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Propositions 

1. Production of typical cheese aroma compounds requires slowly 
growing bacteria. 
(this thesis) 
 

2. The maintenance requirement of dairy lactic acid bacteria is 
growth-rate dependent. 
(this thesis) 
 

3. Malware encoded by DNA sequences (Ney, P. et al. 2017. 26th 
USENIX Security Symposium, https://dnasec.cs.washington. 
edu/dnasec.pdf) poses a privacy risk in DNA sequencing. 
 

4. Connections via nanotubes (Stempler et al. 2017. Interspecies 
nutrient extraction and toxin delivery between bacteria. Nat 
Comm 8:315) shed new light on interactions between microbial 
cells. 

 
5. Lack of consumer acceptance drives food innovation. 

 
6. The number of students at universities is regulated by negative 

feedback. 
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General introduction 

Fermentation has already been used for thousands of years to preserve food 
(McGovern et al., 2004, Salque et al., 2012, Wang et al., 2016), but only since 
the second half of the 19th century (Pasteur, 1857a, b) people realised that 
microorganisms play a crucial role in fermentation processes. Nowadays, starter 
bacteria and yeasts are still used as work horses for the production of many foods, 
such as cheese, yoghurt, bread, beer and wine. And microbes are not only used 
to preserve food, but their biotechnological application has expanded to 
production of many microbial products, such as food ingredients, fine chemicals, 
enzymes and pharmaceuticals.  

Cheese production 

The earliest evidence of cheese making has been dated back to the sixth 
millennium BC in Northern Europe (Salque et al., 2012). At that time fermentation 
of milk relied on spontaneous acidification by microbes naturally present in the 
raw milk, which consisted mainly of lactic acid bacteria (LAB). Relying on the 
microbes naturally present could lead to unpredictable results affecting the 
product quality (Parente et al., 2017). Therefore, to assure reproducibility part of 
the previous day’s batch can be used to start a new fermentation. This practice is 
called backslopping and is still carried out in the production of some traditional 
cheeses, like Parmigiano-Reggiano (Fox and McSweeney, 2017). This 
backslopping procedure allows the bacteria to adapt to the environment resulting 
in faster acidification and utilisation of the main substrates in milk (lactose, citrate 
and caseins).  

Nowadays, most cheeses are made with starter cultures. These starter cultures 
usually consist of a mixture of LAB strains originating from successful batches of 
fermented dairy products or from natural whey starters obtained by backslopping. 
The main role of the starter cultures is to acidify the milk by conversion of lactose 
into lactic acid, which contributes to the safety and shelf life of the product. 
Moreover, starter cultures contribute to the flavour development during the 
ripening process which involves proteolysis, lipolysis and the utilisation of lactose 
and citrate (Smid and Kleerebezem, 2014).  

Starter cultures consisting of LAB are classified as thermophilic and mesophilic 
and are used for cheese varieties where a high temperature (>37°C but generally 
48-52°C) prevails during the early stages of cheese manufacturing, like Italian 
and Swiss cheese, or a moderate temperature (below 40°C), like Dutch-type 
cheese (Parente et al., 2017). The mesophilic starter cultures consist of various 



General introduction 

  9 
 

strains of Lactococcus lactis subsp. cremoris, L. lactis subsp. lactis, L. lactis subsp. 
lactis biovar diacetylactis and Leuconostoc mesenteroides with different metabolic 
capacities and different functional roles (Smid et al., 2014). Proteolytic strains 
break down the caseins releasing peptides and amino acids that can be consumed 
by the entire microbial community. L. lactis subsp. cremoris strains are the most 
fastidious and are mainly involved in the fast acidification of the milk. Moreover, 
they quickly lyse during cheese ripening releasing enzymes accelerating 
peptidolytic reactions (Chapot-Chartier et al., 1994). L. lactis subsp. lactis is 
characterised by its ability to grow in the presence of 4% NaCl, utilise arginine as 
energy source and has glutamate decarboxylase activity producing γ-
aminobutyric acid (GABA) (Rademaker et al., 2007). L. lactis subsp. lactis survives 
longer during the ripening process and is involved in flavour formation. Both L. 
lactis subsp. lactis biovar diacetylactis and Lc. mesenteroides strains are able to 
ferment citrate and convert it into the important aroma compounds diacetyl and 
acetoin, which are responsible for the buttery note, and CO2, which is important 
for eye formation (Hugenholtz, 1993). In contrast to the homofermentative L. 
lactis, Lc. mesenteroides is a heterofermentative organism thus also producing 
CO2 via lactose fermentation (Fig. 1.1). Both Lc. mesenteroides and L. lactis biovar 
diacetylactis represent a small fraction of the starter cultures (1-10%) (Erkus et 
al., 2013), but become dominant during cheese ripening and are considered to be 
the main aroma producers in the mesophilic starter cultures. 

