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The research performed in this thesis 
focuses on various aspects of Lactococcus 
lactis metabolism, from a biological and 
technological point of view. This bacterium 
is one of the oldest domesticated bacterial 
species, and the selection of strains over 
thousands of years has resulted in high 
genetic diversity. It has been proposed 
that milk fermentation was developed 
by humans in the Early Neolithic (Ever-
shed et al., 2008), an activity that lead to 
continued strain selection over the years 
in order to improve the organoleptic 
properties of the fermentation products. 
L. lactis adapted throughout time from a 
plant environment to a dairy environment, 
and the loss or silencing of plant niche-
specific genes is considered evidence of 
this adaptation.  

Amino acid auxotrophic bacteria living 
in nitrogen rich environments
An adaptive advantage?
Genomic studies have shown that bacteria 

are able to acquire or lose genes depending 
on the availability of nutrients present in 
their environment. Caseins are the main 
nitrogen source present in milk, and 
provide L. lactis with all the amino acids 
required to thrive. However, because of 
impaired biosynthetic pathways, most 
strains of L. lactis are auxotrophic for 
a number of amino acids (methionine, 
leucine, isoleucine, valine, histidine and 
glutamic acid), and rely on transporters 
to acquire the essential amino acids from 
their environment. Why does L. lactis 
lose biosynthetic pathways for essential 
compounds? The Black Queen hypothesis 
(Morris et al., 2012) explains that microor-
ganisms lose the production of costly 
metabolites, but survive by acquiring 
these metabolites from others or from 
their environment. In this regard, the lactic 
acid bacteria (LAB) are characterized by 
extensive gene loss, presumably becau-
se the ancestors underwent a lifestyle 
switch from being mostly free-living to 

CHAPTER 9. SUMMARY AND GENERAL DISCUSSION
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subpopulation relying on the high-affinity 
transporter (high expression of the Met-
transporter) and the other subpopulation 
on the low-affinity transporter (low ex-
pression of the Met-transporter). We show 
that the heterogeneous expression of the 
high-affinity transporter depends on a 
T-box riboswitch. Over the last decades, 
riboswitches have been shown to play a 
central role in amino acid biosynthesis 
and uptake (Henkin, 2008; Serganov and 
Patel, 2009; Smith et al., 2010; Mccown et 
al., 2017). Comparative genomic studies 
have shown that T-box regulation strongly 
expanded in the Lactobacillaceae family, 
where it replaced the S-box riboswitch that 
is triggered by S-adenosyl-L-methionine 
(Rodionov et al., 2004; Vitreschak et 
al., 2008). The T-box in the met operon 
regulates its expression through trans-
criptional attenuation, where binding of 
uncharged tRNAMet at low methionine 
concentrations triggers the formation 
of an anti-terminator structure that fa-
cilitates expression of the met operon 
(Naville and Gautheret, 2009; Green et al., 
2010). The T-box is an old mechanism to 
regulate the expression of transporters 
or biosynthetic pathways. Interestingly, 
one T-box element can act in combina-
tion with other T-box elements or other 
riboswitches. For instance, a recent study 
shows that T-box riboswitches often occur 
in tandem with ppGpp riboswitches (Sher-
lock et al., 2018). ppGpp is the so-called 

a host-associated lifestyle (Makarova et 
al., 2006; Makarova and Koonin, 2007). 
In accordance with this lifestyle switch, 
LAB are also characterized by an excep-
tional broad repertoire of carbon- and 
amino acid transporters (Makarova et al., 
2006), indicating that these bacteria often 
live in nutrient-rich environments. Loss 
was particularly common among genes 
underlying biosynthetic pathways; not 
surprisingly, many LAB are therefore 
auxotrophic for methionine synthesis, 
including Lactococcus lactis (Flahaut et 
al., 2013; Teusink and Molenaar, 2017), 
Lactobacillus plantarum (Teusink and 
Molenaar, 2017), Lactobacillus helveticus 
(Chopin, 1993), Streptococcus thermophilus 
(Pastink et al., 2009). Altogether, amino 
acid auxotrophies of L. lactis probably 
emerged due to the adaptive benefit 
of losing the amino acid biosynthetic 
pathways and employing an efficient 
proteolysis system to breakdown the 
casein molecules highly present in milk 
and acquire the essential amino acids. 

