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Lactococcus lactis – history and importance 

he Lactic Acid Bacteria (LAB) comprise a clade of Gram-positive, low-GC, 
acid-tolerant, non-sporulating, non-respiring rods or cocci that produce 

lactic acid as the major metabolic end-product of carbohydrate fermentation 
(Kok, 2014; Holzapfel and Wood, 2012).  
The first studies of the lactococci were performed by Joseph Lister in 1873 who 
obtained the first pure bacterial culture and named it Bacterium lactis. The 
bacterium was then renamed Streptococcus lactis by Löhnis (1909) and Orla-
Jensen (1919). In 1985 the N streptococci were separated from oral streptococci, 
enterococci and haemolytic streptococci. The new genus name “Lactococcus” was 
suggested (Schleifer, 1985). To this date, the genus contains 11 species and is 
constantly growing (Table 1). 

Table 1. Genus Lactococcus.  

T 

Species 
 

Isolated from Reference 

L. raffinolactis Milk Orla-Jensen and Hansen, 1932 

L. plantarum 
 

Frozen peas Collins, 1983 

L. fujiensis Leaves of Chinese cabbage Cai, 2011 
 

L. chungangensis Activated sludge foam Cho, 2008 
 

L. taiwanensis Seeds of bird lime tree Chen, 2013 
 

L. garviae Bovine mastitis and fish 
lactococcosis samples 

Collins, 1983 

L. formosensis 
 

Fermented broccoli stems Chen, 2014 

L. hircilactis 
 

Milk Meucci, 2015 

L. laudensis 
 

Milk Meucci, 2015 

L. nasutitermitis 
 

Termite gut Yang, 2015 

L. piscium Salmonid fish Williams, 1990 
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In 1919 Orla-Jensen separated S. cremoris and S. lactis on basis of characteristics 
such as chain length, maximum growth temperature and fermentative power. 
These criteria were quite arbitrary and not satisfactory (Sherman, 1937). Later a 
better system to distinguish between the two types was established. It was shown 
that S. lactis could hydrolyze arginine and produce ammonia, while S. cremoris 
could not (Niven, 1942). To differentiate between S. lactis and S. cremoris an agar 
media that indicated the ability to produce ammonia from arginine was 
developed (Reddy, 1969). It helped to select strains for industrial milk 
fermentation. Later L. lactis subsp. cremoris strains possessing the ADI pathway 
were isolated. L. lactis subsp. lactis (Lister, 1873) and L. lactis biovar diacetylactis 
are usually detected in plant material. L. lactis subspecies lactis and cremoris 
(Orla-Jensen, 1919) are often found in raw milk. It is suggested that lactococci 
enter milk from the exterior of the udder during milking and from the feed. L. 
lactis subsp. tructae was isolated from intestinal mucus of trout (Perez, 2011). L. 
lactis subsp. hordniae was first discovered in leafhopper ((ex Latorre-Guzman, 
1977) Schleifer, 1986). 
Conversion of the milk sugar lactose to the end-product lactic acid is one of the 
main functions of the bacteria during the fermentation of milk. Depending on the 
selection of specific bacteria and the technology used, such as stirring, adding 
salt, pressing, the choice of temperature, a certain product is formed: yoghurt 
(made by a combination of Lactobacillus bulgaricus and Streptococcus 
thermophilus), buttermilk (Lactococcus lactis) or a large selection of soft and 
hard cheeses (made by greatly varying mixtures of strains of L. lactis and 
Leuconostoc mesenteroides). The increased acidity of a fermented milk product 
makes it less suitable for other organisms (fungi or food spoiling bacteria) to 
grow, and thus, it increases the shelf life of a product (Kok, 2014; Holzapfel and 
Wood, 2012). 
Lactococcus strains produce many antibacterial substances, such as organic acids, 
diacetyl, acetoin and bacteriocins such as nisin, and lacticin 3147. These peptides 
are generally regarded as safe to be used for food preservation. They do not affect 
eukaryotic cells or the gut microbiota since they are degraded in the digestive 
tract; bacteriocins are usually stable at low pH and have a broad antimicrobial 
spectrum against many food-borne pathogenic and spoilage bacteria (Galvez, 
2007). Since L. lactis has an established history of safe use in the food industry, a 
variety of genetic manipulation tools are available, and many systems for effective 
production of secreted and surface-expressed proteins exist, this organism was 
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chosen for the delivery of vaccines via mucosal routes of administration.  Now it 
is regularly used for a number of biomedical applications, such as vaccine 
delivery, gene delivery, heterologous protein expression and therapeutic drug 
delivery (Bahey-El-Din, 2011). Absence of lipopolysaccharides and a small 
amount of exoproteins make it a better delivery vehicle or expression host for 
heterologous proteins than E. coli and other Gram-negative bacteria. Oral 
immunization with L. lactis secreting the SARS-coronavirus nucleocapsid N 
protein was reported to be successful in mice (Pei, 2005). Another study 
described how orally administered L. lactis, expressing the pneumococcal 
protective protein, was able to cause immunity against respiratory pneumococcal 
infection (Villena, 2008). HIV envelope protein-expressing L. lactis was 
successfully developed for oral immunization (Xin, 2003; Chamcha, 2015). Co-
usage of interleukins IL-2, IL-6, IL-12 secreting L. lactis strains were shown to 
increase the immune response to heterologous proteins (tetanus toxin fragment 
or human papilloma virus type 16 antigen E7) delivered or secreted by 
lactococcal cells (Steidler, 1998; Bermudez-Hymaran, 2003). Immunosuppressive 
hIL10 secreting L. lactis were used to treat inflammatory bowel disease (Steidler, 
2003). This strain is currently under clinical investigation. Since genetically 
modified organisms still face low public acceptance, non-GMO approaches, such 
as surface-engineered living LAB or non-viable bacteria-like particles (previously 
called “Gram-positive enhancer matrix (GEM) particles”) have become popular 
(Mao, 2016). These novel strategies enable many valuable applications, such as 
vaccine development (against Y. pestis, viruses), mucosal immunotherapy, drug 
delivery (subtilisin QK-2), enzyme immobilization and bioconversion (α-amylase, 
β-lactamase, β-galactosidase) (Mao, 2016). 
L. lactis is a promising host for production of plant high value chemicals. It has 
proven to be an ideal host for the expression of plant membrane proteins, 
pathways for production of terpenoids, esthers and resveratrol (Gaspar, 2013). 
Exploitation of L. lactis and other microbial hosts as cell factories is an attractive 
alternative to extraction of anthocyanins and other flavonoids from plant sources 
or chemical synthesis (Figure 1). 
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Figure 1. L. lactis NZ9000 derivatives carrying plant genes for anthocyanin 
synthesis. 

