TB18G 1 2 3 11 11c 12 V TG

Fig.3 Effect of various mutations in stbD promoter on its
responsiveness to exogenously add STP pheromone. The gusA
gene was used as a reporter. TB18G: wild-type promoter. /, 2 and
3: stbD promoter deletion mutants Mut 1, Mut 2 and Mut 3 (see
Fig. 2a). 11, 11c, 12, V and TG: stbD promoter mutants Mut 11,
Mut 11c, Mut 12, Mut V, and Mut TG, containing various base
substitutions (see Fig. 2b). Left column represents uninduced cul-
ture, whereas the right column represents cultures subjected to
250 ng/ml of STP. Hydrolysis by GusA of the substrate p-nitro-
phenyl-B-p-glucuronide is given in nanomoles/minute/ODy,, and
is the mean of at least three experiments & SEM

Results

The genome of S. thermophilus contains
a quorum-sensing system

When searching the genome of S. thermophilus strain
LMG 18311 for possible peptide-pheromone receptors,
a locus encoding a complete quorum-sensing system
with high homology to the corresponding components
of the pneumococcal BIpABCHR system was identi-
fied (de Saizieu et al. 2000; Hols et al. 2005). This locus
consists of at least six genes, StbABCDHR, apparently
situated in three different transcription units (Fig. 1).
The largest operon encodes a small peptide, StbC, and
its putative secretion apparatus StbAB. This operon is
organized in the same way as the blpABC operon of S.
pneumoniae. It has previously been shown that bipC
encodes a secreted peptide pheromone that regulates
the transcription of a number of pneumococcal bacte-
riocin-like genes (de Saizieu et al. 2000; Reichmann
and Hakenbeck 2000). Just as BlpC, StbC appears to
be synthesized as a precursor peptide containing a dou-
ble-glycine leader sequence at its N-terminal end. Con-
sequently, it was reasonable to assume that the
processed form of StbC, termed STP, acts as a signaling
peptide that together with StbAB and the two-compo-
nent system StbHR regulate bacteriocin production in
S. thermophilus LMG 18311 by a quorum-sensing
mechanism. A closer examination of the stbB gene
revealed that it contains a frameshift mutation which
presumably makes the transporter non-functional and
for this reason short-circuits the whole quorum-sensing
system. Even though this would destroy bacteriocin
production in the LMG 18311 strain, the histidine
kinase (StbH) and its cognate response regulator
(StbR) appeared to be fully functional. Thus, synthetic
STP added to the growth medium should induce tran-
scription of target genes placed behind a bacteriocin
promoter. We therefore decided to take advantage of
this natural signal transduction pathway by construct-
ing an expression system for recombinant proteins that
can be induced by the STP-pheromone.

Construction of an expression vector
with a STP-responsive promoter

The stbD gene encodes a small 76 aa protein contain-
ing an N-terminal double glycine leader sequence.
Interestingly, the mature part of StbD, corresponding
to the 53 C-terminal amino acids, is 71% identical to a
putative bacteriocin encoded by the pneumococcal
blpK gene. Using DNA microarray analysis, de Saizieu
etal. (2000) have shown that expression of BlpK is
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regulated by the BIpABCHR quorum-sensing system.
In other words, BIpK expression is induced by the pep-
tide-pheromone encoded by the blpC gene. On the
basis of these results we decided to investigate whether
it is possible to exploit the promoter in front of the
putative bacteriocin gene stbD to drive expression of
recombinant proteins in S. thermophilus. A ~250 bp
DNA fragment, corresponding to the promoter region
of the stbD gene, was therefore transcriptionally fused
to a gusA reporter gene (see Materials and methods
section for details). f-Glucuronidase activity was then
determined in induced and non-induced broth cultures
following a 2-h incubation. Interestingly, the results
showed that the GUS activity was more than tenfold
higher in the induced cells compared to the non-
induced cells (Fig.3). This finding demonstrates that
the STP-peptide acts as a pheromone whose presence
in the environment is sensed by the LMG 18311 cells,
and that this system is suitable for expression of recom-
binant proteins in S. thermophilus. However, for some
applications it would be desirable to have a lower back-
ground level (non-induced) expression than obtained
with the wild-type stbD promoter. In order to rule out
transcriptional read-through from possible promoters
located in the pTRKH2 vector, the terminator of the
Arg-tRNA gene of S. pneumoniae was inserted
upstream of the stbD promoter. The properties of this
mutant was indistinguishable from wild type (TB18G),
demonstrating that the observed background level
expression of GusA originates from within the
~250 bp stbD promoter region (results not shown).

Deletion mapping of the stbD promoter region

By analogy with other pheromone-induced two-com-
ponent regulatory systems, it is reasonable to assume
that binding of the STP-pheromone to its histidine
kinase receptor StbH results in autophosphorylation
and subsequent transfer of the phosphoryl group to the
cognate response regulator StbR. Phosphorylation of
StbR will increase its affinity for specific DNA-binding
sites located in the promoter regions of target genes
such as stbD. To identify the binding site of StbR, we
made deletions in the sthD promoter which progres-
sively removed sequences from the 5’-end of the
cloned 250 bp fragment (Fig. 2a). The results clearly
showed that removal of the first 50 bp (Mut 1) did not
significantly affect the functionality of the promoter
(Figs. 2a, 3). Removal of the next 74 bp (Mut 2) almost
halved the B-glucuronidase production, but the pro-
moter still responded strongly to STP. In contrast,
deletion of the next 45bp (Mut 3) completely abol-
ished the effect of the peptide-pheromone, demonstrat-
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ing that the StbR binding site must be located within
this fragment. Previous studies on the related quorum-
sensing systems ComCDE (Ween etal. 1999) and
PInABCD (Risgen et al. 1998) have shown that the
response regulators of these systems (ComE and PInC)
bind as dimers to degenerated 9-10 bp direct repeats
separated by a 11-12 bp spacer region. Furthermore, in
promoters containing ComE or PInC binding sites, the
direct repeat motifs was found to be separated from
the Pribnow box by a spacer of about 30 bp. A close
inspection of the 45 bp sequence believed to contain
the StbR binding site revealed a possible direct repeat
motif ACCATTCGG-ACTTTTTGG separated by
11 bp. In addition, the fact that this motif is separated
from a putative downstream Pribnow box (TATACT)
by 31 bp makes it a likely candidate for the StbR bind-
ing site (Fig. 2a).

Mutational analysis of the putative StbR binding site

Several recent studies have demonstrated that the 9-bp
direct repeats are directly involved in binding of the
cognate response regulator (Ween et al. 1999; Risgen
et al. 2001). To determine whether mutations within
these repeats would influence pheromone-induced
GusA expression, we made two mutants, Mut 11 and
Mut V, with several point mutations in the right and
left repeat, respectively (Fig. 2b). Mut V displayed con-
siderable loss of inducibility, showing that the three
base substitutions had a clear effect on the functionality
of the promoter. In contrast, the Mut 11 mutant dis-
played increased expression of GusA in STP-induced
as well as uninduced cultures. Previous studies have
shown that the length of the spacer between the direct
repeats is crucial for promoter activity, and that
removal of just a single nucleotide renders the pro-
moter non-functional (Risgen etal. 2001; Knutsen
et al. 2004). In order to activate transcription from the
promoter, the response regulator must bind as a dimer,
where the two monomers presumably interact with
each other to stabilize the dimeric complex. To obtain
further evidence that the identified direct repeat motif
constitutes the binding site of StbR, we introduced an
extra basepair in the spacer region between the left and
right repeat (Fig.2b). This mutant, termed Mut 12,
essentially lost inducibility (Fig. 3), indicating that the
extra basepair was introduced between the actual bind-
ing sites of StbR, and that the resulting extension of the
spacer region strongly impairs formation of the StbR
dimeric complex. Extension of the spacer region
between the right repeat and the downstream Pribnow
box by 1 bp in Mut 11 reduced the inducibility of the
resulting mutant (Mut 11c), but did not affect GusA
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expression in uninduced Mut 11c¢ cells compared to the
Mut 11 parental strain (Figs. 2b, 3). Compared to the
other mutants constructed in this study, the back-
ground expression of GusA in Mut 11 and Mut 11c is
significantly elevated. This must be due to the three
base substitutions introduced into the right repeat of
these strains.