Adaptation via plasmid acquisition 

The long history of cheese making using backslopping allowed the lactic acid 
bacteria to adapt to the dairy environment. Typical adaptations to the nutrient-
rich dairy environment are genome decay, particularly for L. lactis subsp. 
cremoris, and the acquisition of plasmids (Kelleher et al., 2017). For instance, 
dairy isolates often have auxotrophies for branched-chain amino acids (BCAA) and 
histidine (Delorme et al., 1993, Godon et al., 1993), which are the most abundant 
amino acids released by casein degradation. Plasmids in L. lactis and Lc. 
mesenteroides have been linked to important dairy phenotypes including lactose 
metabolism, citrate uptake, protein degradation and peptide uptake, bacteriocin 
production, exopolysaccharide production and stress and bacteriophage 
resistance (Ainsworth et al., 2014) (Table 1.1). The importance of plasmids for 
growth and survival of L. lactis in the dairy environment is also demonstrated in 
Chapter 3 showing an inventory of plasmid-encoded functionalities. Especially 
plasmids greatly increase the genetic diversity as they can make up 9% of the 
genetic repertoire of the bacteria (Ainsworth et al., 2014). 
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Table 1.1: Plasmid-encoded functions in L. lactis and Lc. mesenteroides. 

 
Aroma formation during cheese ripening 

Ripening of cheese is a complex process in which the typical cheese 
characteristics, such as the flavour and texture, are formed by the action of 
numerous enzymes derived from the milk, the rennet, the starter bacteria and the 
non-starter bacteria (Fox et al., 2017). Cheese ripening is a slow process that can 
last from 2 weeks to several years for Mozzarella and Parmigiano-Reggiano, 
respectively (McSweeney, 2004). The temperature is kept low to prevent growth 
of spoilage and pathogenic microorganisms making this process not only time-
consuming but also expensive. Flavour formation during cheese ripening consists 
of two steps: i) the generation of precursors from carbohydrates, proteins and 
fats and ii) their conversion into a wide range of compounds responsible for the 
flavour and texture of the cheese (Smid and Kleerebezem, 2014).  

Caseins can be degraded into peptides by rennet enzymes and the extracellular, 
cell envelope-bound proteinase PrtP of Lactococcus lactis (de Vos et al., 1989). 
Subsequently, these peptides are taken up by several di-, tri- and oligopeptide 

Function Genes References 
Lactose utilisation  lacR-ABCDFEGX (L. lactis) 

lacS, lacLM (Lc. mesenteroides) 
(David et al., 1992, de Vos et 
al., 1990, van Rooijen and de 
Vos, 1990, van Rooijen et al., 
1991, Vaughan et al., 1996) 

Citrate uptake citQRP (L. lactis) (de Felipe et al., 1995) 
Protease prtP-prtM (L. lactis) (de Vos et al., 1989, Vos et al., 

1989) 
Peptidase pepF, pepO, pcp (Nardi et al., 1997, Siezen et 

al., 2005) 
Peptide transport oppDFBCA (Tynkkynen et al., 1993, Yu et 

al., 1996) 
Bacteriophage resistance 

  
 

Restriction-modification hsdM, hsdR, hsdS (Schouler et al., 1998)  
Abortive infection abi (Klaenhammer and Sanozky, 

1985)  
Exopolysaccharide 
production 

eps (Forde and Fitzgerald, 1999, 
van Kranenburg et al., 1997, 
van Kranenburg et al., 2000) 

Bacteriocin production 
 

(Choi and Ahn, 1997, Davey, 
1984, Gasson, 1984, Harmon 
and McKay, 1987, Holo et al., 
1991, Scherwitz et al., 1983) 

Ion uptake 
  

 
Mg2+ corA (Siezen et al., 2005)  
Mn2+ mntH (Siezen et al., 2005) 

Heavy metal resistance 
  

 
Cd2+ CadCA (Liu et al., 1997) 

  Cu2+ lcoRSABS (Leelawatcharamas et al., 
1997, Liu et al., 2002) 

Glutamate dehydrogenase gdh (Fallico et al., 2011, Tanous et 
al., 2005) 

Stress resistance uspA, cspC, cspD, cstA (Siezen et al., 2005) 
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transporters of L. lactis and Lc. mesenteroides (Juillard et al., 1995, Smid et al., 
1991) and hydrolysed by intracellular peptidases releasing the free amino acids 
involved in flavour formation (Kunji et al., 1996). In particular, methionine, 
aromatic and branched-chain amino acids are crucial in flavour development as 
they can be converted into various alcohols, aldehydes, acids, esters and sulphur 
compounds (Smit et al., 2005). Amino acid catabolism (Fig. 1.2) starts with an 
aminotransferase reaction forming the amino acid-derived α-keto acid. 
Subsequently, the α-keto acid can be decarboxylated to its corresponding 
aldehyde and further oxidised or reduced to the corresponding acid or alcohol. 
Alternatively, α-keto acids can be converted to carboxylic acids via oxidative 
decarboxylation generating ATP (Yvon and Rijnen, 2001). This consist of 3 steps: 
conversion to acyl-CoAs by a dehydrogenase complex, followed by a 
transacetylase and a kinase reaction resulting in the carboxylic acid and ATP 
(Chambellon et al., 2009). Finally, acids and alcohols can participate in ester 
formation. Methionine can also be converted directly into methanethiol by 
cystathione β-lyase (Alting et al., 1995). Most of these reactions are catalysed by 
specific enzymes, although some chemical reactions have been reported such as 
benzaldehyde formation from phenylpyruvic acid (Nierop Groot and de Bont, 
1998, Spus et al., 2017) or methanethiol formation from α-keto methylthio butyric 
acid (Bonnarme et al., 2004).  