Carbohydrate metabolism and its regulation in L. lactis  

Lactococcus lactis generates ATP mostly via substrate level phosphorylation 
(glycolysis, arginine metabolism). Large quantities of fermentation products that 
are formed in the cytosol create outwardly directed concentration gradients. 
When the product efflux occurs in symport with protons or sodium ions, the 
gradient of the latter compounds is created, which can be used to synthesize ATP 
via the F0F1-ATPase or to drive other energy-requiring processes. Similarly, 
during malolactic fermentation uptake and decarboxylation of malate results in 
the formation of an electrochemical proton gradient (Poolman, 1993).  Thus, 
transport systems are very important in metabolic energy transduction reactions. 
There are three main types of solute transport systems in bacteria. They differ in 
the form of energy that is used and the way the energy is transduced in the 
translocation process. I) Primary transport systems (ATP-ases) utilize the change 
in free energy upon hydrolysis of ATP to transport compounds against their 
concentration gradients. II) Secondary transport systems include ion-linked 
symport-, antiport- and precursor/product exchange mechanisms. They couple 
the transport of a compound (against its concentration gradient) to the transport 
of a second molecule (H+, Na+, precursor/product) with its concentration 
gradient (Poolman, 1993). III) Group translocation involves phosphorylation of 
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the molecule concomitant with its import by the phosphoenolpyruvate:substrate 
phosphotransferase system. 
 

Phosphoenolpyruvate:carbohydrate phosphotransferase system  

Phosphoenolpyruvate:carbohydrate phosphotransferase systems, or PTSs are 
widely used among Gram-negative and Gram-positive bacteria, and some archaea 
for sensing and take-up of sugars and sugar derivatives (sugar alcohols, amino 
sugars, glycuronic acids). PTSs carry out not only catalytic but also regulatory 
functions related to carbon, nitrogen, phosphate metabolism, chemotaxis, 
potassium transport and to virulence of certain pathogens (Postma, 1993; 
Deutscher, 2014).  The phosphoryation state of PTS components varies according 
to the availability of the substrate and the metabolic state of the cell. A PTS 
consists of one membrane-spanning protein and four cytoplasmic components. 
Enzyme I (EI) and the histidine-containing phosphocarrier HPr are the general 
soluble proteins shared by many PTSs. They are encoded by the ptsHI operon. 
Enzyme II components (either separate proteins or fused protein domains) are 
specific for one substrate or a group of closely related substrates. EIIA and EIIB 
are cytoplasmic, while EIIC is the membrane-integrated component. The 
mannose-type PTS possesses an additional transmembrane protein EIID. The 
genes coding for these proteins are usually organized in a cluster which often 
includes other genes required for the metabolism of the substrate (Deutscher, 
2014). Based on the composition of the membrane components, 7 PTS families 
exist: glucose, fructose, lactose, glucitol, galactitol, mannose and ascorbate. 
In order to phosphorylate the transported substrate, the soluble PTS components 
form a phosphorylation cascade. The conserved histidyl residue of EI is 
autophosphorylated at the expense of the phosphoenolpyruvate molecule (PEP). 
Then the phosphoryl group is transferred to His-15 in HPr. HPr, phosphorylated 
at this position phosphorylates the substrate-specific EIIA component at a 
histidyl residue. The phosphoryl group is further passed onto cysteyl of EIIB 
(except for mannose-family EIIBs that are phosphorylated at the histidyl residue). 
The last step of the phosphorylation cascade is the phosphoryl transfer onto the 
carbohydrate molecule, which is transported via EIIC. Phosphorylation of sugar 
lowers the affinity of EIIC for it and it is therefore released to the cytoplasm. 
However, not all the PTS substrates are phosphorylated upon uptake: fucosyl-α-
1,3-N-acetylglucosamine which is transported via a mannose-class PTS of 
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Lactobacillus casei enters the cytoplasm without the phosphoryl group attached 
(Rodriguez-Diaz, 2012). In some cases the membrane-spanning components of 
PTSs are involved in facilitated diffusion and allow transport of galactose or 
fructose in E. coli (via the glucose-specific PTS) (Kornberg, 1976; Kornberg, 
2000), or of galactose and trehalose in S. typhimurium and xylose in L. pentosus, 
L. plantarum and L. casei (all via the mannose PTS) (Chaillou, 1999).  
Cases et al. propose that in certain bacterial groups PTSs are rarely used as sugar 
transporters, but their main function is sensing of the metabolic carbon flux 
(Cases, 2007).  The authors hypothesize that the core EI-HPr-EIIA part of the 
PTS evolved separately as a carbon-sensing device, and the permease part 
consisting of EIIB and EIIC developed independently. Only later these two 
counterparts started working together (Cases, 2007). This hypothesis sounds 
plausible as often the membrane-spanning EIIC components and their 
corresponding EIIB proteins are found in similar proportions, while the ratio 
between EIIC/EI or EIIC/HPr can reach 37 (Cases, 2007). 
 
Locus Gene Family Product Substrate Reference 
llmg_0022 
llmg_0024 

mtlA 
mtlF 

Fru-family 
Fru-family 

IIBC 
IIA 

Mannitol  Gaspar, 2004 

llmg_0187 celB Lac-family IIC Cellobiose/ 
Lactose 

Kowalczyk, 
2008 

llmg_0437 
llmg_0438 
llmg_0440 

ptcB 
ptcA 
ptcC 

Lac-family 
Lac-family 
Lac-family 

IIB 
IIA 
IIC 

Cellobiose/ 
Glucose 

 
Castro, 2009 

llmg_0453 
llmg_0454 

yedE 
yedF 

Glc-family 
Glc-family 

IIA 
IIBC 

Trehalose Andersson, 
2005 

llmg_0727 
llmg_0728 
llmg_0729 

ptnD 
ptnC 
ptnAB 

Man-family 
Man-family 
Man-family 

IID 
IIC 
IIAB 

Mannose/ 
Glucose 

Castro, 2009 

llmg_0865 
llmg_0866 
llmg_0867 

 Fru-family 
Gat-family 
Asc-family 

IIA 
IIB 
IIC 

ND  

llmg_0963  Lac-family IIC Galactose van der 
Meulen, 2016 

llmg_1045 ptbA Glc-family IIABC Salicin Kowalczyk, 
2008 

llmg_1244  Lac-family IIC Cellobiose This thesis 
llmg_1426 yleD Glc-family IIABC Sucrose Luesink, 1999; 

Wegmann, 
2007 

llmg_1568 fruA Glc-family IIABC Fructose Barriere, 2005 
llmg_pseudo54 yidB Lac-family IIC ND  
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Table 2. PTS genes in L. lactis MG1363. PTS families according to the transport 
classification database (www.tcdb.org); Fru, Fructose-Mannitol; Lac, Lactose-
N,N'-diacetylchitobiose-β-glucoside; Glc, glucose-glucoside; Man, Mannose-
Fructose-Sorbose; Gat, galactitol; and Asc, Ascorbate families. Based on Neves, 
2010. 