A drawback of the inducible expression system
described above is that the stbD promoter is somewhat
leaky. When scrutinizing the promoter sequence for
possible sigmaA binding sites, we noticed that the Prib-
now box is similar to so-called extended -10 promoter
sites (Fig. 2a). Such sites, which are common in
S. pneumoniae and presumably other streptococci, can
function naturally without a -35 site (Sabelnikov et al.
1995). We therefore decided to change the putative
extended —10 site (TGNTATACT) into an ordinary
Pribnow box (AANTATACT) (Fig.2b), with the
intention of reducing the level of GusA expression in
uninduced cells. Regrettably, the resulting mutant
(TG) displayed the same GusA background level as
strain (TB18G) carrying the wild-type promoter
(Fig. 3). In addition, the TG mutant promoter turned
out to have low inducibility, making this construct
unsuitable for expression of recombinant proteins in
S. thermophilus.

Discussion

The inducible expression system presented in this work
was specifically developed for use in S. thermophilus. A
substantial part of the system is provided by the bacte-
rium’s own genetic elements and gene products, and
only the pTRKH2 vector represents foreign DNA.
However, to develop a complete food-grade inducible
expression system, the pTRKH2 shuttle vector will
have to be exchanged with a plasmid and selection
marker originating from S. thermophilus. According to
the strict definition of food-grade vectors they must
contain only DNA from the same genus or preferen-
tially species as the host bacterium, and antibiotic resis-
tance genes should not be used as selectable markers
(Johansen 1999). Several expression systems exploiting
the same type of regulation mechanism have been
developed previously (Axelsson et al. 2003; Mathiesen
et al. 2004; Mierau and Kleerebezem 2005), but none
of them was tailor-made for S. thermophilus and can
therefore not be regarded as food-grade in this organ-
ism. Even though the current system is not suitable for
use in food production, it represents a valuable
research tool for inducible expression of homologous
and heterologous proteins in various strains of

S. thermophilus. The recent sequencing of the complete
genomes of three different strains of S. thermophilus
has opened up new possibilities in the study of the
molecular biology and metabolism of this species (Hols
et al. 2005). In this context the development of better
molecular tools is of considerable importance.

Deletion mapping of the stbD promoter region
showed that the StbR binding site resides on a 45 bp
fragment containing a sequence motif reminiscent of
previously characterized binding sites for response reg-
ulators showing high homology to StbR (Ween et al.
1999). Mutational analysis supported that the identified
degenerated direct repeat motif is important for pro-
moter function, as base substitutions made within the
repeats strongly affected STP-induced GusA expres-
sion. In addition, extension of the length of the spacer
region between the degenerated direct repeats by only
1 bp virtually abolished the promoter’s response to
STP. Previous research on homologous systems has
demonstrated that each repeat binds a response regula-
tor, and that correct spacing between the repeats is cru-
cial for the formation of a functional dimeric complex
(Risgen et al. 2001; Knutsen et al. 2004). Together, our
results indicate that the identified direct repeat motif
represents the StbR binding-site. However, further
studies using gel shift and footprinting analyses will be
required to confirm our findings, and map the interac-
tion between the repeats and the StbR protein in more
detail.

As mentioned above, the stbD promoter is some-
what leaky, and for certain purposes it would be desir-
able to have a more tightly regulated system. We
suspected that the observed background level expres-
sion was caused by the activity of a weak constitutive
sigmaA dependent promoter operating independently
of the regulatory elements involved in STP-induced
transcription. This hypothesis is supported by the fact
that whereas Mut 3 does not respond to STP, unin-
duced cultures of this mutant display the same level of
GusA expression as Mut 1 and 2 (Fig. 3). Transcrip-
tional read-through from the pTRKH2 vector seems
unlikely, as the introduction of a rho-independent ter-
minator immediately upstream of the stbD promoter
did not reduce background expression. Consequently,
the constitutive promoter most likely resides between
the right repeat and the start codon of the gusA gene
(Fig. 2a). The only promoter-like element detected in
this region was a possible extended —10 site (Fig. 2a).
Such sites are quite common in Gram-positive bacte-
ria, and have been shown to be able to function with-
out an accompanying —35 region (Sabelnikov et al.
1995). Unexpectedly, point mutations changing this
putative extended —10 site into an ordinary Pribnow
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box did not reduce GusA expression in uninduced
cells, but made the promoter less responsive to STP
(Fig. 3). Thus, at present we are not able to provide an
explanation for the observed leakiness of the stbD pro-
moter.

Another puzzling observation was the significant
increase in background level expression caused by
three base substitutions introduced in the right repeat
of Mut 11 and Mut 11c (Fig. 3). It has been well docu-
mented that phosphorylation of response regulators by
their cognate kinases greatly enhances transcription
from their target promoters. Interestingly, it has also
been reported that at least some unphosphorylated
response regulators are able to activate transcription,
although at a low level (Ellison and McCleary 2000;
Geng et al. 2004). A possible explanation for the ele-
vated background expression of GusA in Mut 11 and
Mut 11c is therefore that the introduced base substitu-
tions increase the affinity of the right repeat for
unphosphorylated StbR, leading to enhanced tran-
scription of the gusA gene in uninduced cells.
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Streptococcus thermophilus is widely used for the manufacture of yoghurt and Swiss or Italian-type cheeses.
These products have a market value of approximately $40 billion per year, making S. thermophilus a species
that has major economic importance. Even though the fermentation properties of this bacterium have been
gradually improved by classical methods, there is great potential for further improvement through genetic
engineering. Due to the recent publication of three complete genome sequences, it is now possible to use a
rational approach for designing S. thermophilus starter strains with improved properties. Progress in this field,
however, is hampered by a lack of genetic tools. Therefore, we developed a system, based on natural trans-
formation, which makes genetic manipulations in S. thermophilus easy, rapid, and highly efficient. The efficiency
of this novel tool should make it possible to construct food-grade mutants of S. thermophilus, opening up
exciting new possibilities that should benefit consumers as well as the dairy industry.

Bacteria that are competent for natural genetic transforma-
tion are able to take up naked DNA from the environment and
incorporate it into their genomes by homologous recombina-
tion. Several streptococcal species belonging to the mitis, an-
ginosus, and mutans phylogenetic groups have been shown to
possess this property (4, 9, 17), but the phenomenon has never
been demonstrated in most members of the genus Streptococ-
cus. One of the best-studied naturally competent bacteria is
Streptococcus pneumoniae. In this species and other strepto-
cocci shown to be naturally transformable, competence is not a
constant property; rather, it is a transient state regulated by a
quorum-sensing mechanism consisting of ComABCDE (4).
comC encodes the precursor of a secreted peptide pheromone,
the competence-stimulating peptide, which triggers develop-
ment of the competent state when its external concentration in
a pneumococcal culture reaches a critical threshold (7). The
competence-stimulating peptide is secreted by ComAB (11)
and acts through a two-component signal transduction path-
way consisting of the histidine kinase ComD and the cognate
response regulator ComE (4, 8, 21). The early genes are reg-
ulated by ComE, whereas the alternative sigma factor ComX is
needed for expression of the late genes (5, 14, 22). Late genes
share an 8-bp sequence in their promoter regions that is spe-
cifically recognized by a ComX-directed RNA polymerase holo-
enzyme (14). Circumstantial evidence indicates that ComX is
encoded by one of the early genes and therefore depends on
ComE for its expression (4). The 14 pneumococcal proteins
known to be necessary for uptake of extracellular DNA and for
subsequent incorporation of this DNA into the recipient’s ge-
nome are all encoded by late genes (5, 22). Interestingly, recent
genome sequencing has shown that the ComX regulon appears
to be present in all streptococcal species (17). This finding
suggests that most streptococci are naturally transformable
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provided that growth conditions promoting development of
competence can be identified. Alternatively, the late genes of
streptococcal species not known to be competent may have
other functions or represent nonfunctional relicts inherited
from a competent ancestor.