By studying the expression of both 
low- and high-affinity transporters of 
the costly amino acid methionine in the 
auxotrophic bacterium L. lactis, we dis-
covered that the high-affinity transporter 
(Met-transporter) is heterogeneously ex-
pressed at low methionine concentrations 
(Chapter 7). This heterogeneity results 
in two isogenic subpopulations that se-
quester methionine in different ways: one 
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propose that in contrast to the IL1403 
strain, in L. lactis MG1363 the cysteine 
metabolism is under control of CmbR 
and the methionine metabolism is under 
control of CmhR. These findings suggest 
differences in regulation of methionine 
uptake and biosynthesis even between 
strains belonging to the same bacterial 
species.

Bacteria are able to survive in niches 
where nutrients can strongly fluctuate. 
They are able to adapt their gene regu-
latory circuitry to develop phenotypic 
heterogeneity (Veening et al., 2008). 
This property ensures that a bacterial 
population is prepared for unpredic-
table changes in the environment and 
increases their chance of survival of at 
least a subpopulation. Multistability is 
the term to describe the coexistence of 
two or more phenotypes in an isogenic 
population, which are result of stable 
single states within a gene regulatory 
network (Smits et al., 2007; Veening et 
al., 2008). This phenomenon has been 
described first by the breakthrough work 
on lactose utilization in Escherichia coli 
by Novick and Weiner in 1957, where the 
presence of two subpopulations in a cell 
culture was identified: one population 
expressing the lactose utilization genes, 
encoded in the lac operon, and a second 
non- expressing cell population (Aaron 
Novick, 1957). With regard to our work on 
heterogeneity: Why are methionine uptake 

alarmone of a cell (Szalewska-Pałasz et 
al., 2007; Potrykus and Cashel, 2008) and 
previous studies point to these molecu-
les as one of the oldest mechanisms of 
bacteria to sense stressful conditions (e.g. 
nutrient starvation) (Rallu et al., 2000). 
We postulate that the T-box regulation 
underlying some of these transporters 
might have evolved to accommodate 
the largely auxotrophic lifestyle of the 
LAB, where the T-box riboswitch might 
provide a more immediate regulatory 
response to amino acid starvation than 
the S-box riboswitch due to its specificity 
for methionine (Vitreschak et al., 2004; 
Schoenfelder et al., 2013).

While the pathways of methionine 
biosynthesis and metabolism are well 
conserved among bacteria, their regulation 
often involves very different mechanisms. 
In L. lactis IL1403, the transcriptional 
regulator CmbR has been shown to be res-
ponsible for activation of genes involved 
in methionine and cysteine biosynthesis 
pathways (Sperandio et al., 2005). In 
contrast, the strain MG1363 has a second 
transcriptional regulator, CmhR, which 
is homologous to the regulator MetR of 
Streptococcus mutans and that specifica-
lly controls methionine biosynthesis 
and metabolism genes (Sperandio et al., 
2007). Besides our discovery about the 
T-box riboswitch regulation in the leader 
region of the met operon controlling the 
Met expression in L. lactis MG1363, we 
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factory for the production and secretion 
of recombinant proteins due to all the 
molecular tools available to work with 
this model bacterium (Kok et al., 2017). 
In addition, the availability of genomic 
sequencing data has also contributed to 
the design of new engineering strategies 
of L. lactis strains, for instance to re-route 
its metabolism and obtain a desired 
compound at high yield. 

Besides production of lactic acid, LAB 
produce organic acids, acetaldehyde 
diacetyl, acetoin, hydrogen peroxide, 
and bacteriocins (Todorov, 2009). Under 
certain growth conditions LAB convert 
pyruvate to several flavor compounds 
such as acetaldehyde and diacetyl. The 
flavor and aroma of dairy products are 
properties that drive the consumer choice. 
Thus, the dairy industry aims to satisfy 
these consumer needs, and dairy research 
on L. lactis focuses on the production 
of flavor and aroma compounds during 
fermentations. 