Glycolytic flux and Metabolic shift 

When L. lactis grows fast in an environment supplemented with the preferred 
carbon source, such as glucose, the main fermentation product is lactate. Such 
metabolic pathway when mainly lactate is produced is called homolactic 
fermentation and yields 2 molecules of ATP per glucose molecule. Alternatively, 
when only a less favourable carbon source is present or during aerobic growth L. 
lactis generates a number of end-products. Besides lactate, acetate, formate, 
ethanol, CO2, acetoin and others can be formed as a result of heterolactic 
fermentation. This growth mode yields more ATP per glucose molecule than 
homolactic fermentation. An intriguing phenomenon is the shift from hetero- to 
homolactic fermentation, which occurs as the growth rate of bacteria increases 
(Thomas, 1979; Neves, 2005; Goel, 2015).  
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Figure 2. Pathways of glucose and pyruvate metabolism in L. lactis. Enzymes and 
genes: glcU – glucose permease; EII – ptcABC and ptnABCD; glk – glucokinase; 
pgi – phosphoglucose isomerase; pfk – 6-phosphofructo-1-kinase; fba – fructose 
1,6-bisphosphate aldolase; tpi – triosephosphate isomerase; gapB – 
glyceraldehyde 3-phosphate dehydrogenase; pgk – phosphoglycerate kinase; pgm 
– phosphoglyceromutase; enoA – enolase; pyk – pyruvate kinase; ldh – lactate 
dehydrogenase; als - α-acetolactate synthase; aldB – α-acetolactate decarboxylase; 
butA – acetoin reductase; dar – diacetyl reductase; pfl – pyruvate-formate lyase; 
pdhABCD – pyruvate dehydrogenase complex; adhE – acetaldehyde - alcohol 
dehydrogenase. Metabolic intermediates: G6P – glucose 6-phosphate; F1,6BP – 
fructose 1, 6-bisphosphate; DHAP – dihydroxyacetone phosphate; Ga3P – 
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glyceraldehyde 3-phosphate; 1,3BPGa – 1, 3-bisphosphoglycerate; 3PGA – 3-
phosphoglycerate; PEP – phosphoenolpyruvate.  

From the 1970s onwards, the classical way of explaining the molecular 
mechanism underlying the shift from homolactic to heterolactic fermentation 
involved differing levels of FBP – a very important intermediate, allosterically 
regulating lactate dehydrogenase (LDH) and pyruvate kinase (PK) (Crow and 
Pritchard, 1977; Thomas, 1979; Jonas, 1972; Neves, 2005). When the carbon flux is 
high, accumulation of FBP will activate the two enzymes and lactate will be 
produced (homolactic fermentation). In contrast, when the concentration of FBP 
is low, LDH activity will drop, while pyruvate formate lyase (PFL) will become 
active since the concentration of its inhibitors triose-P (dihydroxyacetone-P and 
glyceraldehyde-P) will decrease. However, the concentration of FBP in L. lactis 
NCDO 2118 cell is always high enough to induce PK and LDH (Garrigues, 1997). 
Thus, an alternative explanation of the shift in this strain relied on cellular 
NAD/NADH ratios. When NADH is more abundant, it inhibits glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) activity, while LDH regenerates NAD+ via 
lactate production. Low activity of GADPH causes accumulation of FBP and the 
triose-P that, in turn, inhibit PFL. When the carbon flux is low, NADH 
concentration is also lower, thus, GAPDH is more active, and the pool of the 
triose-P decreases relieving PFL inhibition. In contrast, LDH becomes less active 
when NAD concentration rises, so less pyruvate is converted to lactate 
(Garrigues, 1997). Neves et al. showed that the glycolytic flux control in L. lactis 
MG1363 did not reside at the level of glycolytic reactions, and GAPDH control by 
NADH was not the main factor (Neves, 2002). The role of ATP/ADP/Pi content 
was proposed to be important in the control of glycolytic flux.  
The situation became clearer after the discovery that lactococcal LDH enzymes 
were different among strains (van Niel, 2004). The P (phosphorus) type LDH are 
strongly regulated by FBP/Pi ratio, and the R (redox) type LDH are inhibited by 
high NAD over NADH ratio. ATP and ADP contribute to the inhibitory effect by 
NAD. L. lactis strains ATCC 19435 and NCDO 2118 isolated from plant material 
were associated with R type LDH, while typical diary strains possessed P-type 
(65.1) or mixed-type LDHs (MG1363) (van Niel, 2004). L. lactis MG1363 
possesses four genes coding for lactate dehydrogenase-homologous proteins. 
Three of the LDHs were shown to be active with the ldh gene product being the 
main LDH in this strain (Gaspar, 2011). 
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Metabolic shifts in general are viewed as a trade-off between catabolic rate and 
ATP-yield: in a metabolic pathway, the free-energy of the substrate can be used 
either to produce high free-energy intermediates or to drive the pathway quickly 
(Goel, 2012; Bachmann, 2013).  The efficient pathway requires more cellular 
machinery to operate. At low substrate concentrations efficient metabolism leads 
to higher growth rates, and at high substrate concentration inefficient 
metabolism leads to higher growth rates (Molenaar, 2009; Goel, 2012). It is 
generally considered that the cell adjusts its components – transcripts, ribosomes 
and enzymes to the environmental conditions it is experiencing in order to adapt 
in an “economical” manner. It means that only a necessary amount of required 
proteins will be synthesized to guarantee the survival of the cell in a certain 
environment. However, the study of Goel et al. revealed that it is not the case for 
L. lactis adaptation to glucose availability (Goel, 2015). Although with the 
increasing growth rate glycolytic flux increases, the amount of majority of 
transcripts, ribosomes and proteins changes only modestly, not in proportion 
with the growth rate. The enzymes for both metabolic strategies – homo- and 
heterolactic are always present in a cell making L. lactis always ready for the fast 
growth once environmental conditions become optimal (Goel, 2015). This 
observation confirmed previous suggestions that allosteric regulation or/and 
post-translational modifications adjust the activity of certain enzymes adapting 
the organism to current surroundings. For instance, feedforward activation of the 
pyruvate kinase by FBP allows the cell to stop glycolysis at the perfect moment 
after glucose is exhausted: once FBP is used up because there is no flow of 
glucose into the cell anymore, PK immediately stops converting PEP into 
pyruvate. Thus, a certain pool of PEP remains in the cell, and once glucose 
becomes available again the cell can immediately transport it inside since the 
PEP-dependent PTSGlu systems are at the phosphorylated state, namely, ready to 
take up glucose. Additionally, PK is inhibited by high Pi concentrations that 
increase upon stalling of glycolysis reactions as ATP-consumption continues, but 
no ATP is produced anymore (Mason, 1981; Voit, 2006). Such readiness achieved 
by holding its metabolism at a high-PEP state helps L. lactis to compete with 
other bacteria in the environment once the glucose starvation period is over: L. 
lactis can immediately take up and use glucose converting it into lactate, thereby 
acidifying the environment and making it less suitable for other organisms to live 
in (Voit, 2006).  
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Similarly, in order to keep an almost constant amount of ribosomes in a cell at 
different growth rates, L. lactis dimerizes its ribosomes. When not in use, 
ribosomes are stored as 100S complexes. Ribosome dimerization factor YfiA is 
highly expressed during slow growth periods such as stationary phase (Puri, 
2014).  
Despite the development of new techniques, availability of high-throughput data 
and systems biology approaches to reconstruct the biochemical networks within 
the cell, the complete understanding of the control of the glycolytic flux and the 
metabolic switch in L. lactis still remains to be achieved. 
 