MATERIALS AND METHODS

Bacterial strains and growth media. Streptococcus thermophilus strains LMG
18311 (= ATCC BAA-250) and LMD-9 (= ATCC BAA-491) were cultivated in
Todd-Hewitt broth (Difco Laboratories) supplemented with 0.8% glucose
(THG) or in Hogg-Jago glucose broth (HJIG) consisting of 3% tryptone, 1%
yeast extract, 0.2% beef extract, 0.5% KH,PO,, and 0.5% glucose. HIGL is
Hogg-Jago glucose broth supplemented with 0.5% lactose, whereas HIGLS is
HIGL supplemented with 0.4 M p-sorbitol. Agar plates were prepared by adding
1.5% (wt/vol) agar to the media.

Construction of plasmids. The reporter plasmids pXP, pEAP, and pBP were
constructed by fusing the promoters of comX, comEA (a late gene encoding part
of the DNA uptake apparatus), and stbD (encoding a putative bacteriocin) to the
firefly luciferase gene and ligating the resulting fragments into the pTRKH2
shuttle vector (20). Briefly, the luciferase gene was amplified in three separate
PCRs using primer pairs LXP/LR (pXP), LCB/LR (pEAP), and LBP/LR (pBP)
and a plasmid (pR424) carrying the luc gene as the template (3). Similarly, PCRs
performed with primer pairs CXPF/CXPL, CBF/CBL, and BPF/BPL and
genomic DNA from S. thermophilus LMG 18311 were used to amplify fragments
corresponding to the comX (~440-bp), comEA (~210-bp), and stbD (~250-bp)
promoters, respectively. Then promoter and /uc gene fragments with comple-
mentary overlapping ends were combined and amplified by PCRs using the
appropriate external primers. Primer pairs CXPF/LR, CBF/LR, and BPF/LR
were used to generate the XL, EAP, and BP fragments, respectively. Finally, the
three fragments were cloned into the pCR 2.1-TOPO vector (Invitrogen), ex-
cised by Xhol and Pstl, and ligated into the corresponding sites of the pTRKH2
vector. The resulting reporter plasmids, pXP, pEAP, and pBP, were electropo-
rated into S. thermophilus LMG 18311 as described below, giving rise to the XP,
EAP, and BP strains.

To construct the pXL plasmid, a DNA fragment containing the comX gene
joined to the promoter of stbD was ligated into the pEAP plasmid (see above).
The fragments corresponding to the bacteriocin promoter (P, ;) and the comX
gene were amplified from S. thermophilus LMG 18311 DNA, using primers P1
and P2 and primers X1 and X2, respectively. The P2 and X1 primers contain
Ncol sites at their 5" ends coinciding with the start codon of the comX gene. Next,
the P,,,, and comX fragments were cloned separately into the pDrive vector
(QIAGEN). The comX fragment was excised from pDrive by digestion with Ncol
and Xbal and ligated into the corresponding sites of the pDrive vector carrying
the stbD promoter fragment. Then the joined Py, ,::comX fragment was excised
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TABLE 1. Primers used in this study

Primer Sequence

CBF..cccooviienen 5'-AGTGTAACTGCAGAATACTTGCAGGTCTA
TCGATCGAT-3'

() 2] D 5'-TTTGGCGGATCTCATAAGGACCTCCTCAT
AAACCTATTC-3'

CXPF ...ocevverenee 5'-CGCTTTCTGCAGCTATCACTCTAATACAAT
CCTGTGGAA-3'

CXPL....cocevennen 5'-TTGGCGGATCTCATTGAACCTCCAATAAT
AAATATAAATTCTGT-3’

5'-GTAAATCTGCAGCTTCAAGGTCTAGTCCT

CTCT-3'

BPL ... 5'-TTGGCGGATCTCATGGCAACTACCTCCTA
AAATTTTTATC-3'

LCB...covieee 5'-TATGAGGAGGTCCTTATGAGATCCGCCAA
AAACAT-3'

LR e 5'-CATATGGCTCGAGTGCACTCTCAGTACAA
TCTGCTC-3'

| 5,4 R 5'-TATTGGAGGTTCAATGAGATCCGCCAAAA
ACATAAAGAAAGGC-3’

LBP.....oeuenee 5'-TAGGAGGTAGTTGCCATGAGATCCGCCAA

AAACATAAAGAAAGGC-3'
5'-GTTTGAGTTG CCATGGCAACTACCTCC-3’
5'-ATTAGGATCCTTCAAGGTCTAGTCCTCTCT

TTTATGACG-3’

D, € 5'-ATTATCTAGACCAAGAATTACTGGAAACA

CAATAGAGG-3’
5'-GGAGGTTCCATGGAACAAGAAGTTTTTGT

TAAGGC-3’
ECI ... 5'-GAGGCATCATTGGAAGAATAGAGCAGC-3’
EC2 .. 5'-AAGCTTAAGATCTAGAGCTCGAGGATCAA
AAACTAGAGAGAAGATTGCCGTCAG-3'
EC3.. 5'-AGCATGCATATGCATCCGGAGTCCTAGCT

TGTTTCAGTTTGTCTCAATG-3'
5'-CCATCCCTTAAACCGAATGGCACC-3’
5'-ATCCTCGAGCTCTAGATCTTAAGCTT-3’
5'-ACTCCGGATGCATATGCATGCT-3’

from the pDrive vector by digestion with PstI and Sacl and ligated into pTRKH2
precleaved with the same enzymes. Finally, the P, ,::comX fragment was excised
from pTRKH2 by digestion with BamHI and EcoRV and ligated into pEAP
precleaved with BamHI ans Smal. The resulting construct, pXL, contained an
expression module (P, p::comX) and a reporter module (P..,,,zc::luc) inserted
in opposite orientations. All PCRs described above were carried out with the
Phusion high-fidelity DNA polymerase (Finnzymes). The sequences of the prim-
ers used are shown in Table 1.

Preparation of electrocompetent S. thermophilus LMG 18311 cells. An over-
night culture grown at 37°C was diluted 100-fold in preheated HIG (37°C) and
incubated until the optical density at 660 nm (ODgg,) was 0.3. The culture (50
ml) was then diluted 1:1 in prewarmed HJG containing 20% glycine. After
incubation at 37°C for 1 h, cells were harvested by centrifugation (4,000 X g for
10 min at 4°C) and washed twice with 1 volume of ice-cold electroporation buffer
(5 mM KHPO,, 0.4 M p-sorbitol, 10% glycerol; pH 4.5). Finally, pelleted cells
were resuspended in 4 ml ice-cold electroporation buffer, divided into aliquots,
and frozen in an ethanol-dry ice bath. Electrocompetent S. thermophilus LMG
18311 cells were stored at —80°C.

Electroporation. A Bio-Rad MicroPulser unit was used to transform S. ther-
mophilus LMG 18311 cells by electroporation. Electrocompetent cells were
thawed on ice, and an 80-ul cell suspension was mixed with 1 g of recombinant
pTRKH2 plasmid DNA. After incubation for 30 min on ice, the cells were
transferred to an electroporation cuvette with a 0.1-cm gap between the elec-
trodes. A single pulse of 1.6 kV lasting 2.5 ms was delivered. The electroporated
cells were immediately resuspended in 1 ml of ice-cold HIGLS and incubated for
3 h at 37°C, before they were spread on HIGL plates containing 2 pg/ml
erythromycin. Transformants were picked following 24 to 48 h of incubation at
37°C. Isolated clones were verified by PCR using primers M13F and M13R,
which were complementary to sequences flanking the multiple cloning site of the
pTRKH2 plasmid.