Diacetyl is produced as a secondary 
metabolite during fermentation by some 
species of the LAB family (Laëtitia et 
al., 2014). While the production of this 
compound is thought to be a strategy to 
store energy after carbohydrate depletion 
or under aerobic conditions (Thomas et 
al., 1979), diacetyl has previously been 
shown to be toxic to bacteria. Although 
its antimicrobial activity may confer com-
petitive advantages over other bacteria to 

systems heterogeneously expressed? The 
development of phenotypic heterogeneity 
can give rise to important advantages. A 
first scenario is the bet-hedging strategy, 
a situation where a subpopulation is 
prepared for unexpected changes in the 
environment. It is likely that cells that 
highly express the Met transporter will 
do better in an environment with minimal 
amounts of methionine, but that the other 
one is more effective in an environment 
with high methionine concentrations. A 
second scenario is the so-called division 
of labor, a situation where both subpo-
pulations have a cooperative interaction 
that benefits them both. Up to now, we 
can only suggest these possible benefits. 
To our knowledge, this study is the first 
to show that regulation at the RNA level, 
namely the T-box at the 5’UTR of the met 
operon, can give rise to long-term phe-
notypic heterogeneity, and we believe 
this finding could be a stepping-stone for 
further exploring its potential benefits 
and consequences.

Same goal, different approach
After the original domestication of L. 
lactis by humans, the current develop-
ment of technologies for screening or 
engineering of bacterial strains have 
led to improvements in the organoleptic 
properties of dairy products and facilitated 
improvements in fermentation methods. 
Moreover, L. lactis has become a cell 
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such as amino acids (Kieronczyk et al., 
2003). The intracellular pool of amino 
acids is subject to activity of enzymes 
involved in several reactions, including 
deamination, transamination, decarbo-
xylation and cleavage of the amino acid 
side chains (Yvon and Rijnen, 2001). The 
relationship of amino acids and flavor 
formation in L. lactis strains has been 
demonstrated in previous studies. For 
example, the malty or chocolate-like 
flavor found in milk and cheese is ex-
plained by the conversion of branched-
chain amino acids (leucine, isoleucine, 
valine) in to their corresponding α-keto 
acids via transamination reactions, spe-
cifically high levels of the resulting 
compound 3-methylbutanal (Ayad et 
al., 2001). Based on this knowledge, we 
aimed to enhance the production and 
secretion of amino acids in L. lactis by 
combining a whole-cell biosensor and 
a microdroplet technology (Chapter 4). 
First, we took advantage of the auxotro-
phic nature of L. lactis for several amino 
acids (methionine, leucine, isoleucine, 
valine, histidine and glutamic acid) to 
construct a green fluorescent cell that 
lacks the peptide transport systems, and 
thus is fully dependent on the uptake of 
several essential amino acids. Second, 
droplet-based technologies have beco-
me a powerful strategy to improve the 
production of secreted metabolites, and 
allow the screening and selection of 

colonize certain habitats (Hugenholtz et 
al., 2000), this property may explain why 
only low levels of diacetyl are produced by 
the cells. Thus, the engineering strategies 
that have aimed to re-route the L. lactis 
metabolism into diacetyl overproduction 
have resulted in the formation of other 
products such as acetoin, probably because 
the diacetyl production levels reached 
the tolerance limits for this bacterium 
or simply because of chemical instability 
of this compound.

Added to the relevance of diacetyl and 
acetaldehyde as flavor compounds for 
the food industry, their quantification in 
complex food matrices is a laborious task. 
The quantification of these compounds 
requires sample preparation protocols 
and analytical techniques for chemical 
analysis (e.g. liquid chromatography 
and gas chromatography). We developed 
fluorescence-based L. lactis biosensors 
for the detection of diacetyl and acetal-
dehyde (Chapter 2). Our results suggest 
that these biosensors can be applied to 
quickly detect semi-quantitatively the 
presence of diacetyl. These biosensors 
are tools with potential application in 
the screening and optimization of LAB 
strains capable of producing the flavor 
molecules diacetyl and acetaldehyde.