Carbon catabolite repression 

In nature, bacteria are confronted with a wide range of environmental conditions 
that change over time. These conditions often trigger specific responses that 
increase the division rate of a cell. For example, when bacterial cells are exposed 
to multiple sugars, they do not metabolize all sugars simultaneously, but rather 
utilize the sugar that allows the highest cell division rate. Cells switch to the less-
preferred sugar when the most-preferred one (in many cases glucose) is depleted. 
Such preference for one sugar is termed Carbon Catabolite Repression (CCR). 
CCR involves global and operon-specific regulatory mechanisms. In Gram-
positive bacteria, such as L. lactis and Bacillus subtilis, global regulation is 
mediated via a repressor protein in the presence of glucose. The genes and 
operons coding for transporters and enzymes involved in carbohydrate 
catabolism are often expressed only when two criteria are satisfied: 1) the 
corresponding sugar is present in the environment and 2) the preferred sugar is 
absent.  
The most important components of CCR in L. lactis are the phosphorylation 
state of HPr, the bifunctional HPr kinase/phosphorylase, the glycolytic 
intermediates and the pleiotropic transcriptional regulator Catabolite Control 
Protein A, CcpA. 
Upon uptake of sugar via PTS, it is phosphorylated and directed via an 
appropriate catabolic route to glycolysis. The phosphoryl group is received via a 
phosphorylation cascade from an intermediate product of glycolysis, 
phosphoenolpyruvate (PEP). If the internalized sugar is effectively metabolized 
and the flux though glycolysis is high (as is the case for glucose metabolism), the 
cytosolic concentration of fructose 1,6-bisphosphate (FBP) is high. The presence 
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of this compound is sensed by the HPr kinase/phosphatase, and stimulates its 
kinase activity. HPr kinase/phosphatase phosphorylates HPr at its Ser46 moiety. 
HPrSer46-P binds to CcpA and acts as a co-repressor or co-activator of many 
genes. Various sugar-dedicated uptake and catabolic systems, which belong to the 
CcpA regulon contain catabolite-responsive elements (cre) overlapping or 
downstream of their promoter sequences. Binding of the Ccpa-HprSer46-P 
complex represses expression of such genes and operons. Not all cre-possessing 
promoters are repressed by CcpA-HPrSer46-P binding. By contrast, genes and 
operons that contain the cre upstream of the promoter, are activated by the 
regulator (Stülke and Hillen, 2000; Zomer, 2006). This is the case for the 
glycolytic las operon. 

 
Figure 3. CCR in L. lactis. 

The concentration of FBP drops when the metabolism slows down (e.g. when 
utilizing a less-preferred sugar). The increased amount of inorganic phosphate 
stimulates the phosphatase activity of HPr kinase/phosphatase. This enzyme then 



CHAPTER ONE 

19 

cleaves the phosphate group of HPrSer46-P. Dephosphorylated HPr dissociates 
from CcpA, leading to DNA-CcpA binding changes. Transcriptional repression of 
promoters is relieved, and the cell starts utilizing other sugars.  
In Gram-positive bacteria HPrHis15-P phosphorylates not only EIIA components 
but also non-PTS proteins: transporters containing an EIIAGlu domain 
(Gunnewijk, 1999), glycerol kinase, antiterminators and transcriptional regulators 
that contain PTS regulatory domains (PRDs). Phosphorylation is usually 
necessary for their activity. When glucose is abundant, the activation of PRD 
regulators is prevented. This regulation mechanism is called induction 
prevention.    
Inducer exclusion is a CCR mechanism by which the uptake or formation of an 
inducer of a catabolic operon is inhibited in the presence of the preferred carbon 
source. In L. brevis, phosphorylated HPrSer46-P, which is present when glucose is 
available, binds to and inactivates galactose permease. In S. termophilus lactose 
permease LacS possesses an EIIA domain which can be phosphorylated by 
HPrHis15-P. Phosphorylation of the protein allows lactose transport via the 
carrier domain of LacS (Poolman, 1995; Gunnewijk, 1999). In Lactococcus lactis, 
HPrSer46-P plays a direct role in inducer exclusion of non-PTS sugars maltose 
and ribose since the mutant which was unable to form a HPrSer46-P, lost the 
preferential uptake of glucose over these carbohydrates (Monedero, 2001).  
Transcription factors can also be subject to direct regulation via phosphorylation. 
Such regulators usually possess two PTS-regulatory domains (PRD) that can be 
phosphorylated by EII or HPr on their conserved His residues. The 
phosphorylation state of these residues determines the activity of the regulator. L. 
lactis IL1403 possesses a transcriptional antiterminator BglR that plays an 
important role in assimilation of the aryl-β-glucosides esculin, arbutin and salicin 
via EII encoded by ptbA. BglR is homologous to BglG of E. coli and SacY of B. 
subtilis. Based on the similarity of these proteins BglR is predicted to function in 
a similar manner to the antiterminators BglG and SacY (Bardowski, 1994). The 
antiterminators of BglG/SacY family contain an RNA-binding domain (co-
antiterminator, CAT) and two PRDs. In the absence of the inducer, the sugar-
specific EII phosphorylates the antiterminator (AT) on its PRD1 and inactivates 
it. When the PTS substrate becomes available, the incoming sugar molecules 
receive the phosphoryl group and the AT is dephosphorylated. It then binds to a 
conserved RNA site (RAT) in the promoter region of its target and prevents 
terminator formation. However, the activation of AT can only happen in the 
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absence of glucose. HPrHis15-P then phosphorylates a histidyl residue of PRD2 
and activates the antiterminator. Thus, to become active the AT should be 
dephosphorylated on PRD1 and phosphorylated on PRD2. In the presence of 
glucose HPrSer46-P is abundant and, thus, the antiterminator is inactive. 
In L. lactis CCR plays an important role not only in sugar uptake, but also in 
regulation of central carbon metabolism. The glycolytic las-operon, encoding 
phosphofructokinase, pyruvate kinase and lactate dehydrogenase is activated by 
binding of CcpA-HPrSer46-P. In contrast, transcription of acetate kinase and 
pyruvate dehydrogenase that belong to the heterolactic fermentation branch, is 
repressed by the complex (Zomer, 2007). In most Gram-positive bacteria CCR is 
mediated mainly by CcpA and its corepressor HPrSer46-P, however, in S. mutans 
and S. gordonii, a CcpA-independent CCR regulates the expression of various 
metabolic pathway encoding operons, such as fructose (fruAB, levDEFG), 
cellobiose and lactose utilization clusters (Tong, 2011; Zeng, 2010; Zeng, 2006). 
Both, CcpA and HPr – ManL (the IIAB domain of a fructose-mannose PTS) ways 
of CCR are active in S. gordonii (Tong, 2011). 
 

Specific regulation of sugar metabolism 

Besides global regulation, catabolic operons are usually under control of a 
specific transcriptional regulator (Table 3). This ensures that costly transporters 
and enzymes are not synthesized if their substrate is not available in the growth 
medium. L. lactis can import and utilize a limited number of carbohydrates and 
sugar alcohols. Due to its adaptation to growth in milk many plant sugar uptake 
systems were silenced or lost. When L. lactis is exposed to plant sugar rich 
environments new hybrid transporters and metabolic pathways are formed 
(Aleksandrzak-Piekarczyk, 2011; Solopova, 2012).  
 