Milk fat is essential for the development of flavour during cheese ripening as 
demonstrated in studies in which cheese was made with skimmed milk (Collins et 
al., 2003). The lipids are hydrolysed by lipolytic enzymes that could originate from 
the milk, the rennet or the bacteria and lead to the formation of glycerol and free 
fatty acids (FFAs). FFAs contribute directly to the cheese flavour, in particular the 
short and medium-chain FFAs, but can also be converted via β-oxidation into 
flavour compounds such as methylketones, secondary alcohols, esters and 
lactones (Collins et al., 2003). In general, lipolytic activity of LAB is low (Holland 
and Coolbear, 1996) and lipolysis mainly plays a role in surface-ripened cheese in 
which lipases are delivered by moulds (Molimard and Spinnler, 1996) or by 
coryneform bacteria (e.g. Brevibacterium linens) (Sørhaug and Ordal, 1974) in 
bacterial surface-ripened cheese. However, in Cheddar and Dutch-type cheese 
lipases of LAB are probably the principal lipolytic agents (Fox et al., 2000). 
Because lipases of LAB appear to be exclusively located intracellular (Fernández 
et al., 2000), lipolysis might be affected by cell lysis during ripening of these 
cheeses. 
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As described before, citrate is an important precursor for the production of the C4 
aroma compounds diacetyl and acetoin. Only a few LAB species are able to utilise 
citrate, such as L. lactis biovar diacetylactis and Lc. mesenteroides (Hugenholtz, 
1993). Citrate utilisation has been linked to the presence of the plasmid-encoded 
citrate permease gene citP in L. lactis (Kempler and Mckay, 1979). This secondary 
transporter exchanges divalent citrate with monovalent L-lactate during citrate-
glucose co-metabolism (Bandell et al., 1998) (Fig. 1.1). Intracellularly, citrate is 
first converted into acetate and oxaloacetate by citrate lyase and subsequently 
the oxaloacetate is decarboxylated into pyruvate and CO2. This leads to an 
increased pool of intracellular pyruvate favouring the reaction towards α-
acetolactate by acetolactate synthase, which has a low affinity for pyruvate (Km = 
50 mM) (Snoep et al., 1992). Finally, the α-acetolactate can be converted to 
acetoin via acetolactate decarboxylase or chemically oxidised to diacetyl. Citrate 
metabolism and conversion into acetoin and diacetyl is induced at low pH due to 
increased expression of citrate permease, citrate lyase, oxaloacetate 
decarboxylase and acetolactate synthase (García-Quintáns et al., 1998, García-
Quintáns et al., 2008, Martín et al., 2004, Sender et al., 2004) indicating that 
citrate metabolism is an important resistance mechanism towards acid stress by 
increasing the intracellular pH. This may also explain the relatively good survival 
of citrate utilizing lactic acid bacteria during cheese ripening (Erkus et al., 2013). 

Mimicking cheese ripening using retentostat cultivation 

During cheese ripening, nutrients and in particular fermentable carbohydrates are 
scarce leading to severe reduction in the growth rate of the lactic acid bacteria. 
However, particular bacteria remain viable and still contribute to aroma formation. 
To mimic the extreme nutrient limitation during cheese ripening, retentostat 
cultivation can be used (Fig. 1.3). This is a modification of the well-known 
chemostat cultivation in which a biomass filter is connected to the effluent line to 
retain the biomass in the bioreactor. Thereby, the biomass concentration will 
increase. Because the nutrient supply will be constant, more cells have to share 
the same amount of nutrients leading to lower growth rates. At some point, the 
nutrient supply will equal the energy required for the maintenance processes of 
the cells and no energy is left for growth. This situation we call zero growth. Zero 
growth is fundamentally different from starvation conditions because the cells can 
still maintain themselves and remain viable.  
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Figure 1.3: Retentostat cultivation. A: Schematic overview of the retentostat cultivation 
set-up. Medium is continuously supplied at a fixed rate (feed) and effluent is removed via a 
filter to retain the biomass inside the bioreactor. B: Principle of retentostat cultivation. After 
a steady state is achieved in the chemostat, the filter is connected to the effluent line 
resulting in an increase in biomass (black line and red cells) in time. Because the feed rate 
is constant, the substrate availability per cell (blue arrows) decreases, and the growth rate 
reduces (dashed line). After some time, the substrate availability will equal the maintenance 
requirements of the cells and no substrate is left for growth. This situation we call zero 
growth. 

