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he research described in this thesis aimed to attain a clearer perception of 
carbon metabolism of L. lactis with a special emphasis on the assessment of 

the role of population heterogeneity in carbon source shifts.  
 

Monod revisited: Switching sugars and shifting paradigms 

In 1941 in his doctoral thesis Jacques Monod described the phenomenon of 
diauxie: when presented with a mixture of two sugars, the bacterial population 
will first consume the preferred sugar and only then will switch to utilization of 
the less-preferred one. A short or long lag-phase of no-growth separates the two 
growth cycles and is needed for the cells to synthesize the enzymes required for 
the metabolism of the second sugar. For more than 70 years diauxie remained the 
essential textbook example linking physiology, gene regulation, ecology and 
evolution. It served as an illustration of a strict CCR regulation and a uniform cell 
behavior (Siegal, 2015). The time has come to revisit this paradigm. 
Several studies recently reexamined diauxic growth of various organisms on the 
single cell level. They show that there are many different ways to respond to the 
shift in a carbon source, and thus there is a lot of heterogeneity among and 
within populations during this process. The ability to acquire and process 
information is crucial for the adaptation of a microorganism. In the environment 
where information is reliable, sensory systems allow organisms to tune their 
phenotype to suit the prevailing conditions. In a constantly changing 
environment, where the signals are changing too rapidly to process, the switching 
of phenotypes via stochastic mechanisms proves to be useful (Rainey, 2011). 
Generation of multiple phenotypes allows fine-tuning adaptation on the 
population level when the regulatory mechanisms fail to do so on the single cell 
level. Since the bet-hedger genotype produces a few cell types, in addition to the 
adapted cells there will always be those not suited for the current environment. 
Although costly in the short term, bet-hedging provides an adaptive solution 
when the future environmental conditions are unknown. Spreading the risk of 
being maladapted by producing a number of different phenotypes ensures that at 
least one of them will survive under the unpredictable future conditions (Rainey, 
2011; de Jong, 2011; Veening, 2008; Grimbergen, 2015). The presence of non-
adapted cells lowers the arithmetic mean fitness of such genotype. On the other 
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hand, the variation in fitness over time is much lower for the bet-hedger, and 
thus it has higher geometric mean fitness than the pure strategy genotype that is 
well-adapted only to a certain environment and performs very poorly when 
environmental conditions change. Higher geometric mean fitness means that the 
bet-hedger genotype out-competes the others and is thus selected for during 
evolution (Chapter 3). 
In some of the recent cases of carbon source shifts, where phenotypic 
heterogeneity was observed, a strict CCR was shown to be not favorable. When 
Saccharomyces cerevisiae was continuously propagated in a changing carbon 
environment (glucose/maltose), cells mutated in two directions (New, 2014). One 
group of mutants relaxed their carbon catabolite repression and became 
“generalists” – not optimally fit for glucose consumption, but switching faster to 
alternative carbon sources (e.g., maltose). The second group – “specialists” - 
acquired more stringent catabolite repression, which maximized their fitness on 
glucose but prolonged lag-phases upon shift to other sugars. Additionally, cells of 
the mutant strains exhibited different individual lag-phase patterns increasing the 
fitness of the population even more by a bet-hedging behavior: cells that delay 
the switch to the new carbon source have an advantage upon reintroduction of 
the previous conditions if it happens fast enough. When competed against each 
other, glucose specialists dominated in long-glucose, short-maltose regime while 
the generalists took over the culture when glucose was available for a short time 
and cells had to mainly grow on maltose. Analyses of various wild yeast strains 
revealed that similar heterogeneous responses among and within strains exist also 
in nature (New, 2014; Wang, 2015). The strains that exhibit a short lag-phase 
upon glucose-galactose shift induce their galactose utilization operon hours 
before glucose becomes exhausted. Such mild catabolite control comes at a cost 
of slow growth in the preferred sugar due to metabolic burden of expressing 
glucose and galactose utilization proteins simultaneously. However, after glucose 
runs out the cells can readily start consuming galactose and continue growing 
without an apparent delay (Wang, 2015).  Similarly, yeast strains with less 
stringent CCR demonstrate high degree of heterogeneity in maltose utilization. 
MAL system becomes leaky in these mutants, but maltose is required for strong 
gene induction (New, 2014). Such partial induction prior to the shift allows cells 
to anticipate sudden nutrient shifts. Low levels of the preferred carbon source 
serves as a cue for its eventual depletion so the cells can get ready for the switch. 
Some yeast strains implement a bet-hedging strategy: upon the diauxic shift a 
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population consists of both, early and late-inducing cells (Wang, 2015; Venturelli, 