Regulator Family Carbohydrate

-specific 
regulon 

Imported 
sugar 
(inducer 
molecule) 

L. lactis 
strain 

Reference 

BglR BglG/SacY 
antiterminator 

ptbA arbutin, 
esculin, 
salicin 

IL1403 Bardowski, 
1994 

ClaR RpiR bglS, celB  cellobiose, 
lactose 

IL1403 Aleksandrzak-
Piekarczyk, 
2015 
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LacR DeoR lacABCDFEG
X 

lactose 
(tagatose-6P) 

NCO1712 
(lactose 
plasmid) 

van Rooijen, 
1992 

SacR LacI/GalR sacABK sucrose 
(sucrose-6P) 

transp. Luesink, 1999 

FruR DeoR fruAC fructose 
(fructose-1P) 

IL1403 Barriere, 2005 

XylR AraC/XylS xylAB xylose IO-1 
B-4449 

Erlandson, 
2000 

Llmg_123
9 

LacI llmg_1240-
1244 

cellobiose MG1363 Chapter 6 

MalR LacI/GalR malEFG maltose 19435 Andersson 
and 
Radstrom, 
2002 

Llmg_043
9 

LacI ptcAB glucose, 
cellobiose, 
galactose 

MG1363 Predicted 
function 

LLMGnc_
147 

sRNA llmg_0957-
0963 

galactose MG1363 van der 
Meulen, 2016 

Table 3. Specific regulators of sugar import and catabolism in L. lactis. These 
operons are under carbon catabolite regulation. 

6S RNA 

Recently it has become clear that many catabolic processes are regulated by small 
RNA molecules in L. lactis (van der Meulen, 2016). Among these, the global 
regulator 6S RNA was discovered which associates with RNA polymerase and 
inhibits binding to and transcription of certain promoters (van der Meulen, 2016; 
Wassarman, 2007). In E. coli 6S RNA plays a role in balancing the nutrient usage 
during extended stationary phase. It downregulates the phage shock response in a 
cell and saves the energy for the long term survival (Trotochaud and Wasserman, 
2006). Upon nutrient reintroduction into the environment, 6S RNA serves as a 
template for the transcription of its own regulatory RNA, called pRNA, and 
dissociates from RNA polymerase. The operons that are repressed during 
stationary phase can then be transcribed again (Wasserman, 2007). In L. lactis 
MG1363, the gene coding for 6S RNA is under CCR showing that both regulatory 
mechanisms act in a concerted manner. In the cytosol of glucose-grown cells 6S 
RNA becomes abundant only during the stationary phase. When L. lactis cells 
metabolize cellobiose or galactose, the 6S RNA is expressed already in the 
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exponential growth phase (van der Meulen, 2016).  Although the exact function 
and the full regulon of 6S RNA in L. lactis remains to be elucidated, its expression 
should help increase cell fitness in suboptimal growth conditions.  
 

The link between carbon- and nitrogen metabolism 

Among the cellular responses involved in the modulation of gene expression, the 
stringent response is one of the most important ones. It is a protective 
mechanism that inhibits major energy-consuming processes and stimulates 
certain anabolic pathways. It is induced as soon as bacterial cells encounter a 
nutrient limitation or several other stresses (Chang, 2002; Mechold, 1997). 
Stringent response has been observed during a lag phase in glucose– lactose 
diauxie of Escherichia coli (Traxler, 2006) and carbon starvation in 
Staphylococcus aureus (Crosse, 2000). The stringent response factors (the RelA 
family) produce the phosphorylated purine-derived alarmones (p)ppGpp in 
response to the presence of uncharged tRNA molecules (Cashel, 1975; Potrykus 
and Cashel, 2008; English, 2011).  In E. coli the alarmone and its cofactor DksA 
directly interact with RNA polymerase and changes its specificity for certain 
promoters (Ross, 2013). (p)ppGpp allosterically inhibits enzymes (e.g., lysine 
decarboxylase) or competes with GTP for binding to proteins (Kanjee, 2012; 
Kriel, 2012). In contrast to E. coli, RNA polymerase does not bind the alarmone 
in Bacillus subtilis. (p)ppGpp inhibits the first enzyme of the GTP biosynthesis 
pathway, IMP dehydrogenase (GuaB). IMP then accumulates in the cytosol and 
stimulates ATP synthesis. Besides GuaB, hypoxantine phosphorybosyltransferase 
Hpt and guanylate kinase Gmk are inhibited by (p)ppGpp. Thus, during the 
stringent response, GTP levels decrease and those of ATP increase (Lopez, 1981; 
Beaman, 1983; Kriel, 2012). Krasny and coworkers showed that the identity of the 
transcription start site (either a G or an A) plays a crucial role in the activity of 
the promoter during stringent response in B. subtilis (Krasny and Gourse, 2004; 
Krasny, 2008). It seems that the genes that are downregulated during stringent 
response possess a G as a +1. These are rRNA, translation initiation and 
transcription termination factors and ribosomal proteins. Among upregulated 
genes a transcription start base A is more common. This group contains amino 
acid synthesis enzymes and sporulation proteins encoding genes (Krasny, 2008). 
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Figure 4. Synthesis of (p)ppGpp by RelA and the stringent response. Based on 
Carneiro, 2011. 

In E. coli a stochastic increase in (p)ppGpp levels in single cells has been 
associated with the persister phenotype (Maisonneuve, 2013). Cells with elevated 
(p)ppGpp levels slowed down their metabolism via activation of toxin–antitoxin 
loci and became insensitive to antibiotics that affect growing cells. In L. lactis 
RelA exhibits both (p)ppGpp synthesis and degradation activities (Rallu, 2000). 
Studies with a relA mutant, which accumulated (p)ppGpp under acidic 
conditions, revealed that the alarmone activated transcription of the important 
glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase GAPDH although 
the overall glycolytic flux was strongly reduced (Rallu, 2000; Mercade, 2006). 
When survival of cells under identical conditions was evaluated, the relA mutant 
strain showed a 1000-fold increase in survival rate. Thus, also in L. lactis growth 
rate and survival are opposite parameters (Rallu, 2000; Mercade, 2006). 
Since the activation of the stringent response induces branched-chain amino acid 
synthesis and survival during the stationary phase, there is an interplay between 
SR and a pleiotropic regulator CodY. CodY exerts strong repression on amino 
acid synthesis- and import-related gene clusters in rapidly growing cells in an 
environment with excess nitrogen (den Hengst, 2005; Guedon, 2005). This 
repression is relieved upon the entry to the stationary phase or in response to 
amino acid deprivation. In B. subtilis binding of CodY to DNA is enhanced by 



CHAPTER ONE 

24 

GTP and branched-chain amino acids and this activation is independent and 
additive (Shivers and Sonenshein, 2004). Since induction of the stringent 
response instantly reduces GTP pools, the repression of genes by CodY is 
consequently relieved in B. subtilis. CodY proteins of L. lactis, S. mutans and S. 
pneumoniae are unresponsive to GTP (Petranovic, 2004; den Hengst, 2005; 
Lemos, 2008; Hendriksen, 2008). However, it was shown in S. mutans that 
regulation of the ilv-leu pathway depends on a basal level of (p)ppGpp and CodY 
(Lemos, 2008). Although there is a strong link between stringent response 
induction and a relief of CodY repression in these bacteria, the exact mechanism 
still needs to be elucidated.  
 