Retentostat cultivation has been successfully applied to study the physiological 
and transcriptional responses of several industrially relevant microorganisms 
towards near-zero growth rates, including Lactococcus lactis, Lactobacillus 
plantarum, Bacillus subtilis, Saccharomyces cerevisiae and Aspergillus niger 
(Ercan et al., 2015). Biomass accumulation profiles in the retentostat cultivations 
suggested that the growth rate of all microbes reduced to less than 0.001 h-1 
corresponding to doubling times of more than a month, except for A. niger, which 
formed conidiospores that could pass the filter. Meanwhile, the viability remained 
above 80%. Physiological and transcriptional responses were distinct from those 
induced by starvation in stationary-phase cultures. General responses included a 
stress response, increased stress resistance, alternative carbon-source utilisation 
and downregulation of protein synthesis (Ercan et al., 2015). Moreover, species-
specific responses towards near-zero growth rates were observed including 
downregulation of the expression of genes involved in motility and chemotaxis in 
B. subtilis, reduced exopolysaccharide expression in L. lactis, production of plant  
growth-stimulation compounds in Lb. plantarum, increase in surface-to-volume 
ratio in B. subtilis and L. lactis and upregulation of genes characteristic for 
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quiescent cells. These studies highlight the power of retentostat cultivation to 
study microorganisms at near-zero growth rates. Because during cheese ripening 
nutrients are limited and LAB hardly grow, retentostat cultivation might also be 
applied to study LAB under conditions mimicking the cheese ripening 
environment.  

As described before, dairy lactic acid bacteria often carry plasmids important for 
growth and survival in the dairy environment. However, it remains unknown what 
happens to plasmids and their copy number at near-zero growth rates. Moreover, 
the described studies mainly looked only at production of the primary metabolites, 
while in dairy processes food characteristics are mainly determined by secondary 
metabolites including aroma compounds. Therefore, this thesis project aims to 
provide novel insights in the effect of near-zero growth rates on the production of 
aroma compounds by dairy lactic acid bacteria and the stability and copy number 
of plasmids they contain. Moreover, novel opportunities for optimising aroma 
formation by lactic acid bacteria at near-zero growth rates are provided. 

Outline of this thesis 

This thesis focusses on the physiological and metabolic adaptions of dairy LAB 
towards near-zero growth rates which could help to develop a production system 
for aroma compounds that are typically formed during cheese ripening. L. lactis 
biovar diacetylactis and Lc. mesenteroides were selected as study organisms 
because these bacteria are considered to be the main aroma producers during 
ripening of Dutch-type cheeses. The two strains used in the studies are L. lactis 
subsp. lactis biovar diacetylactis FM03P and Lc. mesenteroides FM06, which were 
isolated from Danish 10-week-old 45+ Samsø cheese. 

Chapter 2 describes the genomic content of the two selected dairy strains. 
Genome sequencing revealed that both strains harboured multiple plasmids 
carrying genes encoding dairy-related functions signifying the adaptation to the 
dairy environment.  

Chapter 3 describes the plasmidome of L. lactis FM03P, containing 12 plasmids, 
in detail and provides analysis of the putative biological functions of the genes. 
This analysis revealed many plasmid-encoded dairy functions such as lactose 
metabolism, citrate uptake, peptide degradation and uptake, exopolysaccharide 
production, metal uptake, bacteriophage resistance and stress resistance. 
Plasmid-cured variants were made to confirm some of the putative functions and 
demonstrate the impact of the plasmids on the growth performance.  
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Citrate metabolism is highly relevant for aroma formation by L. lactis biovar 
diacetylactis, but there still remain some disputes about the regulation 
mechanisms of citrate uptake in L. lactis. To solve this, regulation of citrate uptake 
by CitP has been systematically studied in chapter 4 as function of the pH, 
nutrient limitation and the presence of citrate. Regulation was analysed at four 
levels: plasmid copy number, citP transcription, citP mRNA processing and citrate 
utilisation capacity. This provided novel insights in the regulation of citrate uptake 
that could help to optimise aroma formation from citrate. 

Chapter 5 compares aroma formation by L. lactis in a milli-cheese model system 
with aroma formation in liquid cultures using batch and retentostat cultivation in 
three different media (chemically defined medium, hydrolysed micellar casein 
isolate and milk). Qualitative and quantitative comparisons showed that aroma 
formation during cheese ripening was best resembled using retentostat cultivation 
despite the use of a chemically defined medium revealing that near-zero growth 
rates are required to produce aroma compounds similar to those produced during 
cheese ripening. 

The effect of near-zero growth rates on the physiology and aroma formation 
capacity of L. lactis was further explored in chapter 6. In the retentostat cultures, 
a large fraction of the cells became viable but not culturable as also found for 
cheese. Quantitative models were constructed to describe the growth in the 
retentostat cultures revealing that the maintenance requirements of this dairy L. 
lactis strain is dependent on the growth rate, in contrast to what was found 
previously for a plant-associated L. lactis strain. Finally, changes in aroma 
formation were compared with aroma formation during cheese ripening. 