Luciferase reporter assay. Detection of luciferase activity was performed es-
sentially as previously described by Chastanet et al. (3). Strains were grown in
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THG to an ODss5 of 0.4, aliquoted, and maintained as glycerol stocks at —80°C.
Shortly before use, glycerol stocks were thawed and diluted 10 times in THG. For
each test sample, 280 wl of diluted culture was mixed with 20 pl of firefly
D-luciferin (10 mM solution in THG) and transferred into a 96-well Corning NBS
plate with a clear bottom. If appropriate, the peptide pheromone known as
Streptococcus thermophilus pheromone (STP) was added to a final concentration
of 250 ng/ml immediately before the experiment was started. The plate was
incubated at 37°C in an Anthos Lucy 1 luminometer for 7.5 h. The OD,q, and
luminescence were measured automatically by the luminometer at 10-min inter-
vals.

Natural transformation of S. thermophilus LMG 18311. S. thermophilus LMG
18311 cells harboring pXL were grown overnight at 37°C in Todd-Hewitt broth
(Difco Laboratories) supplemented with 0.8% glucose and 2 pg/ml erythromy-
cin. The next day the culture was diluted to obtain an ODss, of 0.5 in the same
medium prewarmed to 37°C. Then 1 ml of the diluted culture was transferred to
a 1.5-ml Eppendorf tube containing 250 ng STP, and the sample was placed in a
water bath at 37°C. Two hours later transforming DNA was added. At this stage
the ODss of the culture did not exceed ~0.3. The preparation was then incu-
bated for an additional 2 h at 37°C. Finally, the sample was put on ice, serially
diluted, and spread on HIGL agar plates containing the appropriate antibiotic
(50 pg/ml streptomycin or 100 pg/ml kanamycin). To avoid loosing the pXL
plasmid, 2 pg/ml erythromycin had to be added to the HIGL agar plates. Curing
of the pXL plasmid was performed by cultivating transformants in antibiotic-free
medium for about 100 generations.

Disruption of the comEC gene. The comEC gene disruption cassette consists of
a kanamycin resistance gene flanked by two 800- to 1,000-bp DNA fragments
corresponding to the 5’ and 3’ regions of the comEC gene. In the first step for
disruption of the comEC gene, the kanamycin resistance gene was amplified by
PCR from the pFW13 vector (23), using primers Kana-F and Kana-R. In the
second step, the 5’ and 3’ flanking fragments were generated in two separate
PCRs with primer pairs ECI/EC2 and EC3/EC4 and genomic DNA from S.
thermophilus LMG 18311 as the template. The EC2 and EC3 primers used to
amplify the flanking sequences contained 22-bp extensions homologous to the 5’
and 3’ ends of the kanamycin gene, respectively. After agarose gel purification of
all PCR fragments, the kanamycin resistance gene was first joined to the 5’
flanking fragment in a PCR performed with the two DNA fragments and the
EC1 and Kana-R primers. In the same way, the kanamycin resistance gene
was joined to the 3’ flanking fragment in a PCR performed with both frag-
ments and the Kana-F and EC4 primers. Finally, the two combined fragments
were joined in a PCR performed with the EC1 and EC4 primers. The result-
ing comEC gene disruption cassette was purified with a PCR purification kit
obtained from QIAGEN and was used directly to transform competent S.
thermophilus LMG 18311 cells carrying the pXL plasmid. In addition, the gene
disruption cassette was cloned into the pCR 2.1-TOPO vector (Invitrogen) ac-
cording to the manufacturer’s instructions.

RESULTS

ComX is expressed in S. thermophilus during early logarith-
mic growth. The recent sequencing of three S. thermophilus
genomes opened the door to rational metabolic engineering of
this important dairy species (2, 10, 25). However, in order to
take full advantage of the available sequence information, bet-
ter genetic tools have to be developed (26). Natural transfor-
mation is a highly efficient tool for genetic manipulation that
has been used successfully with S. pneumoniae for more than
60 years. Drawing on our experience with S. pneumoniae, we
therefore set out to determine whether S. thermophilus is a
naturally transformable species. We chose to work on S. ther-
mophilus LMG 18311, which was isolated from yoghurt pro-
duced in the United Kingdom in 1974, because close inspec-
tion of its genome sequence indicated that the ComX regulon
is intact in this strain. Initially, experiments were carried out to
establish if transformants could be obtained by adding homol-
ogous genomic DNA containing a streptomycin resistance
marker to LMG 18311 cultures grown under various condi-
tions. All results were negative, suggesting that ComX and/or
the late genes are not expressed under the conditions used. To
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FIG. 1. Expression of the luc reporter gene (A) during growth of S.
thermophilus LMG 18311 from logarithmic to stationary phase (H).
(A) Expression of luciferase driven by the comX promoter. (B) Ex-
pression of luciferase driven by the comEC late gene promoter.

be able to monitor the activity of the comX promoter in a
growing culture of LMG 18311 cells over time and under
various conditions, we used the shuttle plasmid pTRKH2 (20)
to construct a reporter plasmid, pXP, harboring a transcrip-
tional fusion between the comX promoter and the firefly lucif-
erase gene. The pXP plasmid was subsequently introduced into
S. thermophilus LMG 18311 by electroporation, giving rise to
the XP strain. Luciferase activity was monitored by growing
cultures of the XP strain at 37°C in a Lucy 1 luminometer
(Anthos) as described in Materials and Methods. Unexpect-
edly, we discovered that the comX promoter is active during
early to approximately mid-logarithmic phase in XP cells
grown in THG at 37°C. As the culture approached station-
ary phase, the activity of the comX promoter declined to
zero (Fig. 1A).

Low-level expression of late genes during early logarithmic
phase. Even though ComX is expressed in early logarithmic
phase, we were not able to obtain transformants when cultures
at this stage of growth were exposed to purified genomic DNA
from a streptomycin-resistant mutant of strain LMG 18311.
One possible explanation for this negative result is that there
were undetected loss-of-function mutations in the transforma-
tion machinery. Alternatively, the level of ComX produced
might have been too low to significantly activate expression of
the late genes. To determine whether this could be the case, we
constructed a plasmid similar to pXP, except that we ex-