Flavor formation by lactic acid bacteria 
is linked directly to the flavor molecules 
mentioned above, but it is also indirectly 
linked to flavor-promoting molecules 
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bacteria establish interactions such as 
metabolite exchange. Previous studies 
have shown that proteolytic L. lactis 
strains (PrtP+) are able to supply pep-
tides to non-proteolytic strains (PrtP-) 
(Sieuwerts et al., 2008). Thus, the finding 
that some L. lactis naturally secrete 
amino acids suggests these compounds, 
besides peptides, might also play a role 
in the interaction between bacterial 
species of mixed-cultures. Moreover, we 
believe our selected wild-type strains 
with high-yield amino acid production 
are candidates to participate in the de-
velopment of microbial consortia for 
obtaining fermented foods, for instance by 
stimulation the growth of other microbes 
in a consortium. Fourth, metabolite se-
cretion by bacteria is a poorly understood 
phenomenon from a biological point of 
view. The mechanisms for the uptake 
of nutrients and other compounds have 
been extensively studied in bacteria, 
but the mechanisms for the secreted 
compounds have received less attention. 
Historically, the secretion of glutamic 
acid by Corynebacterium glutamicum in 
1957 led to the production of this amino 
acid by microbial fermentative methods 
(Kinoshita et al., 1957). However, the 
mechanism for glutamic secretion by this 
bacterium via small-conductance mecha-
nosensitive channels was just revealed 
in 2014 (Mitsuhashi, 2014). Moreover, 
amino acid secretion occurs not only by 

thousands of cells when they are com-
bined with high-throughput methods. 

Although the contribution to flavor 
formation during fermentations is the 
basis of our work in Chapters 4 & 5, 
our results have an impact on different 
application fields. First, amino acids have 
application as bulk biochemical in the 
food, chemical and pharmaceutical field, 
and thus, it is relevant to obtain bacterial 
strains that overproduce specific amino 
acids. We discovered that some L. lactis 
strains (e.g. WW4, NCDO176) naturally 
secrete several amino acids, and obtai-
ned mutants (of the L. lactis IPLA838 
strain) that overproduce some acids, 
specifically glutamic acid. Second, the 
selection of amino acid overproducers 
by an agarose-based droplet strategy is a 
proof of concept of the application of the 
microdroplet technology in the impro-
vement of LAB strains and the secretion 
of desired flavor-promoting molecules. 
Further research is required to inves-
tigate the flavor molecules profile (i.e. 
presence of aldehydes, esters, alcohols) 
of fermentation products by the selected 
L. lactis strains, which overproduce amino 
acids. For instance, since umami flavor 
is related to glutamic acid in cheeses, 
we wonder whether cheeses produced 
with our selected L. lactis strains (highly 
secreting glutamic acid) could be rich 
in umami taste. Third, mixed-culture 
fermentations are environments where 
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protein was the major secreted protein 
of L. lactis, and since then the signal 
peptide (SP) of Usp45 has been used a 
lot in engineering strategies to secrete 
proteins of interest. From a biotechnolo-
gical point of view, the usp45 promoter 
and SP of Usp45 have been successfully 
exploited, but the biological function of 
Usp45 remained unknown despite more 
than 25 years of research. In Chapter 
6, we revisited this open question, and 
we show the effect of inactivation and 
overexpression of the usp45 gene on L. 
lactis growth, phenotype and cell division. 
Our results are in agreement with those 
obtained in streptococci, and demons-
trate that the L. lactis Usp45 protein is 
essential for proper cell division. Overall, 
our results suggest that Usp45 mediates 
cell separation, probably by acting as a 
peptidoglycan hydrolase. Moreover, we 
also show that the usp45 promoter is 
highly activated by galactose. The un-
derstanding of the biological function 
of the PcsB-like proteins, such as Usp45, 
has received particular attention in the 
last decade due to its essentiality and 
conservation in Gram-positive bacteria. 
The identification of the factors that mo-
dulate the expression of these proteins 
might benefit the design of engineering 
strategies for secretion or heterologous 
proteins in L. lactis, the development of 
food-grade suicide systems using Usp45 
as a target, or contribute to design of 