Chapter 7 describes the physiological and metabolic adaptations of Lc. 
mesenteroides FM06 towards near-zero growth rates, which were very similar to 
the adaptations of L. lactis described in chapter 6. Furthermore, both LAB strains 
were combined in retentostat co-cultures to asses if this could enhance the 
formation of aroma compounds and the aroma complexity. Quantitative models 
were constructed that could accurately predict growth in the co-cultures providing 
opportunities to select proper combinations of microorganisms for retentostat co-
cultivation. 

Because plasmids in LAB carry important dairy functions, the copy numbers of five 
of the plasmids of L. lactis FM03P were monitored during chemostat and 
retentostat cultivations to determine if the extreme nutrient limitation affected 
plasmid maintenance (chapter 8). Plasmids copy numbers were remarkable 
stable throughout the cultivations indicating that plasmid replication was strictly 
controlled. 
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Although retentostat cultivation appeared to be a promising tool to produce aroma 
compounds, it has disadvantages in terms of time-dependency and 
reproducibility. Therefore, L. lactis was grown in a partial cell recycling chemostat 
to demonstrate its potential as aroma production system under truly static 
conditions (chapter 9). 

Finally, in chapter 10 the results of the experimental chapters have been 
combined with relevant literature to provide perspectives for future research and 
application opportunities. 
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Abstract 

Here, the genome sequences of Lactococcus lactis subsp. lactis bv diacetylactis 
FM03 and Leuconostoc mesenteroides FM06, both isolated from cheese, are 
presented. FM03 and FM06 contain 7 and 3 plasmids, respectively, that carry 
genes encoding functions important for growth and survival in dairy 
fermentations. 
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Genome announcement 

Leuconostoc mesenteroides and Lactococcus lactis subsp. lactis bv diacetylactis 
are two species of lactic acid bacteria present in starter cultures for cheese 
production. Compared to L. lactis subsp. cremoris strains, Lc. mesenteroides and 
L. lactis subsp. lactis strains show better survival during cheese ripening and thus 
provide an important contribution to the flavour development (Erkus et al., 2013). 
Moreover, these two species of lactic acid bacteria also have the ability to utilise 
citrate, enhancing the production of the buttery aroma compounds acetoin and 
diacetyl (Starrenburg and Hugenholtz, 1991). In L. lactis subsp. lactis the gene 
for citrate transport is located on a plasmid (Kempler and Mckay, 1979), showing 
the importance of plasmids for lactococcal performance in dairy applications. 
Another trait regularly carried by plasmids is the resistance to bacteriophages 
(Allison and Klaenhammer, 1998). 

Lactococcus lactis subsp. lactis bv diacetylactis FM03 and Leuconostoc 
mesenteroides FM06 were isolated from 10-week-old Samsø cheese. Their 
genomes were sequenced using an Illumina HiSeq 2500 and a PacBio RS 
instrument. Respectively, 6.4 and 4.3 million quality-filtered paired-end Illumina 
sequence reads of 100 bp were de novo assembled into contig sequences using 
CLC Genomics Workbench version 7.0.4 (CLC Bio, Aarhus, Denmark). The contigs 
were linked and placed into scaffolds based on alignment of the PacBio reads 
(total, 167 Mbp and 493 Mbp, respectively). This resulted in 8 and 4 scaffolds for 
FM03 and FM06, respectively. Three out of twelve scaffolds were already circular. 
The remaining scaffolds were closed with PCR, followed by Sanger sequencing. 
The complete sequence of L. lactis FM03 was annotated using RAST (Aziz et al., 
2008) and manually curated. The sequence of Lc. mesenteroides FM06 was 
annotated with the NCBI Prokaryotic genome annotation pipeline (Tatusova et al., 
2016). 

The genome sequence of L. lactis FM03 contains a chromosome of 2.43 Mbp with 
a G+C content of 35.3% and 7 plasmids with sizes of 3.4, 4.2, 7.5, 8.3, 12.0, 
15.2, and 30.3 kbp and G+C contents of 33.8, 35.6, 33.6, 34.8, 33.5, 34.1, and 
35.2%, respectively. The plasmids contained genes involved in citrate utilisation 
(citQRP), resistance to bacteriophages (five different specificity subunits of a type 
I restriction/modification system) and resistance to several stresses. In most 
plasmids, transposons were also identified. 

The genome sequence of Lc. mesenteroides FM06 contains a chromosomal 
sequence of 1.89 Mbp with a G+C content of 38.0%, and 3 plasmid sequences 
with sizes of 8.8, 15.3 and 31.1 kbp and G+C contents of 35.2, 39.2, and 36.0%, 
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respectively. The plasmids contained genes involved in metal transport, lactose 
utilisation, and resistance to bacteriophages. Interestingly, genes for lactose 
utilisation (lactose phosphotransferase system (PTS) encoded by lacS (Vaughan 
et al., 1996) and β-galactosidase encoded by lacLM (David et al., 1992)) were 
carried by two different plasmids. 