NATURAL TRANSFORMATION OF S. THERMOPHILUS 6753

changed the comX promoter with the promoter of the late
gene comEA (stul562). The resulting plasmid, pEAP, was elec-
troporated into S. thermophilus LMG 18311, giving rise to the
EAP strain. The activity of the comEA promoter was moni-
tored by growing the EAP strain in the Lucy 1 luminometer
exactly as described above for the XP strain. The data obtained
revealed that there was low-level luciferase expression during
early logarithmic phase, a pattern that roughly coincided with
the activity of the comX promoter (Fig. 1A and B). From the
reporter assay alone, it was not possible to determine whether
the comEA promoter operated at a very low level in all bacteria
in the culture or if it was highly expressed in just a tiny fraction
of the cells. In any case, the results indicate that the level of
ComX produced was too low to turn on the competent state in
a significant fraction of the bacterial population.
Overexpression of ComX. Morrison and coworkers have
shown that in S. pneumoniae ectopic expression of ComX from
a raffinose-inducible promoter in a comX mutant does not
result in development of competence. However, when the
comX gene was cloned into a multicopy plasmid and expressed
from a nisin-inducible promoter, the number of transformants
obtained was almost 10% of the wild-type number (15). In later
studies these workers were able to show that a product of the
early genes, termed ComW, is needed in addition to ComX for
efficient induction of competence. Evidence indicates that
ComW contributes to the stabilization of ComX against pro-
teolysis and that it is also required for optimal functionality of
the sigma factor (16, 24). We were not able to identify any
homologue of ComW in S. thermophilus, but it is reasonable to
assume that ComX is unstable also in this species. Judging
from our results and the results of the studies carried out by
Morrison and coworkers, it should be possible to induce com-
petence in S. thermophilus if sufficiently high levels of ComX
can be obtained. Using a strong constitutive promoter would
probably not work, as constant high levels of ComX would
interfere with the normal transcription pattern of the cell.
Instead, a system that could provide high-level transient ex-
pression of ComX is needed. We recently developed an induc-
ible expression system for S. thermophilus, and we decided to
use this method for overexpression of ComX (1a). This
method exploits a quorum-sensing system consisting of a pep-
tide pheromone (STP) encoded by stbC (stul688), its secretion
apparatus (StbAB), its histidine kinase receptor (StbH) (stul687),
and the cognate response regulator StbR (stul686). The STP
secretion apparatus appears to be nonfunctional in S. thermophi-
lus LMG 18311, due to a frameshift mutation in the stbB gene.
Nevertheless, we found that synthetic STP (NH,-SGWMDYIN
GFLKGFGGQRTLPTKDYNIPQV-COOH), added to a cul-
ture of the LMG 18311 strain, activates transcription of the bac-
teriocin-like gene, stbD (stul685), situated immediately upstream
of stbR in the opposite transcriptional orientation. Consequently,
by constructing transcriptional fusions between the stbD pro-
moter and target genes, inducible expression of recombinant pro-
teins can be obtained in S. thermophilus. To determine the effi-
ciency of the expression system under various growth conditions,
a luc reporter gene was placed behind the stbD promoter. The
resulting reporter construct (pBP) was introduced into S. ther-
mophilus LMG 18311 by electroporation, giving rise to the BP
strain. Using this strain, we tested the STP-inducible expression
system in different media and found that the level of lumines-
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FIG. 2. Effect of the growth medium on STP-induced overexpres-
sion of the luciferase reporter protein. Expression of the luc reporter
gene was driven by the promoter of the putative bacteriocin gene, stbD.
The S. thermophilus BP strain was grown in THG (blue lines) or HIGL
(yellow lines) from logarithmic to stationary phase. The STP peptide
pheromone was added at time zero.

cence obtained was by far the highest in THG (Fig. 2). This
medium was therefore used for subsequent overexpression of
ComX.

Induction of the competent state in S. thermophilus. To de-
termine whether the new expression system could drive ComX
production to the level required for activating transcription of
the late genes, a new plasmid based on pEAP was constructed.
This plasmid (pXL) was constructed by ligating a DNA frag-
ment consisting of a transcriptional fusion between the stbD
promoter and the comX gene into unique restriction sites of
the pEAP plasmid. To avoid transcriptional readthrough, the
expression and reporter modules of the pXL plasmid were
inserted in opposite directions. The resulting construct was
introduced into the LMG 18311 strain by electroporation. The
effect of STP-induced overproduction of ComX on late gene
expression was subsequently monitored by measuring light
emission from XL cells with the Lucy 1 luminometer. The
results showed that a culture of XL cells treated with 250 ng/ml
of STP displayed an approximately 600-fold increase in lumi-
nescence compared to a corresponding culture of bacteria har-
boring the pEAP plasmid (Fig. 1B and 3). No effect on lucif-
erase expression was seen when cultures of the EAP and XP
strains were treated with the STP peptide pheromone, dem-
onstrating that the dramatic increase in light production ob-
served with the XL strain must have been due to STP-induced
overexpression of ComX. Our results also revealed that ComX
is expressed in uninduced XL cells due to a leaky stbD pro-
moter. However, the peak luminescence of cultures treated
with STP was about sevenfold higher than the luminescence of
uninduced cultures (Fig. 3). By chance we discovered that in
the absence of selection pressure the pXL plasmid is rapidly
lost from its host. Presumably, the presence of ComX, ex-
pressed from the leaky sthD promoter, disturbs the normal
functions of the bacterial cell.

Having constructed an inducible ComX expression system
that efficiently activated transcription from late gene promot-
ers, we were anxious to find out whether the transformation
machinery of S. thermophilus LMG 18311 was still functional.
To our delight, 3 X 10° streptomycin-resistant CFU per ml of
culture (standard error, +0.9 X 10° CFU per ml; n = 4) were
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FIG. 3. Transcriptional activation of late competence genes by
STP-induced overexpression of ComX in S. thermophilus LMG 18311
carrying the pXL plasmid. Plasmid pXL contains an expression cas-
sette consisting of the STP-responsive stbD promoter transcriptionally
fused to the comX gene. In addition, it contains a reporter cassette
consisting of the comEC late gene promoter transcriptionally fused to
the luc reporter gene. As ComX activates transcription from late gene
promoters, this construct makes it possible to monitor expression of
late competence genes in STP-induced (A) and uninduced (A) S.
thermophilus cultures. B, growth curve for STP-induced culture; O,
growth curve for uninduced culture. The STP peptide pheromone was
added at time zero.
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obtained when genomic DNA (1 pg/ml) that was isolated from
a streptomycin-resistant LMG 18311 mutant (Str" through
spontaneous conversion) was added to cultures of the XL
strain pretreated with the STP pheromone (see Materials and
Methods for experimental details). The total number of CFU
in the culture was estimated in parallel and was determined to
be 5 X 10® CFU per ml (standard error, =1 X 10* CFU per ml;
n = 4). To ensure that the observed acquisition of streptomy-
cin resistance had taken place by natural transformation, we
checked whether the process depended on a functional comEC
gene. ComEC, also called CelB, has been shown to be essential
for natural transformation in Bacillus subtilis, S. pneumoniae,
and other competent bacteria and is believed to encode a
transmembrane channel required for DNA internalization (1,
6). The gene encoding ComEC is located on the same tran-
scription unit as comEA. To disrupt the comEC gene, we used
PCR to generate a DNA fragment consisting of a kanamycin
marker fused to ~1,000-bp flanking regions amplified from the
5" and 3’ halves of the comEC gene of S. thermophilus. This
fragment was added to an STP-induced culture of the XL
strain at a concentration of 1 pg/ml. After incubation for 2 h at
37°C, the bacteria were spread on agar plates containing 100
pg/ml of kanamycin and then incubated at 37°C for 18 to 24 h.
We obtained 7 X 10> CFU per ml (standard error, =1 X 10°
CFU per ml; n = 4) on the agar plates containing kanamycin,
and ~5 X 10® CFU per ml on the control plates lacking the
antibiotic. Correct integration of the gene disruption cassette
into the comEC gene by double-crossover homologous recom-
bination was verified by PCR in 10 randomly picked kanamy-
cin-resistant colonies. Next, we tested the transformability of
the XL AcomEC strain using genomic DNA from the strepto-
mycin-resistant LMG 18311 mutant as a selectable marker. No
transformants were obtained, demonstrating that the XL strain
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became nontransformable when the comEC gene was dis-
rupted.

When transformation is performed with a linear DNA frag-
ment, such as the comEC gene disruption cassette described
above, the ends of the fragments may be attacked and shortened
by nucleases, resulting in reduced transformation efficiency
(13). In an attempt to further increase the transformation
efficiency, we protected the ends of the comEC gene disruption
cassette by cloning it into the pCR2.1-TOPO plasmid (Invitro-
gen). By using this strategy we obtained 3 X 10° kanamycin-
resistant CFU per ml (standard error, =0.4 X 10° CFU per ml;
n = 4) when 3 pg/ml of plasmid DNA was added to STP-
induced cultures of the XL strain. The total number of CFU
per ml of competent culture was the same as before (~5 X 108
CFU per ml). As described above, correct integration of the
comEC gene disruption cassette was verified by PCR in 10
randomly picked colonies. These results showed that approxi-
mately 1% of the streptococcal chains present in the compe-
tent culture receiving 3 pg/ml of recombinant plasmid DNA
gave rise to a colony when they were cultivated on agar plates
containing kanamycin.

Unexpectedly, preliminary results indicated that S. ther-
mophilus strain LMD-9 transformed very poorly using the
method described above for strain LMG 18311. Therefore,
more strains must be tested before it becomes clear whether
the method described here works well with most S. thermophi-
lus strains or whether we were just lucky to pick LMG 18311.