Nitrogen metabolism 

Genome sequence analyses provide many indications that the ancestor of L. lactis 
MG1363 occupied a plant-associated niche. Adaptation to the milk environment 
has included many changes in its metabolic activity. Among these, the 
inactivation of several plant sugar utilization and amino acid biosynthetic 
pathways is very prominent (Wegmann, 2007). The six amino acids glutamate, 
leucine, isoleucine, valine, histidine, and methionine are essential; in addition, at 
least one of the five amino acids asparagine, glutamine, alanine, arginine, or 
threonine should be present in the medium of L. lactis MG1363 (Jensen and 
Hammer, 1993). 
 

Arginine metabolism 

The arginine deiminase pathway serves as a source of energy, carbon and 
nitrogen in many bacteria. This pathway involves three enzymatic reactions. First, 
arginine deiminase (arcA) catalyses conversion of arginine to citrulline and 
ammonia, citrulline is subsequently split into ornithine and carbamoyl-phosphate 
by ornithine carbamoyltransferase (arcB); the last ADI reaction is catalysed by 
carbamate kinase (arcC), which converts carbamoyl-phosphate and ADP into 
ATP, carbon dioxide and ammonia (Abdelal, 1979). The net gain of the ADI 
pathway is one ATP molecule produced per one arginine: since arginine is 
transported via arginine/ornithine antiporter (arcD1/D2), the arginine uptake 
process does not have any metabolic energy cost (Driessen, 1987; Poolman, 1987). 
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Figure 5. Nitrogen metabolism in L. lactis. arcD1 and arcD2 - arginine/ornithine 
antiporter; arcA - arginine deiminase; arcB - ornithine carbamoyltransferase; arcC 
- carbamate kinase; carAB – carbamoylphosphate synthase; pyrB – aspartate 
transcarbamoylase; racD – amino acid racemase; pyrE – orotate 
phosphorybosyltransferase; PRPP – 5-phosphoribosyl-α-1-pyrophosphate; purF - 
PRPP amidotransferase; IMP – inosine monophosphate; glnA – glutamine 
synthetase. 

The catabolism of arginine is very important for L. lactis as its intermediate and 
end-products are involved in a number of physiological processes in a cell. The 
ATP, produced during the ADI pathway reactions via substrate level 
phosphorylation, is an important energy source when no primary carbon source 
is present in the medium. Carbamoyl-phosphate is a precursor for the de novo 
pyrimidine synthesis and saves the cost of 2 ATP molecules (Figure 5). The three 
enzymes, involved in the ADI pathway reactions, are acid tolerant, active when 
pH is as low as 3.1 (Casiano-Colon, 1988). It was shown that the acidification of 
the medium by LAB-secreted lactic or acetic acid has an inhibitory effect and is 
the primary reason for the growth arrest of the cells even when a sufficient 
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amount of a carbon source is still present in the medium. The contribution of the 
ADI pathway to the acid resistance of LAB is of great importance. Possession of 
this pathway by oral streptococci allows them to compete with more acidophilic 
and acidogenic neighbours in dental plaque (Cotter and Hill, 2003). The ADI 
pathway is also employed by industrially important LAB. It was shown for L. 
sanfranciscensis that it enhances resistance to acid stress, improves cell growth 
and survival at 7°C. Additionally, accumulation of ornithine improves taste and 
aroma characteristics of the fermented food product (De Angelis, 2002). Arginine 
is abundant in grape juice and wine, therefore its catabolism serves as an acid-
resistance mechanism for LAB used in wine production (Liu, 1998). In a 
spontaneous H2O2-resistant mutant of L. lactis MG1363, the ADI pathway was 
found to be upregulated. Increase in arginine concentration in the medium led to 
100-fold increased survival of the mutant. Overconsumption of arginine in 
exponentially growing cells induced an increased H2O2 resistance (Rochat, 2012). 
Disruption of genes coding for enzymes involved in the first steps of the ADI 
pathway reactions: arginine conversion into citrulline, then ornithine and 
carbamoyl phosphate (arcA and arcB, respectively), led to loss of H2O2 resistance 
(Rochat, 2012). However, the molecular mechanism behind it has yet to be 
elucidated.  
The genes encoding enzymes of the ADI pathway and the arginine/ornithine 
antiporter are arranged together on the chromosome of L. lactis and form the 
arcABD1C1C2TD2yvaD gene cluster. Some bacteria (e.g. P. aeruginosa, B. 
licheniformis, L. sakei, S. gordonii, and E. faecalis) possess an additional gene in 
the arc cluster – arcR, encoding a Crp-Fnr family transcriptional activator of the 
operon. In other cases, an arginine-dependent regulation by ArgR/AhrC-type 
regulators is active. L. lactis contains a quite complicated arginine catabolism 
regulation system. Two dedicated proteins, ArgR and AhrC, next to the carbon 
catabolite repression regulator CcpA and the global nitrogen metabolism 
regulator CodY were shown to have their regulatory DNA sequences in the 
promoter region of the arc operon. ArgR was proposed to be the repressor of the 
catabolic arc operon, while AhrC stimulated the expression probably by sensing 
arginine in the environment. A mechanism of regulation was suggested by Larsen 
et al. (Larsen, 2005) in which AhrC binds arginine, then interacts with the arc 
promoter-bound repressor ArgR. The arginine/AhrC/ArgR complex displays 
higher affinity to regulatory boxes, present in promoters of the arginine 
biosynthesis operons argCJBDF, gltSargE and argGH. Thus, in the presence of 
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arginine, the repressor ArgR dissociates from the arc promoter and binds to the 
promoters of biosynthesis operons. The promoter of the arc operon is then free 
and the expression of the arc operon and catabolism of arginine via the ADI 
pathway can be initiated. AhrC has a double function in the regulation – as a co-
repressor of the biosynthesis and an anti-repressor of the catabolism genes 
(Larsen, 2005). Additionally, a two component system KinA-RrA was suggested 
to be involved in the regulation of the pathway as the mutant strain, deficient in 
this two-component system, showed an ADI-negative phenotype (O’Connell-
Motherway, 2000).  
The activity of the ADI pathway depends on the internal adenine concentration. 
Increased ATP consumption activates the pathway (Poolman, 1987). The pathway 
is regulated indirectly by the proton motive force, which influences the 
consumption and, consequently, the levels of ATP.  
The study of Goel et al. showed that amino acid catabolism especially that of 
arginine, significantly contributed to energy metabolism of L. lactis MG1363 
during growth in chemically defined medium CDMPC in glucose-limited 
chemostats (Goel, 2015). Arginine metabolism is subjected to carbon catabolite 
repression in L. lactis (Crow, 1982; Poolman, 1987; Cotter and Hill, 2003; Larsen, 
2005; Zomer, 2006). In contrast, L. sanfranciscensis and O. oeni take up and 
utilize both arginine and glucose simultaneously, no carbon catabolite repression 
involvement was observed in arginine catabolism of these organisms (De Angelis, 
2002). Catabolite repression-deficient S. faecium and S. sanguis mutants which 
could simultaneously degrade both glucose and arginine, showed greatly 
increased acid resistance (Marquis, 1987).  
 