2015). Apparently, although anticipation is possible, there are limits to its 
accuracy, so bet-hedging is employed to maximize the long-term fitness of the 
population in a changing environment. 
In a similar way, during a metabolic shift from glucose to a gluconeogenic 
substrate of Escherichia coli some cells do not respond swiftly enough to the 
environmental signal, causing diversification in a population (Nikolic 2013; Kote 
2014). Fast growing cells fail to respond to a changing environment in time and 
become trapped in a non-growing state. Thus, the adaptation to fluctuating 
carbon sources is not optimized at the single-cell level. Bet-hedging allows 
survival of a subpopulation and preserves the genotype since all the members of 
the population are genetically identical. An E. coli cell fraction that is unable to 
switch to gluconeogenic substrate utilization and enters dormancy is beneficial 
when environmental conditions change. It becomes resistant to antibiotics that 
kill growing cells (Kotte, 2014). 
Another example of the promiscuous regulation in yeast was presented by van 
Heerden et al.: a fraction of cells (7%) fail to switch to high glucose conditions 
and dies because of the imperfect glycolysis regulation. Apparently, there is a 
trade-off between an efficient glycolysis start-up and a failsafe regulation. From a 
population perspective the loss of a small unfit subpopulation is justified if the 
remaining 93% survives without a permanent sacrifice in capacity (van Heerden, 
2014). 
In a recent study of Price and co-workers (Price, in revision) it was shown that 
during continuous propagation of L. lactis MG1363 in a constant glucose-rich 
environment, mutations in the DNA-binding region of CcpA enhanced the 
binding of the regulator to cre sites and increased CCR for most genes (Price, in 
revision).  
The examples discussed here illustrate that only a constant environment favours 
strict regulation, while under continuously varying situations a relaxed CCR and 
a bet-hedging strategy allow adapting faster to the changing conditions. 
By studying the diauxic shift from glucose to cellobiose or lactose utilization in L. 
lactis, we discovered that at the switch point an isogenic population differentiates 
into two metabolic phenotypes (Chapter 3). The lag-phase in the population 
growth curve of L. lactis appears to be not a result of a temporal growth arrest of 
the whole population, but is observed because only a subpopulation is fit enough 
to partake in the second outgrowth. The non-participating (non-growing) cells 
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are still viable and able to cope better when a third carbon source is administered. 
The phenotypic heterogeneity was proposed to result from the differences in 
capability of cells to deal with the time constraint between CCR relief and the 
activation of the stringent response. The metabolic state of individual cells 
determines whether the stringent response is induced or not and whether they 
make the switch to cellobiose consumption. From an evolutionary perspective the 
failure to fine-tune two global regulatory mechanisms of CCR and the stringent 
response at the single cell level seems a bit odd. The two subpopulations that 
appeared at the diauxie switch point were not equally fit when a third sugar 
became available. This observation suggested that the phenotypic heterogeneity 
could be a result of natural selection and represent a bet-hedging strategy. When 
future conditions are unpredictable, a genotype which generates a set of 
phenotypes is better adapted to multiple conditions at the same time. 
Cases of bistability in gene expression were known before; they were mostly 
described for bacteria exhibiting some kind of differentiation. We showed in our 
study an example of a well-regulated, evolutionary beneficial mechanism which, 
unexpectedly to most of the scientists, occurred in such a “simple”, non-
differentiating organism - L. lactis.  We believe that it provides yet another 
illustration that the understanding of a population as a group of identically 
behaving “primitive” bacteria is a fiction.  
In fermentation industry, bacteria frequently experience sudden changes in 
medium composition. These changes happen upon inoculation of a new culture, 
addition of ingredients, or the consumption of a particular nutrient in a complex 
medium. Bacterial populations often respond to such transitions by stalling their 
growth and exhibiting lag phases. These lag-phases often take much longer than 
the enzymatic adaptation (transcription and translation of new proteins) 
requires. The finding that during the carbon source shift a bacterial population 
consists of a mixture of cells with different metabolic strategies and the lag-phase 
is the result of this population heterogeneity opens up a completely different 
perspective on the phenomenon of lag phases, the meaning of average cell 
physiology, adaptive potential of a population, and the impact of pre-culturing 
conditions. It is possible that many lag-phases in microbiology and biotechnology 
result from population heterogeneity. The lag-phase associated with each of the 
fermentation steps is a crucial parameter for fermentation optimization and 
determines the efficiency of dairy plants. The ability to control the lag-phases, e.g. 
by changing pre-culture conditions (as in the case of glucose-cellobiose diauxie) 
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of a starter culture, allows steering the industrial performance of the strains in a 
non-GMO manner. 
 