Further investigations into the genomes of these lactic acid bacteria may provide 
more insight into the role of plasmids in growth and survival in dairy 
fermentations. 

Accession numbers 

The genome sequence of Lactococcus lactis FM03 and Leuconostoc mesenteroides 
FM06 have been deposited at GenBank under the accession numbers CP020604 
to CP020611 and CP020731 to CP020734, respectively. 
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Abstract  

Important industrial traits have been linked to plasmids in Lactococcus lactis. The 
dairy isolate L. lactis subsp. lactis biovar diacetylactis FM03P was sequenced 
revealing the biggest plasmidome of all completely sequenced and published L. 
lactis strains up till now. The 12 plasmids that were identified are: pLd1 (8,277 
bp), pLd2 (15,218 bp), pLd3 (4,242 bp), pLd4 (12,005 bp), pLd5 (7,521 bp), pLd6 
(3,363 bp), pLd7 (30,274 bp), pLd8 (47,015 bp), pLd9 (15,313 bp), pLd10 
(39,563 bp), pLd11 (9,833 bp) and pLd12 (3,321 bp). Structural analysis of the 
repB promoters and the RepB proteins showed that eleven of the plasmids 
replicate via the theta-type mechanism, while only plasmid pLd3 replicates via a 
rolling-circle replication mechanism. Plasmids pLd2, pLd7 and pLd10 contain a 
highly similar operon involved in mobilisation of the plasmids. Examination of the 
twelve plasmids of L. lactis FM03P showed that 10 of the plasmids carry putative 
genes known to be important for growth and survival in the dairy environment. 
These genes encode technological functions such as lactose utilisation (lacR-
lacABCDFEGX), citrate uptake (citQRP), peptide degradation (pepO and pepE) and 
oligopeptide uptake (oppDFBCA), uptake of magnesium and manganese (2 mntH, 
corA), exopolysaccharides production (eps operon), bacteriophage resistance (1 
hsdM, 1 hsdR and 7 different hsdS genes of a type I restriction-modification 
system, an operon of three genes encoding a putative type II restriction-
modification system and an abortive infection gene) and stress resistance (2 uspA, 
cspC and cadCA). Acquisition of these plasmids most likely facilitated the 
adaptation of the recipient strain to the dairy environment. Some plasmids were 
already lost during a single propagation step signifying their instability in the 
absence of a selective pressure and demonstrating that propagation should be 
minimised when studying dairy isolates of L. lactis.  
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Introduction 

Lactococcus lactis is a lactic acid bacterium which is extensively used in food 
fermentation processes. It is one of the main species used in starter cultures for 
the production of fermented dairy products, such as cheese, quark, cottage cheese 
and sour cream (Cavanagh et al., 2015, Leroy and De Vuyst, 2004). L. lactis is 
naturally present on plants (Klijn et al., 1995, Nomura et al., 2006) and it is 
proposed that dairy strains have evolved from plant-associated strains transferred 
to milk via cattle (Cavanagh et al., 2015, Fallico et al., 2011, Kelly et al., 2010, 
Passerini et al., 2010, Salama et al., 1995, Sandine et al., 1972, Siezen et al., 
2008). L. lactis has adapted to the dairy environment by the acquisition of 
important traits required for the growth on milk, such as lactose catabolism, 
proteinase activity, citrate utilisation and bacteriophage resistance. Analysis of 
genomes of L. lactis has shown that these traits are often encoded by genes 
located on plasmids (Mills et al., 2006).  

Plasmids are mobile, self-replicating extrachromosomal DNA molecules which can 
be lost and acquired in response to changing environmental conditions. This 
behaviour facilitates their distribution among bacteria occupying the same 
ecological niche. Depending on the environmental conditions, plasmids could have 
beneficial or adverse effects for the recipient strain. They could give the bacteria 
the ability to grow better on particular nutrients or survive better under harsh 
conditions, but at the same time they can be a metabolic burden by either 
replication of the plasmids or by expression of the plasmid-encoded genes 
(Kobayashi et al., 2002). 

In this study, the complete nucleotide sequences of twelve plasmids of the dairy 
isolate of L. lactis subsp. lactis biovar diacetylactis FM03P are presented, together 
with analysis of the putative biological functions that were assigned to them. 
Plasmid-cured variants were made by protoplast-induced curing to confirm some 
of the putative functions and to demonstrate the impact of the plasmids on 
growth. 

Materials and methods 

Strain and media 

Lactococcus lactis subsp. lactis biovar diacetylactis FM03P, which has been 
isolated from 10-week-old Samsø cheese using Nickels and Leesment medium 
(Nickels and Leesment, 1964), was used in this study as well as several variants 
with a different plasmid content (Table 3.1). These variants were made by 
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protoplast-induced curing or isolated from cultures of L. lactis FM03P. Phenotypic 
characterisation of the variants started always with streaking the variants on M17 
agar plates (Terzaghi and Sandine, 1975) supplemented with either 0.5% (w/v) 
glucose or lactose. After incubation for 2 days at 30°C a single colony was 
inoculated in M17 supplemented with 0.5% lactose or glucose and grown 
overnight at 30°C. 