Nucleotide metabolism 

Nucleotides serve as substrates for RNA and DNA synthesis and as energy 
donors for cellular metabolic reactions. Often they participate in reactions as 
activators of precursors or constituents of coenzymes. Besides their direct role in 
metabolism, nucleotides are important in regulation – both, on transcriptional as 
well as metabolic level (Kilstrup, 2005). 
L. lactis MG1363 can synthesize de novo both purines and pyrimidines, however, 
with a limited capacity. When purines and uridine are added to the growth 
medium, the growth rate of this bacterium increases (Kilstrup, 2005). Many lactic 
acid bacteria can utilize nucleotides, nucleosides and nucleobases as sources of 



CHAPTER ONE 

28 

purines or pyrimidines. When these are abundant in the environment, the de 
novo synthesis pathway is silenced. In the nucleotide salvage pathway L. lactis 
and other lactic acid bacteria cannot directly phosphorylate purine 
ribonucleosides, thus they rely on phosphorybosylation of bases. 5-
phosphorybosyl-α-1-pyrophosphate (PRPP) is a common intermediate in the 
salvage of nucleobases, as well as the synthesis of nucleotides, nicotinamide 
coenzymes, histidine and tryptophan. PRPP is the substrate and an inducer of de 
novo purine biosynthesis. It binds transcriptional activator PurR which in turn 
stimulates transcription of purine biosynthesis genes. Such regulatory mechanism 
is called feed-forward regulation. PRPP is synthesized from ribose 5-phosphate 
and ATP by the PRPP synthase (PrsA and PrsB). 
 

Pyrimidine biosynthesis 

The first step in pyrimidine de novo biosynthesis is catalyzed by 
carbamoylphosphate synthase (consists of subunits CarA and CarB). This 
enzyme fuses bicarbonate with an ammonia group obtained from Gln and a 
phosphate group from ATP (Figure 5). An additional ATP is used as an energy 
source in order to drive the reaction. Carbamoylphosphate is also used as a 
precursor in arginine biosynthesis. In the second reaction carbamoylphosphate 
reacts with Asp to yield carbamoylaspartate. This step is catalyzed by aspartate 
transcarbamoylase PyrB. Then dihydroorotate is formed by dihydroorotase PyrC 
via formation of a ring structure. Dihydroorotate dehydrogenases then catalyze 
the synthesis of the first pyrimidine compound, orotate. PyrDa requires fumarate 
as an electron acceptor whilePyrDb-PyrK uses NAD+. As fumarate is formed 
during AMP synthesis and used in UMP biosynthesis pathway, it connects purine 
and pyrimidine synthesis pathways. Orotate is converted to OMP via 
phosphorybosylation reaction using PRPP by orotate phosphorybosytransferase 
PyrE. OMP decarboxylase PyrF catalyzes the final step in UMP formation (Figure 
5). 
Pyrimidine synthesis regulation in Gram-positive bacteria is mediated via 
transcription attenuation mechanism (Martinussen, 2001). In the absence of 
UMP, the 5’ leader mRNA of the pyrimidine biosynthetic genes forms an 
antiterminator structure allowing transcription of the genes. When UMP-PyrR 
dimer complex binds mRNA, it stabilizes an anti-antiterminator structure, and 
thus, a terminator structure appears. In this way de novo synthesis of pyrimidines 
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is prevented when UMP is present in the cell. Although the leader sequences of 
pyrimidine biosynthesis clusters vary among bacteria, their secondary structures 
and PyrR binding motifs are preserved. 
All pyrimidine nucleotides can be produced from UMP, which is first 
phosphorylated to UDP by UMP kinase PyrH. NDP kinase converts UDP to 
UTP. CTP synthase PyrG catalyzes the amination of UTP to CTP. This reaction 
requires glutamine and ATP and is greatly enhanced in the presence of the 
allosteric activator GMP (Jorgensen, 2003; Willemoes, 2003).  PyrG expression is 
regulated via protein independent attenuation (Jorgensen, 2003). The 
transcription start site contains a sequence: 5’-GGGCACTGG-3’ which is 
transcribed when CTP is present in the cell. When transcribed, a transcriptional 
terminator forms downstream of the sequence. However, when CTP becomes 
scarce, the RNA polymerase stops upstream of C at position 4, causing reiterative 
transcription. G residues are continuously added to the nascent transcript until 
an antiterminator can be formed and transcription of pyrG can continue 
(Turnbough, 2011). 
Nucleotides can be reduced to their corresponding deoxynucleotides via 
reactions catalyzed by nucleotide reductases Nrds. The substrates for these 
enzymes can be either NDP or NTPs. There are three classes of Nrds in lactic 
bacteria with different requirements for oxygen. Under aerobic conditions NrdEF 
(class I) is active. It converts NDPs into NTPs. Under anaerobic conditions NrdG 
(class III) takes over nucleotide reduction at the triphosphate level. It uses 
formate as the electron donor. To form thymidine triphosphate the methylation 
of dUMP to dTMP is required. Thymidylate kinase phosphorylates the latter to 
dTDP which in turn can be phosphorylated by a general NDP kinase to dTTP. 
 

Purine biosynthesis 

Inosine monophosphate (IMP) is the common substrate for the synthesis of AMP 
and GMP. Formation of IMP requires 10 enzymatic steps starting from PRPP. 
PurF is the first enzyme in the pathway and catalyzes a displacement of the 
pyrophosphate group of PRPP by the amide group of glutamine. In total, to 
synthesize a purine nucleotide, one glycine molecule, the amino group of 
aspartate, two amide groups of glutamine, two C1 units from the folate pool, a 
CO2 molecule and a great deal of energy in the form of 5ATPs is used. Since it is a 
costly process, purine biosynthesis is tightly regulated. The first enzyme of the 
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pathway, PRPP amidotransferase PurF, is allosterically feedback-inhibited by 
GMP, IMP and AMP. It is also specifically degraded in the stationary phase in the 
presence of oxygen in L. lactis. Inactivation also depends on the ratio of AMP to 
GMP. Besides allosteric regulation, a transcriptional induction of the pur gene 
clusters is required. In B. subtilis, when PRPP is abundant, it binds to the 
transcriptional regulator PurR, changes its conformation and allows the RNA 
polymerase to bind to the promoter region of the biosynthesis enzyme-encoding 
gene or cluster. In lactic acid bacteria, PurR functions as a repressor, which only 
allows transcription from its regulon promoters when PRPP is present (Peltonen 
and Mantsala, 1999). 
AMP is further synthesized from IMP by amination using aspartate as the donor 
of an amino group and GTP (PurAB). This step is inhibited by AMP, GDP and 
ppGpp. During synthesis of GMP, IMP is oxidized to XMP by GuaB using NAD+ 
as the electron acceptor, and then XMP is aminated by GuaA using glutamine as 
the amide group donor and ATP as energy donor (Kilstrup, 2005). ADP and GDP 
are synthesized by adenylate kinase Adk and guanylate kinase Gmk, respectively, 
using ATP as the phosphoryl donor. 
Lactic acid bacteria can import nucleobases and nucleosides from the growth 
media and use them as a substrate for RNA and DNA synthesis. Many LAB 
possess cytidine and adenosine deaminases that allow them to utilize nucleosides 
as a nitrogen source (Kilstrup, 2005). L. lactis possesses PyrP which is a high 
affinity transporter for uracil; additionally this bacterium can import xanthine, 
hypoxanthine, guanine, adenine. Some L. lactis strains possess OroP – an orotate 
transporter. Besides these, all common purine and pyrimidine nucleosides can be 
taken up via nucleoside transport systems. 
 