From the perspective of gene regulation 

In this thesis we describe regulatory events residing at various molecular levels. 
The first component that determines the expression of a gene is the promoter 
sequence. In Chapter 2 we study the reactivation of a silenced promoter by a 
high-frequency point-mutation acquisition in the -10 box of the 
cellulose/cellobiose utilization cluster. Only 3 strains out of 30 sequenced ones (of 
which MG1363 and NZ9000 are highly related: NZ9000 is a derivative of 
MG1363 with two genes (nisRK) integrated into the chromosome as a part of the 
nisin-inducible expression system; CV56 is a human isolate) possess the silenced 
cel promoter. All other strains harbor an active Pcel. Based on this analysis we 
suggest that regarding the Pcel, our described L. lactis M1 is the wild-type, and L. 
lactis MG1363 has evolved as a strain adapted to dairy and laboratory conditions. 
The parent strain of MG1363 possesses a lactose-utilization plasmid providing a 
much more efficient degradation system of this sugar. Additionally, there were no 
plant-derived sugars in the environment of either the parent laboratory strain 
NCDO712, or its plasmid-cured derivative MG1363. No mutations in celB gene 
sequence had occurred – only the promoter was inactivated during the course of 
evolution. An active Pcel is a burden in the milk environment, since it can be 
activated by lactose alone (differently from L. lactis subsp. lactis IL1403, where a 
trace amount of cellobiose is needed to induce the expression of the cluster). 
Based on DNA-microarray analysis and Pcel-gfp fluorescence data, expression of 
an induced Pcel is very high. These are likely the reasons explaining why an 
unnecessary and expensive cluster got silenced. Apparently, the only sequenced 
human isolate L. lactis subsp. lactis CV56 followed a similar path – silenced a 
cluster, useless in the human body environment, by introducing exactly the same 
mutation in the -10 box of the promoter. Alternatively, the cellobiose transporter 
might serve as a receptor for a phage- or bacteriocin attachment (Campelo, 2011).  
A silent gene can also be activated via an IS integration. There are examples when 
the integrated IS element provides a promoter-like sequence and allows 
transcription of the downstream gene (e.g., activation of ldhB described by 
Bongers, 2003). In Chapter 6 we describe an advantageous IS integration into a 
gene coding for a transcriptional repressor. Only the disruption of the regulator 
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gene could lead to the activation of the repressed gene cluster coding for a plant 
sugar utilization pathway llmg_1240-44. The expression of the pathway allowed 
cell growth on cellobiose. The reason for this improper transcriptional control 
could be the decay of the co-regulator protein gene or the lack of the proper 
inducer molecule (since the pathway was dedicated to specific plant sugar 
degradation and not to that of cellobiose). 
Another way to relieve a strict transcriptional repression is to mutate the 
regulatory sites in the DNA sequence. This strategy was employed by lactose-
adapted strains growing in the presence of lactose and arginine (Chapter 4). 
Although the strains were able to utilize lactose slowly, the parallel usage of the 
additional energy source arginine provided a significant growth advantage. To 
achieve this, a strict carbon catabolite repression of the arginine deiminase cluster 
was relieved via disruption of the cre sites. Another example is the discovery of 
an adjusted -10 site in the promoter of the ccpA gene itself of a cellobiose-positive 
isolate of MGΔptcCΔcelB, described in Chapter 6. A minor change in the 
promoter sequence might have a mild effect on the transcription of the gene, but 