Table 3.1: Variants of Lactococcus lactis FM03P with different plasmids contents that were 
obtained in this study. Variants 47, 48 and FM03-V1 were isolated by plating on LM17 agar 
plates. 

L. lactis 
variant 

Cured plasmids Plasmid content Isolated from 

FM03P - pLd1,2,3,4,5,6,7,8,9,10,11,12 Samsø cheese 
3  pLd4,5,10 pLd1,2,3,6,7,8,9,11,12 Protoplast-induced curing 
5 pLd4,10,11 pLd1,2,3,5,6,7,8,9,12 Protoplast-induced curing 
47 pLd8,11 pLd1,2,3,4,5,6,7,9,10,12 Overnight culture  
48 pLd2,4,5,6,7 pLd1,3,8,9,10,11,12 Chemostat culture  
49 pLd2,3,4,5,6,7 pLd1,8,9,10,11,12 Protoplast-induced curing  
50 pLd4,5,6,7 pLd1,2,3,8,9,10,11,12 Protoplast-induced curing  
51 pLd4,5,6,7,8,9,11,12 pLd1,2,3,10 Protoplast-induced curing  
63 pLd3,4,8,11,12 pLd1,2,5,6,7,9,10 Protoplast-induced curing  
FM03-V1 pLd7 pLd1,2,3,4,5,6,8,9,10,11,12 Chemostat culture  

 
Whole genome sequencing 

Sequencing of FM03P 

L. lactis FM03P was plated on M17 agar plates supplemented with 0.5% lactose 
(LM17) and incubated for 2 days at 30°C. A single colony was inoculated in LM17 
broth and incubated overnight at 30°C. Subsequently, genomic DNA was 
extracted using the Wizard® genomic DNA purification kit (Promega, USA), 
sequenced using an Illumina HiSeq 2500 and a PacBio RS instrument, do novo 
assembled into contigs and scaffolds and closed by PCR and Sanger sequencing. 
A more detailed explanation of the method can be found in the genome 
announcement of L. lactis subsp. lactis biovar diacetylactis FM03 (van Mastrigt et 
al., 2017). In addition to the complete chromosomal sequence, 7 plasmids were 
found, which were defined as complete circular contigs with a origin of replication 
and which could be targeted in a PCR. 

Sequencing of FM03-V1 and the plasmids pLd8, pLd9, pLd10, pLd11 and pLd12 

L. lactis FM03-V1, a single colony isolate of a culture of FM03P, was pre-cultured 
as described above. Subsequently, genomic DNA was extracted using the DNeasy 
Blood & Tissue kit (Qiagen, Germany) according to the manufacturer’s procedure, 
sequenced using an Illumina HiSeq 2500 instrument (total 2.3 million quality-
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filtered paired-end reads and average coverage of 211 times) and de novo 
assembled into contigs using VelvetOptimiser 1.1.0 (k-mer of 83). The contig 
sequences were compared to the obtained sequence of L. lactis FM03P, of which 
only plasmids pLd1 to pLd7 were known at that time. Unmapped contigs with a 
high coverage were further assembled into scaffolds and closed by PCR and 
Sanger sequencing. The obtained complete circular sequences are designated 
plasmids pLd8, pLd9, pLd10, pLd11 and pLd12. 

Protoplast-induced curing 

Protoplasts of L. lactis FM03P were prepared in Tris-HCl magnesium chloride 
sucrose buffer (pH 8.0) according to Fujita et al. (1983) with some modifications. 
Briefly, L. lactis was grown in LM17, harvested in mid-exponential phase by 
centrifugation (5 min, 6000×g), washed twice with 30 mM Tris-HCl buffer (pH 
8.0) and resuspended in a buffer for the lysozyme treatment to degrade the cell 
wall (30 mM Tris-HCl, 3 mM MgCl2, 20% sucrose, 100-1000 μg/ml lysozyme, pH 
8.0). After incubation at 37°C for 10, 60, 120 or 180 minutes, protoplast were 
regenerated by plating appropriate dilutions of treated samples on regeneration 
medium (LM17 agar supplemented with 20% sucrose). After incubation at 30˚C 
for 48 to 72 hours, regenerated colonies were picked and screened for their 
plasmid content. 