DISCUSSION

By using the highly efficient transformation procedure de-
scribed above it should be possible to introduce mutations into
the genome of S. thermophilus LMG 18311 without the use of
a selectable antibiotic resistance marker. DNA fragments con-
taining the desired insertion/deletion or point mutation(s) can
be made by PCR or other molecular methods and cloned into
a suitable plasmid. Following uptake of this construct by com-
petent S. thermophilus LMG 18311 cells, targeted integration
of the mutated region into the bacterial genome is mediated by
~1,000-bp flanking regions through double-crossover homol-
ogous recombination. Due to the high transformation effi-
ciency it should be relatively easy to identify transformants
containing the sought-after genotype against the background
of wild-type streptococci. Standard colony hybridization with a
labeled oligonucleotide probe designed to specifically recog-
nize mutants could be used for this purpose. Before plating, a
mechanical blender (e.g., Ultra-Turrax model T25 [Ika Labo-
technik, Staufen, Germany]) must be used to disrupt the long
chains of S. thermophilus cells, as described previously (18).
After identification of the desired mutant, it is easily cured of
the unstable pXL helper plasmid by growth in the absence of
erythromycin. S. thermophilus mutants made by using this tech-
nique fulfill the safety criteria described by Johansen (12) and
should therefore attain “generally recognized as safe” status
provided that DNA from organisms that are not generally
recognized as safe is not introduced into the genetically engi-
neered strain.

In the present work we showed that overexpression of
ComX induces the competent state in S. thermophilus LMG
18311. An important question that remains to be answered,
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however, is how natural transformation is turned on sponta-
neously in this strain. Although it is possible that the mecha-
nism controlling the development of competence has degen-
erated during adaptation to the dairy niche, it is more likely
that spontaneous development of competence in S. thermophi-
lus LMG 18311 requires special, as-yet-undiscovered growth
conditions. The regulatory pathway controlling expression of
the comX gene is not known, but our results show that this
gene is actively transcribed during early logarithmic phase
when the XP strain is grown in THG at 37°C. In spite of this,
the levels of transcription of the late genes under these con-
ditions stayed very low, indicating that the level of comX tran-
scription was too low or that ComX was prevented from
accumulating to levels required for late gene expression by
a regulatory mechanism operating at the posttranscriptional
level. It has been reported that the ClpP protease negatively
controls ComX in S. pneumoniae (24) and Streptococcus
pyogenes (19), and it is therefore likely that the same control
mechanism operates in S. thermophilus. The fact that overex-
pression of ComX efficiently induces expression of the late
genes suggests that a system that negatively controls the accu-
mulation of ComX becomes saturated under these circum-
stances. In sum, preliminary data indicate that spontaneous
induction of competence in S. thermophilus requires the joint
action of at least two converging regulatory pathways. How-
ever, in contrast to other streptococci that have been shown to
be competent for natural transformation, a quorum-sensing
system of the ComCDE type does not seem to be involved.
Considering the high degree of degeneracy detected in
the genome of S. thermophilus, it is remarkable that the
genes involved in natural transformation have remained in-
tact. Bolotin et al. (2) found that 10% of the genes in S.
thermophilus strains LMG 18311 and CNRZ 1066 are nonfunc-
tional pseudogenes, and they concluded that these strains have
adapted to the dairy niche mainly through loss-of-function
events. The intactness of the late competence genes in strain
LMG 18311 indicates that even in a constant milk environment
natural competence provides a selective advantage. Indeed,
evidence of lateral gene transfer from other dairy bacteria to S.
thermophilus LMG 18311 has been reported. A 17-kb mosaic
region found in the pepD gene contains fragments with high
homology to corresponding sequences in Lactobacillus bulgari-
cus and Lactococcus lactis, species that come into close contact
with S. thermophilus during fermentation of yoghurt and
cheeses, respectively (2). In light of the results presented here,
it seems plausible that at least some of these gene transfer
events have taken place by natural genetic transformation.
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Introduction

Abstract

Aims: To develop a general method for site-directed mutagenesis in the dairy
starter strain Streptococcus thermophilus LMG 18311 which does not depend on
antibiotic-resistance genes or other selection markers for the identification of
transformants.

Methods and Results: In a previous study, we demonstrated that Strep. thermo-
philus LMG 18311 can be made competent for natural genetic transformation
by overexpression of the alternative sigma factor ComX. In the present study,
we wanted to investigate whether the natural transformation mechanism of
Strep. thermophilus LMG 18311 is efficient enough to make it feasible to per-
form site-directed mutagenesis in this strain without the use of a selection mar-
ker. Competent bacteria were mixed with a DNA fragment engineered to
contain a nonsense and a frameshift mutation in the middle of the target gene
(lacZ) and subsequently seeded on agar plates. By performing colony-lift
hybridization using a digoxigenin-labelled oligonucleotide probe, we succeeded
in identifying transformants containing the sought after mutation.

Conclusions: By exploiting the natural transformability of Strep. thermophilus
LMG 18311 and standard molecular methods, we have demonstrated that the
genome of this bacterium can be altered at preselected sites without
introduction of any foreign DNA.

Significance and Impact of the Study: A food-grade site-directed mutagenesis
system has been developed for Strep. thermophilus LMG 18311 that can be used
by the dairy industry to construct starter strains with novel and/or improved
properties.

to investigate whether it is possible to carry out site-direc-
ted mutagenesis in the starter strain Strep. thermophilus

Streptococcus thermophilus is a starter organism used by
the dairy industry for the manufacture of yogurt and Ital-
ian and Swiss-type cheeses. It is the only species in the
genus Streptococcus that has generally recognized as safe
(GRAS) status (Delorme 2008). Because of consumer
scepticism, no yogurts produced with genetically modified
bacteria have so far been approved by The European
Food Safety Authority (EFSA). In our opinion, it is likely
that GMO strains that contain no foreign DNA, and only
deviates from the parental strain at one or a few nucleo-
tide positions, will be the first to be approved by consum-
ers as well as EFSA. Based on this reasoning, we decided

LMG 18311 without the use of a selection marker. Our
goal was to change only a few nucleotides in a preselected
gene.

Most techniques used to engineer specific genetic
changes into the genomes of target bacteria are very inef-
ficient. Consequently, antibiotic-resistance genes, or other
types of selection markers, are employed to isolate bacte-
ria containing the desired mutation(s). However, when
constructing genetically modified bacteria intended for
use in the manufacture of food products, such markers
should be avoided (Johansen 1999). We have previously
shown that Strep. thermophilus LMG 18311 can be made
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(a) 139 TCT CTT AAT GGA AAA TGG AAA ATT CAC TAT GCT CAG AAT ACA

Figure 1 Sequence of mutated region of the S L
Streptococcus thermophilus lacZ gene. (a)
Wild-type sequence. (b) Mutated sequence.
Asterisks indicate the positions of introduced
nonsense and frameshift mutations. S L

competent for natural genetic transformation (Blomgqvist
et al. 2006). In the competent state, these bacteria take up
external DNA and incorporate it into their genomes by
homologous recombination. In the present study, we have
investigated the efficiency of this process and found that
mutants engineered to contain single base-pair mutations
in their genomes can easily be identified by colony
hybridization using a digoxigenin (DIG)-labelled oligonu-
cleotide probe. Consequently, we have developed a gen-
eral procedure for generating food-grade mutants in
Strep. thermophilus LMG 18311 that can be used to intro-
duce specific base-pair changes anywhere in the genome
of this strain without leaving behind foreign DNA.