a strong impact on CcpA regulon. Even the slightest reduction in the number of 
regulatory molecules will decrease the strength of catabolite control in a cell.  
A relatively novel type of regulation for L. lactis was shown to be involved in the 
activation of another cryptic sugar utilization operon, rpe2-llmg_0963. The 
presence of galactose and cellobiose in the absence of CCR sugar glucose in the 
growth medium induces sRNA LLmgGnc_147. This sRNA positively regulates 
the expression of the sugar utilization cluster encoding a PTS EIIC component 
Llmg_0963 and thus enables the cells to import galactose. Curiously, the gene 
cluster, which presumably was originally dedicated to transport and metabolism 
of plant sugars xylose, ribulose, cellobiose is found only in a few dairy L. lactis 
subsp. cremoris strains. Although during adaptation to the milk environment L. 
lactis strains had lost many plant-niche-specific genes, apparently the ability of 
Llmg_0963 to import galactose saved this cluster from complete silencing or loss. 
Both the sRNA and the rpe-llmg_0963 cluster are under control of CCR as their 
promoter regions possess the cre sites. 
Modulation of protein expression can be achieved by the gene, and subsequently, 
mRNA sequence. The great variation in fluorescence intensity among tested GFP 
variants in Chapter 8 clearly illustrated a strong codon usage bias in L. lactis. The 
most strongly expressed (housekeeping) genes in this organism have a different 
pattern of codon usage than other genes. Although we made an attempt to 
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understand the requirements for the optimal expression in L. lactis, further 
studies are needed to achieve this goal. It could be that the fast translation is 
beneficial for the housekeeping genes, but not for those requiring a complex 
folding, like GFP. In the latter case rare codons at specific positions might allow 
proper folding of the nascent polypeptide chain. 
A fascinating regulatory switch at the metabolic level was discovered at the 
crossroad between the pyrimidine and the cell wall biosynthesis pathways. The 
competition between two enzymes, namely, aspartate transcarbamoylase PyrB 
and racemase RacD for their common substrate aspartate determines the 
composition of the cell wall. The more aspartate is available for the peptide 
bridge cross-linking in the peptidoglycan, the thicker and more rigid the cell wall 
becomes. Cellular growth requires a flexible cell wall which is susceptible to 
peptidoglycan hydrolases, and the nucleotide pool directly correlates with the cell 
growth rate. Thus, such metabolic PyrB/RacD crossroad provides a very sensitive 
regulatory switch. It also dismisses the need of transcriptional regulation which is 
relatively difficult keeping in mind that some enzymes involved in peptidoglycan 
remodeling (such as PG hydrolases) are extracellular. Since cell wall properties 
are directly linked to the metabolic state of the cell, it is very likely that some 
heterogeneity exists within a population. Differences in cell wall rigidity and, 
consequently, varying growth rates and levels of resistance to cell wall stress in a 
population might be advantageous when environmental conditions change 
unpredictably. 
On top of that, a concerted action at multiple levels of regulation was 
demonstrated to be involved in diversification of the population during glucose-
cellobiose diauxie (Chapter 3). Global regulatory mechanisms, such as carbon 
catabolite repression and the stringent response together with cellobiose 
utilization activation via an unknown regulator and the metabolic switch from 
homolactic to heterolactic fermentation act together in determining whether the 
particular cell can switch to utilization of the second carbon source; otherwise, it 
gets locked in a non-growth state.  
 