transporters, but also via passive lipoidal 
(through bilayer) and via carrier-mediated 
diffusion. The latter mechanisms have 
been demonstrated for proline secretion 
by Escherichia coli and Bacillus subtilis, 
respectively (Nikaido, 1993; Lepore et 
al., 2011). The overflow metabolism, i.e. 
secretion of compounds because of being 
present in excess inside the cells, has been 
pointed out as the biological fundament 
of amino acid secretion (Krämer, 1994). 
Metabolic flux analyses of the secreted 
metabolites by bacteria do not support 
the overflow metabolism theory for amino 
acid secretion (Pinu et al., 2018). There-
fore, this fundamental question remains 
unanswered, and it would be a fruitful 
area for further work. Chapter 3 reports 
the genomic sequencing of wild-type 
amino acid overproducer L. lactis strains. 
Genomic analyses comparing producer 
and non-producers can produce interes-
ting findings. For instance, in Chapter 
4 we pinpoint mutations that might 
explain the amino acid overproduction 
by IPLA838 mutants. 

It all depends on the angle by which 
you look at things
As stated above, L. lactis has been widely 
used for decades as a cell factory for the 
expression of heterologous proteins that 
are relevant in the pharmaceutical and 
nutraceutical fields. Based on this interest, 
previous studies reported that the Usp45 
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of Usp45 in the bacterial supernatant. One 
hypothesis is that Usp45 participates in 
cell division as a peptidoglycan hydrolase, 
which is released into the environment, 
where subsequently PrtP degrades it, 
and then the cells take up the Usp45 
derived-peptides as a recycling pathway. 
Further experiments, using the L. lactis 
NCDO172 strain could shed more light 
on whether this hypothetic model (see 
Figure 1) is valid.

antimicrobials that target this protein in 
pathogenic streptococci. The reason why 
L. lactis secretes high amounts of Usp45 
is an intriguing question that could be 
explored in further research. A previous 
study indicates that Usp45 is degraded 
by the proteinase PrtP in the L. lactis 
NCDO172 strain. We speculate that in 
the L. lactis MG1363 strain, a derivative 
strain from NCDO712, the absence of the 
PrtP enzyme might explain the presence 

Figure 1. Hypothetical model for the activity and degradation of the lactococ-
cal Usp45 protein. When L. lactis cells are actively dividing, e.g. during the exponen-
tial growth phase (indicated with the number 1), the cell separation process requires 
peptidoglycan hydrolysis and the Usp45 performs this task. Usp45 is anchored to the 
membrane via the FtsX complex. Next, Usp45 is released to the extracellular environ-
ment, which results in accumulation of Usp45 in the bacterial supernatant (indicated 
with the number 2). The proteinase PrtP, which degrades casein molecules, also de-
grades the secreted Usp45 proteins. The resulting Usp45-derived peptides are taken 
up by the cells, via the oligopeptide transport systems (Opp, Dpp, DtpT), as a nitrogen 

recycling pathway (indicated with the number 3).
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using sensitive strains, and performing 
analytical techniques to identify the 
chemical nature of the compound(s). We 
addressed the identification of the anti-
microbial compounds from a different 
point of view. After a long exposure of 
interacting colonies of B. subtilis and S. 
epidermidis, resistant S. epidermidis colonies 
emerged. The genomic sequencing data 
of the S. epidermidis strains pointed to a 
dipeptide transporter as the one respon-
sible of the antimicrobial sensitivity of 
the wild-type strain because the resistant 
mutants contained a nonsense mutation 
in the gene encoding for this transporter. 
After an extensive literature review of the 
antimicrobials with dipeptidic nature 
produced by B. subtilis, we focused our 
attention to identify bacilysin and its 
related compounds (chlorotetain and 
bromotethain). This alternative approach 
to address antimicrobial identification, 
led us to the relatively quick confirma-
tion and identification of chlorotetain as 
the antimicrobial produced by B. subtilis 
with activity against S. epidermidis. Next, 
we also studied the motility response by 
B. subtilis, and proposed a model where 
the S. epidermidis biofilm-associated pro-
teins (Bap) trigger the development of 
B. subtilis motile cells via Bap calcium 
binding. Since both bacteria are relevant 
members of the human skin microbiota, 
we speculate about the implications of 
this bacterial interaction. B. subtilis is 