Materials and methods

Bacterial strains and growth conditions

Streptococcus thermophilus strain LMG 18311 harbouring
the XL plasmid (pXL) (Blomgqyvist et al. 2006) was grown
in Hogg-Jago glucose broth (HJGL) (3% tryptone; 1%
yeast extract; 0-2% beef extract; 0-5% KH,PO4 0-5%
glucose; 0-5% lactose) or Todd-Hewitt broth (Difco Labo-
ratories) supplemented with 0-8% glucose (THG). The XL
plasmid was derived from the shuttle vector pTRKH2
(O’Sullivan and Klaenhammer 1993) as previously
described (Blomgqvist et al. 2006). Agar plates were pre-
pared by adding 1-5% (w/v) agar to the media. For
blue/white colony screening, 32 ul of 50 mg ml~" X-gal
dissolved in dimethylformamide was spread on each plate,
prior to spreading the bacterial cells. All incubations were
carried out at 37°C.

Construction of lacZ mutant

An approx. 1700-bp PCR fragment containing a nonsense
mutation and a 1-bp frameshift insertion in the middle (see
Fig. 1) was constructed using overlap extension PCR. In
the first round, two separate PCRs were performed using
the primer pairs LacZ-F1/LacZ-R1 and LacZ-F2/LacZ-R2,
respectively, using an annealing temperature of 53°C and
30-s elongation time. Genomic DNA from Strep. thermo-
philus LMG 18311 was used as template. The two products
from the first round were used in a second PCR together
with the primers LacZ-F1 and Lac-R2 (annealing
temperature = 55°C, 75-s elongation time), resulting in a
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(b) 139 TCT CTT AAT GGA AAA TAG AAG AAT TCA CTA TGC TCA GAA TAC
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spliced fragment containing the mutated region in the mid-
dle. This fragment was cloned into the pCR 2.1-TOPO
vector (Invitrogen, Carlsbad, CA) according to the manu-
facturer’s instructions, giving rise to a plasmid termed
PABG. The insert of this plasmid was sequenced using the
primer Lac-sekv-F1 to confirm the introduced mutations.
Prior to the transformation of the Strep. thermophilus LMG
18311 XL strain, the pABG was cleaved by Ncol to generate
a linear fragment.

The PCRs described earlier were carried out using the
Phusion high-fidelity DNA polymerase (Finnzymes,
Espoo, Finland), and DNA sequencing was performed
using BicDye 3.1 (Applied Biosystems, Foster City,
CA). The sequences of the primers used are given in
Table 1.

Transformation of Streptococcus thermophilus LMG
18311 XL

Streptococcus thermophilus LTMG18311 cells, harbouring a
plasmid (pXL) for the overexpression of comX (Blomqvist
et al. 2006), were grown overnight at 37°C in THG sup-
plemented with 2 ug ml™' erythromycin. The next day,
the culture was diluted to ODs5, = 0-05 in the same med-
ium prewarmed to 37°C. Then, 250 ng of synthetic
Streptococcus  thermophilus  pheromone (STP) (NH2-
SGWMDYINGFLKGFGGQRTLPTKDYNIPQV-COOH) was
added to 1 ml of diluted culture, and the sample was
placed in a water bath at 37°C. Two hours later, when
ODssy of the culture was between 02 and 0-3, approx.
1 ug ml™" of transforming DNA (linearized pABG) was
added. The sample was then further incubated at 37°C

Table 1 Primers and probe used in this study

Primer/probe  Sequence

LacZ-F1 5-GGACACCGTGATGAATCACTTA-3"

LacZ-R1 5-TTCTGAGCATAGTGAATTCTTCTATTTTC-3"
Lacz-F2 5-GGAAAATAGAAGAATTCACTATGCTCAGAA-3’
LacZ-R2 5-ACTGGAACGACTTCAACAACTT-3’
LacZ-sekv-F1 5-CACAGTACTTGTCACTGTAACTA-3"

LacZ-sekv-F2
LacZ-sekv-F3
LacZ-sekv-F4
LacZ-sekv-F6
LacZ-Probe-1

5-CCTCAAGTTCCTCAAGAATCA-3’
5-CTATGGTAAGAGAATTGTCTT-3’
5-GGACTTCATTGACCAAGCTATT-3"
5-GGATCGTGCCAATAACATGTT-3"
5-CTTAATGGAAAATAGAAGAATTCACTATGC-DIG-3”
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for 2 h. To separate long chains of cells into single cells
or short chains, the culture was diluted to 4 ml using
THG medium and treated with a mechanical blender
(Ultra-Turrax model T25; Ika Labotechnik, Staufen, Ger-
many) at maximum speed (24 000 rev min~") for 1 min.
This process was repeated three times with cooling in
between to avoid overheating. Following this treatment,
the cells were allowed to recover at 37°C for 30 min
before they were put on ice. Finally, the sample was seri-
ally diluted and spread on HJGL agar plates prepared
with X-gal for blue/white screening, or without X-gal for
colony hybridization. The plates were incubated over
night at 37°C. The following morning, eight positive
(white) transformants were selected from plates contain-
ing X-gal and grown in HJGL. The treatment in the
mechanical blender was repeated, and the culture was
spread on fresh agar plates containing X-gal. The presence
of the correct mutations in the lacZ gene of the white
transformants was verified by sequencing of the PCR
product generated with primers LacZ-F1 and LacZ-R2.
The oligonucleotide termed LacZ-sekv-F1 was used as a
sequencing primer (Table 1). Curing of the pXL plasmid
was performed by cultivating transformants in antibiotic-
free medium for about 100 generations.

Colony hybridization with DIG-labelled probe

Colonies were transferred to nylon membranes (Hybond-
N+; Amersham Bioscience, Little Chalfont, UK) according
to the manufacturer’s instructions. Subsequent treatment
of the membranes (lysis, denaturation, neutralization and
washing) was performed on solution-saturated 3MM
paper filters (Whatman, Maidstone, UK). Lysis of bacte-
rial cells was accomplished by incubating the membranes
for 45 min at 37°C in a 10 mmol I™' Tris-HCl buffer
(pH 7-5) containing 250 mmol 1~' sucrose and 5 mg ml™"'
of lysozyme. The next steps were performed at room tem-
perature. DNA was denatured for 15 min in 1-5 mol 1!
NaCl/1 mol I"' NaOH and thereafter neutralized for
4 min in a 0-5 mol 17! Tris—=HCI buffer (pH 8) containing
1'5 mol I"' NaCl. Finally, the membranes were washed
for 4 min in 2x SSC (03 mol I"! NaCl, 0-03 mol 1!
sodium citrate) followed by baking at 80°C for 2 h.

Prior to the hybridization, the membranes were incu-
bated with gentle agitation at 45°C in Easy Hyb for 30 min
(see DIG Easy Hyb protocol from Roche for details). Then,
the prehybridization solution was removed, and a smaller
volume of fresh Easy Hyb solution containing 10 pmol
ml™! LacZ-Probe-1 (Table 1) was added. Membranes were
hybridized overnight at 45°C. Posthybridization washes
were performed 2 X 5 min in 2x SSC using 0-1% SDS at
room temperature, and 2 X 15 min in 0-5x SSC using 0-1%
SDS, at 50°C under constant agitation. Membranes were
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developed for 4-5 h using the DIG Nucleic Acid Detection
kit (Roche Diagnostics GmbH, Mannheim, Germany) as
described by the supplier. To confirm that positive colonies
contained bacteria with the desired mutations, they were
subjected to blue/white screening and sequencing of the
lacZ gene. The sequencing reactions were performed using
the primers LacZ-R2, LacZ-sekv-F1, -2, -3, -4 and -6 on a
PCR fragment generated from genomic DNA with the
primers LacZ-F1 and LacZ-R2.