L. lactis demonstrates an incredible genome plasticity and adaptation capacity  

Strains evolve with time, and many processes might have changed in what we call 
“the model organisms” when compared to the wild-type strains, because of the 
domestication and/or long laboratory-propagation of the former.  
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The ancestor of L. lactis MG1363 occupied a plant-associated niche. It is 
suggested by its ability to metabolize plant-derived sugars as carbon sources and 
by possession of the cell surface proteins (csc clusters) that are typically found in 
plant-related bacteria (Siezen, 2006). L. lactis MG1363 possesses 80 (excluding 
pseudo_39, see Chapter 6) pseudogenes with predicted original functions in 
transposition, transport and regulation (Wegmann, 2007). High number of 
pseudogenes found in L. lactis strains clearly show ongoing genome decay, which 
is especially prominent in the dairy strains of subspecies cremoris. This genome 
reduction and the abundance of prophages and transposable elements in the 
chromosome highlight the continuous industrial pressure and result from the 
adaptation to the milk environment (Kelleher, 2017). Niche adaptation also relies 
on the acquisition of new metabolic features. The ancestor of L. lactis MG1363 
was obviously flexible in its ability to acquire DNA from other bacteria, such as 
plasmids and other mobile elements through conjugation or sex factor-mediated 
transfer or via bacteriophage transduction. The presence of decayed competence 
genes in the genome of many lactococcal strains proposes that their ancestor was 
naturally-competent. In L. lactis MG1363 7.1% of the genes were defined as alien. 
Genomic plasticity of L. lactis has contributed to the organism’s capacity to adapt 
from a plant-associated niche to survival in the milk environment (Wegmann, 
2007; Quiberoni, 2001).  
Studies of cellobiose transport have led to the discovery of many exciting 
phenomena. Cellobiose is a plant-related sugar, the degradation product of 
cellulose, which is the main polysaccharide of a plant cell wall. Structurally it 
resembles lactose as both disaccharides can be taken up by the same transporter 
(PtcABCelB). The overlapping transport and metabolism systems of these two 
sugars might illustrate the historical switch of a plant-associated bacterium L. 
lactis to the milk environment. Under our laboratory conditions the silenced 
cellobiose and other plant sugar utilization genes gain new functions 
demonstrating the possibilities of evolution in the lab strains. Under a strong 
selection pressure plant sugar-specific PTSs can start importing lactose or 
galactose, unspecific enzymes become involved in novel metabolic pathways: 
unspecific P-β-glucosidases cleave lactose; a constitutively expressed cytoplasmic 
phosphatase dephosphorylates galactose-6-P in order for it to enter the Leloir 
pathway reactions. And the end result is the survival of the cell. 
From the work described in this thesis it is clear that L. lactis tends to revive plant 
niche remnants – metabolic clusters dedicated to plant sugar transport and 
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metabolism - when it encounters unfavorable conditions. Decayed plant niche-
related genes and pseudogenes constitute a genetic pool which can be exploited 
“in case of emergency” (Figure 1). Abundant mobile elements and point-
mutations serve as (de)activation tools allowing new phenotypes to emerge. 
These new phenotypes are then tested by the environmental conditions. Since the 
created phenotype is not completely “natural” for the current environment, in 
some cases a good regulation mechanism might be missing. For instance, when 
the cel cluster gets activated by a promoter up-mutation, it is expressed very 
strongly. High expression of the gene leading to a hybrid transporter formation 
(PtcAB interacting with CelB) creates a heavy metabolic burden. Only the fittest 
cells in the cel mutant population are able to adopt this beneficial but costly 
phenotype. This leads to population diversification: multiple phenotypes with 
different metabolic strategies emerge. If environmental conditions quickly return 
to the primary state, where an easy to metabolize carbon source is available, both 
phenotypes will survive, and the non-switchers will have an advantage since their 
resources are not invested in the expensive protein synthesis; if the 
environmental conditions will remain harsh, they can only sustain the growth of 
the novel metabolic phenotype, and the non-adapted cells will be eliminated.  
Such bet-hedging strategy allows the genotype to survive.  
The environmental conditions will continue testing the new genotype. Additional 
mutations might occur in order to balance the metabolism (as is the case with the 
Parc mutations described in Chapter 4). If the environment changes and the 
phenotype becomes useless and too costly, silencing of the system might occur 
(as probably was the case with Pcel and the cluster llmg_1240-44 in Chapters 2, 3 
and 6).  
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Figure 1. Summary of the processes described in this thesis (as explained in the 
text). 

Concluding remarks 

Studying carbohydrate metabolism in L. lactis is a complicated task. Since many 
PTS systems are involved in regulation and sensing of the sugar availability, it is 
difficult to untangle whether the mutant phenotype is due to the direct 
involvement of the deleted transport system component, or it is an indirect effect 
of the disrupted regulatory cascade. Additionally, compensating mutations 
elsewhere on the chromosome might occur and only the resequencing of the 
whole genome of the strain can pinpoint the mutation. We have shown in many 
cases how an unidentified transporter or a pseudogene exposes its activity when a 
strong selection pressure is applied. For this reason direct transport studies are 
necessary to confirm the role of a particular transporter in the predicted uptake 
function. 
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Since its isolation after the curing of the plasmid DNA of the parental strain, L. 
lactis NCDO712 in the early 1980s, L. lactis MG1363 became the prototype 
among lactic acid bacteria – it was shown to be robust and genetically amenable; 
sophisticated systems have been developed for the efficient expression of various 
heterologous proteins in this strain. The whole genome sequence obtained in 
2007 facilitated the applied and fundamental research of L. lactis (Wegmann, 
2007). Nowadays, despite the development of new techniques, the availability of 
high-throughput data and systems biology approaches to reconstruct the 
biochemical networks within the cell, the full picture of many processes in L. 
lactis (e.g., the control of the glycolytic flux and the metabolic switch) still 
remains incomplete. Hopefully the research presented here will help to expand 
the knowledge in the field and will shed some light on carbon, nitrogen and 
energy metabolism and their interconnection in L. lactis. 
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