Metabolic energy and nucleotide conversion in L. lactis 

The main source of ATP in a lactococcal cell is glycolysis. Two enzymes, namely, 
phosphoglycerate kinase and pyruvate kinase drive the ATP-yielding reactions 
(Figure 2). ATP is further used as a phosphate donor by Adk, which can accept 
any NDP as a substrate to form an NTP. Besides Adk, pyruvate kinase can also 
act as an NDP kinase accepting both, ADP and GDP as substrates in PEP-
dependent phosphorylation. During mixed-acid fermentation, acetate kinase 
yields additional ATP. High-energy compounds ATP and GTP function not only 
as energy donors, but also as phosphate donors and substrates for polymerization. 
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Nucleotide moieties, however, are always returned to the pool to be re-utilized. 
While ATP serves as the general fluctuating household energy currency, GTP is 
utilized in reactions where a more steady energy supply is required (Kilstrup, 
2005). One of the most energetically costly processes in a cell is protein synthesis. 
Half of the energy in an ATP form is invested in the activation of amino acids to 
form an aminoacyl-tRNA. The other half of the energy is consumed by the 
protein synthesis machinery in the form of GTP. Hydrolysis of GTP by 
translation elongation factors is slow to allow testing of several aminoacyl-tRNAs 
before the incorporation of the correct amino acid into the nascent polypeptide 
chain (Caldon, 2001). GTP can also be converted into an alarmone (p)ppGpp by 
RelA during stringent response. The process requires a pyrophosphate transfer 
from ATP. The alarmone is formed when an uncharged tRNA binds a ribosome 
signaling about amino acid shortage in a cell. (p)ppGpp inhibits three enzymes of 
the GTP biosynthesis pathway. IMP then accumulates in the cytosol and 
stimulates ATP synthesis. Thus, during the stringent response, GTP levels 
decrease and those of ATP increase (Lopez, 1981). 
Pyrimidine nucleotides are important in the cell wall and exopolysaccharide 
synthesis. N-acetyl-glucosamine and N-acetyl-muramic acid are activated by UTP 
prior to polymerization of the peptidoglycan backbone. UDP-glucose, UDP-
galactose, dTDP-rhamnose are used as substrates in EPS and teichoic acid 
synthesis. For lipoteichoic acid formation, the glycerol derivative CDP-
diacyglycerol is used. Since different nucleotides are used in different activation 
processes, changing nucleotide concentrations may influence the production and 
composition of polysaccharides. Finally, all used pyrimidine nucleotides are fed 
back into nucleotide interconversion pathway. 
 

The perfect balance 

A live cell consists of macromolecular components synthesized by about 1000 
anabolic reactions, but only a few intermediates of central carbon metabolism 
and the cofactors ATP, coenzyme A, NADH and NADPH make up the core of 
this complex biochemical network (Sauer, 2004). These compounds must be 
supplied at appropriate rates and stoichiometries; hence, anabolism and 
catabolism are delicately balanced and regulated to enable growth under 
fluctuating environmental conditions (Sauer, 2004). The interplay among 
regulons of global carbon and nitrogen metabolism regulators CcpA, 6S RNA, 
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CodY and induction of stringent response illustrate the dynamic and well-
ordered balancing of a cell between growth and survival.  
 

Outline of the thesis 

The research presented in this thesis aims to shed more light on carbohydrate 
metabolism, its regulation and evolution in L. lactis with a special focus on the 
single cell. A major goal was to assess the role of population heterogeneity during 
various substrate shifts. We discovered that a complex system of global and 
specific regulation factors underlies the metabolic behavior of a single cell in the 
population; and that the population consists of many metabolic phenotypes. 
Once again, we find that carbon metabolism is strongly intertwined with nitrogen 
and energy metabolism in L. lactis on multiple levels. The chapters of this thesis 
(partially) reflect this connection.  
Chapters 2 and 6 describe the discovery and characterization of two novel 
phosphoenolpyruvate: carbohydrate phosphotransferase systems (PTSs) and 
metabolic routes for lactose and cellobiose utilization. Different activation 
mechanisms – a point-mutation or an IS element integration – are required to 
revive the silent plant sugar utilization clusters that gain new functions and help 
the cells to escape stressful situations. 
 Chapter 3 revisits the diauxic shift from glucose to cellobiose or lactose on the 
single cell level and reveals that not all cells in the population behave the same 
during the carbon source switch. Multiple global regulation mechanisms are 
involved in the cellular decision making. The provided evolutionary model 
suggests that the phenotypic heterogeneity observed might be the result of 
natural selection. 
An experimental evolution experiment leading to the uncoupling of the global 
carbon catabolite repression and nitrogen metabolism is described in Chapter 4. 
This study reveals the importance of the arginine deiminase pathway in the 
energy metabolism of L. lactis.  
Chapter 5 aimed to unravel galactose metabolism in L. lactis which has been a 
topic for debate since the 1970s. Besides the main permease, two low affinity 
PTSs are shown to be involved in the uptake of this sugar. One of them is a plant 
niche-derived transporter witch apparently adopted a novel function.   
A regulatory switch at the substrate level linking pyrimidine metabolism with the 
biosynthesis of the cell wall is untangled in the Chapter 7. The competition 
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between two enzymes, namely, aspartate transcarbamoylase PyrB and racemase 
RacD for their common substrate aspartate determines the plasticity of the cell 
wall. Since the nucleotide pool directly correlates with the cell growth rate, such 
metabolic PyrB/RacD crossroad provides a very sensitive regulatory switch. 
For some of the studies in this thesis we used fluorescent reporter proteins. 
Chapter 8 provides an overview of various green fluorescent proteins available 
for Gram-positive bacteria L. lactis, S. pneumoniae and B. subtilis. Besides seven 
GFP variants from Aquorea victoria, a set of 48 codon-variants of Obelia sp. GFPs 
was tested in L. lactis in order to learn more about the codon usage bias of this 
bacterium. 
The most important finding and the future perspectives of the research described 
in this thesis are summarized and discussed in Chapter 9. 
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