Results

A DNA fragment containing an engineered stop codon
(codon 52) and 1-bp frameshift insertion (codon 53) in
the Strep. thermophilus lacZ gene (Fig. 1), plus approx.
1000-bp upstream and downstream flanking regions, was
made by overlap extension PCR and cloned into the
pCR2.1-TOPO plasmid as described in the Materials and
Methods section. Subsequently, the resulting construct
was linearized by cleaving a unique Ncol site in the
TOPO plasmid. The purpose of the flanking nonhomolo-
gous plasmid sequences was to increase the transforma-
tion efficiency by protecting the homologous donor DNA
from degradation by nucleases during transformation.
Following the uptake of the construct by competent
Strep. thermophilus LMG 18311 cells, targeted integration
of the mutated region into the bacterial genome by dou-
ble-crossover homologous recombination will take place
in a minor fraction of the population. To screen for such
LacZ™ transformants, bacteria were seeded on agar plates
containing X-gal substrate. The simplicity of this proce-
dure allowed us to screen a large number of bacteria to
determine the ratio of white to blue colonies. A low ratio,
indicating poor transformation efficiency, would imply
that the sought after mutant would be hard to find with
a more general method such as colony-lift hybridization.
Interestingly, our results showed that several white colo-
nies (LacZ™) were present on each agar plate (see Fig. 2).
We estimated that 0-7% of the colonies were white, dem-
onstrating a surprisingly high transformation efficiency.
We then repeated the experiment but used colony-lift
hybridization with a 30-bp DIG-labelled probe instead of
blue/white screening to identify LacZ™ mutants. Twelve
colonies believed to be positive were selected and streaked
out on new agar plates containing X-gal. Seven of these
gave rise to only white colonies, two gave blue colonies,
whereas three gave a mixture of blue and white colonies
(Fig 3c,d,e).

The fact that Strep. thermophilus grow in long chains
makes it impossible to know whether a colony is formed
from one cell or a chain of cells. This represents a com-
plicating factor when mutagenesis of the type described in
this work is carried out. As no selectable marker is used
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We, therefore, used a mechanical blender to break the
chains before the bacteria were seeded on agar plates.
Microscopic inspection of cultures treated with the blen-
der revealed that it contained single cells or chains con-
sisting of two to c. five cells, while the untreated culture
contained chains ranging from two to c. 40 cells in length
(Fig. 3a,b). As mentioned earlier, some of the positive
colonies identified by colony-lift hybridization turned out
to consist of a mixture of LacZ™ and LacZ"' bacteria (see
Fig. 3e). To get rid of the contaminating wild-type bacte-
ria, treatment with the blender followed by a new round
of colony-lift hybridization might be necessary. This pro-
cedure will have to be repeated until only positive
colonies appear on the hybridization filters after colour

development.

Discussion
Figure 2 Estimation of transformation efficiency. After exposing a
competent Streptococcus thermophilus LMG18311 culture to DNA The genetic engineering technique described in this work
containing a /acZ gene carrying a nonsense and a frameshift mutation makes it is possible to introduce changes into the genome
in the middle, cells were spread on agar plates containing X-gal. of the dairy starter strain Strep. thermophilus LMG 18311

Desired lacZ” mutants appear as white colonies as indicated by

without having to rely on a selection marker. The tech-
arrows. The scale bar represents 1 cm.

nique allows targeted substitution, insertion or deletion of
a single or a few basepairs, changes that over time occur

that allows growth only of the transformed cells, colonies naturally but randomly in the genomes of all bacteria. In
that contains cells carrying the correct mutation(s) will  this connection, it is worth noticing that the genomes of
also in general contain a large number of wild-type cells. the two commonly wused Strep. thermophilus starter

Figure 3 Mechanical breaking of bacterial chains facilitates the identification and isolation of mutants. Upper panels: microscopic images of
Streptococcus thermophilus LMG 18311 before (a) and after (b) treatment with the Ultra-Turrax mechanical blender. Lower panel: to determine
how well the mechanical separation technique worked in practice, colony-lift hybridization with a DIG-labelled oligonucleotide probe was used to
identify colonies containing a mutated nonfunctional /acZ gene (see text for details). Colonies identified as positive with the DIG probe were
rescreened on agar plates containing X-gal. Three types of results were obtained: only mutants (white colonies, panel c), mostly wild-type cells
(blue colonies, panel d) and a mixture of mutant and wild type cells (panel e). This result demonstrates that the mechanical separation technique
works, but that rescreening is necessary to ensure that positive colonies are not contaminated with wild-type cells. The scale bars in panels (a)
and (b) represent 10 um, while the scale bars in panels (c), (d) and (e) represent 1 cm.
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strains, CNRZ1061 and LMG 18311, contain around 3000
single nucleotide differences (Bolotin et al. 2004; Hols
et al. 2005).

Inactivation of gene products by introduction of stop
codons or frameshift mutations can be used to construct
starter strains with novel or improved properties. A con-
crete example of a loss-of-function mutant that could be
useful for the dairy industry is a urease-negative (Ure")
strain. A major role for Strep. thermophilus in milk fer-
mentations is to provide rapid acidification. However, in
urease-positive strains, hydrolysis of urea, which can be
present in milk at varying concentrations depending on
the type of feed provided, releases ammonia that slows
down the rate of acidification. Possible consequences of
this are increased fermentation time, altered texture char-
acteristics of the product and/or growth of contaminating
micro-organisms (Martin et al. 1997; Mora et al. 2004).

About 10% of the open reading frames present in the
genome of Strep. thermophilus LMG 18311 have been
reported to be pseudogenes (Bolotin ef al. 2004). The
LMG18311 strain has, for instance, a nonfunctional bacte-
riocin system because of a disrupted BlpB accessory pro-
tein, which together with the ABC-transporter BlpA
transport bacteriocins possessing double-glycine type lead-
ers to the exterior of the bacterial cell (Hols et al. 2005;
Fontaine ef al. 2007). A nonsense mutation and a 1-bp
insertion have rendered the blpB gene nonfunctional
Using the technique described in the current study, it is
possible to repair pseudogenes in LMG18311 that have
become nonfunctional because of nonsense or frameshift
mutations. In the case of yogurt starter strain LMG18311,
a restored bacteriocin system might constitute an addi-
tional hurdle to control the growth of nonstarter strains
or foodborne pathogenic species such as Listeria monocyt-
ogenes (Fontaine and Hols 2008).

The molecular tools described in this study can also be
used to manipulate the expression level of genes and gene
products. This can, for instance, be performed by intro-
ducing specific point mutations that alters promoter
strength or the efficiency of ribosome-binding sites. One
area of particular interest for the dairy industry is to
develop novel Strep. thermophilus starter strains that pro-
duce more of aroma compounds such as acetaldehyde
and diacetyl. In theory, this can be performed by manipu-
lating the expression level of certain key enzymes in the
carbon metabolism (Hols et al. 2005). It has been
reported, for instance, that increased production of «-
acetolactate synthase, which is involved in conversion of
pyruvate into diacetyl, stimulates diacetyl production.
Similarly, inactivation of o-acetolactate decarboxylase, an
enzyme that coverts a-acetolactate into acetoin, boosts
the level of diacetyl significantly (Hols et al. 2005; Mon-
net and Corrieu 2007). Presumably, construction of a
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strain with high levels of «-acetolactate synthase com-
bined with low levels of o-acetolactate decarboxylase
would give an even better result. Another area of major
importance to the manufacturers of yoghurt is the pro-
duction of extracellular polysaccharides (eps), which con-
tribute to mouthfeel, taste perception and texture of the
product. Radstrom and co-workers have demonstrated
that higher eps production can be obtained by increasing
the levels of o-phosphoglucomutase, UDP-glucose pyro-
phosphorylase and the Leloir enzymes, and that the
resulting increase in eps production influenced the rheo-
logical properties of fermented milk (Levander et al. 2002;
Svensson et al. 2005).

The examples given earlier illustrate some possible
applications for the genetic engineering tools described in
the present study. Because of the efficiency of the trans-
formation process, small genetic changes can be intro-
duced into the genome of Strep. thermophilus LMG 18311
without the use of a selection marker. Furthermore, the
desired phenotype can, in many cases, be obtained by
substitution of only a single or a few base pairs. It is diffi-
cult to envision how the use of this technique can give
rise to food products that represent a hazard to the
consumer or the environment.
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