Chapter 8 might be an odd chapter in 
this thesis, which is mainly focused on L. 
lactis metabolism. Driven by the fact that 
mixed-culture fermentations are environ-
ments where microbes establish bacterial 
interactions to exchange metabolites, and 
that food products are a result of tasks 
performed by more than one microbe, we 
originally aimed to investigate whether L. 
lactis establishes interactions with other 
Gram-positive bacteria at the colony level 
via quorum sensing. We selected Bacillus 
subtilis and Staphylococcus epidermidis as 
Gram-positive bacteria, and assessed the 
interaction between L. lactis and these two 
bacteria. Unexpectedly, an interaction 
between S. epidermidis and B. subtilis was 
clearly visible to the naked eye, which 
consisted on partial degradation of the S. 
epidermidis and motility of B. subtilis cells 
towards the S. epidermidis colony. Thus, 
we became interested in discovering the 
mechanisms involved in this interaction 
and exploring its biological implications. 

The colony degradation of S. epidermidis 
indicated that B. subtilis produced one or 
more antimicrobial compounds. B. subtilis 
strains are known to produce various 
compounds with antimicrobial activity, 
and their identification is traditionally 
performed by a series of laborious steps, 
including collection of bacterial superna-
tants, separation by liquid chromatography, 
concentration of fractions, screening all 
the fractions for antimicrobial activity 
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is defined by many factors (e.g. pH, food, 
temperature, moisture, human age), and 
the diversity of bacterial species also 
contributes to the regular composition 
of the human skin microbiota. A further 
study could assess the interactions with 

known as a beneficial bacterium because 
it protects our skin from fungi and other 
bacteria, thus it might play a similar role 
to control the microenvironments that S. 
epidermidis occupies in our skin. In general, 
the composition of human microbiota 

Figure 2. Seeing bacteria from different points of view. At the single-cell level, L. 
lactis cells perform essential processes such as peptidoglycan remodeling during lysis 
and cell division. At the population level, an isogenic population of L. lactis cells shows 
phenotypic heterogeneity, a strategy in response to environmental changes, for instan-
ce nutrient limitation. When L. lactis is seen as a member of a mixed-culture (e.g. during 
cheese production), it is able to provide other species some nutrients. These bacterial 
inter and intraspecific interactions are common in many other environments such as 

our skin, a densely populated environment by many bacterial species.
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biosynthetic pathways, the low conserva-
tion of these biosynthetic pathways and 
genetic regulation between lactic acid 
bacteria makes auxotrophies prediction 
a complicated task. Thus, prediction of 
amino acid auxotrophies requires experi-
mental confirmation by bacterial growth 
in chemically defined media, where one 
amino acid at time is removed. Our work 
on the methionine auxotrophy of L. lactis 
was rewarded by the discovery of pheno-
typic heterogeneity of the methionine 
uptake. This is not only an example of 
serendipity, but also of how complex 
the genetic regulation has evolved in L. 
lactis, probably to compensate for this 
auxotrophic lifestyle. 

Nowadays, the development of new 
technologies for strain screening (e.g. 
microdroplets) or strain engineering (e.g. 
by CRISPR-Cas9) has had a big impact on 
solving research questions that remained 
obscure. We believe this thesis will aid 
the development of new technologies 
to broaden our L. lactis knowledge, and 
yields new tools to improve our knowl-
edge on this bacterium and to enhance 
its applications. 

other relevant skin bacteria, such as 
Staphylococcus aureus, or assess long-
term effects of the rapid development of 
chlorotetain resistance by S. epidermidis.

Concluding remarks
The research presented in this thesis 
(Figure 2) advances our knowledge of 
the L. lactis metabolism, physiology and 
biotechnological potential. A high ge-
netic diversity in the L. lactis species 
has developed through the process of 
domestication. Gene gain and loss have 
shaped the genetic repertoire of L. lactis, 
since its use in milk fermentations in the 
Early Neolithic to the existing species 
used today. Amino acid auxotrophies 
illustrate the result of the lactococcal 
adaptation to the nitrogen-rich milk en-
vironments and reflect how well suited 
these bacteria currently are to the en-
vironment in which they live. Studying 
amino acid auxotrophies in bacteria is a 
challenging work because the prediction 
of these auxotrophies is based on whether 
all the genes of a biosynthetic pathway 
are present. However, besides the fact 
that mutations can result in impaired 
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