Screening for plasmid content 

To determine the plasmid content of the variants, DNA was extracted from 
bacterial cultures using the DNeasy Blood & Tissue kit (Qiagen, Germany) 
according to the manufacturer’s procedure excluding the RNAse step. 
Subsequently, unique sequences of each plasmid were amplified in PCR reactions 
using specific primer sets (Table 3.2). A primer set targeting the chromosome was 
used as positive control for the DNA extraction. The PCR reaction mixture of 50 µl 
contained 1 µl purified genomic DNA, 0.2 mM dNTPs (Thermo Scientific, USA), 0.4 
µM of forward and reverse primer, 5 µl of 10x Taq buffer + MgCl2 (Thermo 
Scientific, USA) and 2U Taq polymerase (Thermo Scientific, USA). The PCR 
program started with an initial denaturation cycle at 94°C for 5 minutes, followed 
by 25 cycles of 94°C for 30 seconds, 58°C for 20 seconds and 72°C for 45 seconds 
and a final extension cycle at 72°C for 7 minutes. For plasmids pLd7, pLd8, pLd9, 
pLd10, pLd11 and pLd12 annealing temperatures were increased to 68, 60, 62, 
63, 63 and 60°C, respectively. PCR amplicons were examined by gel 
electrophoresis in 1% agarose gels stained with SYBR®Safe DNA gel stain (Thermo 
Scientific, USA) and visualised under UV light (Uvitec, UK). 
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Table 3.2: Primer sequences used to detect plasmids in L. lactis FM03P. Primers were used 
to determine the plasmid content of different variants and to discriminate variants in 
competition experiments. 

Target  Sequence (5’→3’) Amplicon Tm 
(°C) 

Chromosome Fw TTAATTCAACCTGGAGACACAGTCTTAG 254 65.2 
Rv CTATCAGCGATTTCACGGAACTTAG 65.6 

pLd1 Fw GCATTGACGGCTGTTGTAAT 209 62.5 
Rv AGCAGATTCCCGAGGATAAC 62.0 

pLd2 Fw AATGGGCCGAAGGTTCTATT 285 63.4 
Rv CAGGAACCGATTCTCCTGTTA 62.9 

pLd3 Fw CCTCTCGCGTTCCTTGATA 417 62.9 
Rv CCACGTAAGGGCGATTTAGT 62.7 

pLd4 Fw GCGGTAACAACATCCGTATC 508 61.8 
Rv AGTCAGCCCAAGCGACTAAT 62.7 

pLd5 Fw AAATACAAGTGTTGAAGGCGTTG 589 63.8 
Rv ACCTTTGTTCTCCAATTTCAGC 62.2 

pLd6 Fw TAAGTGCAACTAAAAGAAATAATAAAGTGCAA 200 65.1 
Rv TTGCTGATGATTGTACCAGCTAAAAC 65.8 

pLd7 Fw TGGGCATCTAGATAATCTGACGACATCTGT  596 71.3 
Rv CGACATTGACTCCCCAAAAACCAAAAATGA  75.3 

pLd8 Fw CCCAGTTGATTTAGAATTAGCTGAAGAATA  588 65.8 
Rv AGATAGGTTGCATCCAAGATAAATTTGTTA  65.9 

pLd9 Fw TAGTCGCTGGCAAATTTTACAATCA 323 67.0 
Rv CTTTGGGGGTTGCTTTAGAATCAAT 67.5 

pLd10 Fw ACGCTTGAACCCCATCTTGG 255 68.3 
 Rv TCGTCCCAAACGGTTTACCC 67.8 
pLd11 Fw TTCAATGAATGGCTCGGAAGAA 388 67.6 
 Rv TTTCGGCACAGGAGCAACAT 67.9 
pLd12 Fw GAAAACTAATCTAGTACAATCATCAGCAAACTT 277 65.1 
 Rv TTTTTACGAGTTATATTGTTTCTAGTCAGATTCTT 64.7 

 
Phenotype testing 

Growth in LM17 

The maximum growth rate of all variants in LM17 was determined with the two-
fold dilution method in a Bioscreen C as described by Biesta-Peters et al. (2010). 
Briefly, maximum growth rates were determined with three biological triplicates 
and two technical duplicates and performing five dilutions per replicate. A single 
colony was inoculated in LM17 broth and grown overnight at 30°C. Subsequently, 
500 µl of the overnight culture was transferred to 9.5 ml fresh LM17 and grown 
for 3 hours at 30°C to have an exponentially growing culture. The exponential 
culture was diluted >1000 times in LM17 medium and two-fold dilutions were 
made in a 100-well Honeycomb plate, which was incubated for 24 hours at 30°C 
with measurements of the optical density at 600 nm every five minutes. Before 
each measurement, the plate was shaken for 15 seconds. The lowest dilution 
contained 104 CFU/ml at the start of the incubation. The time to detect an optical 
density of 0.2 was determined for each dilution from which the maximum growth 
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rate was determined as described by Biesta-Peters et al. (2010). The maximum 
growth rates correspond to -1/slope when plotting the natural logarithm of the 
inoculum concentration versus the time to detection. Representative wells of the 
highest inoculum concentration were used to compare the growth curves (Fig. 
3.6A). 

Growth performance experiments 

The growth performance of variants 48 and 50, differing in plasmid pLd2, was 
assessed by sequential propagation in mixed cultures. The variants were grown 
overnight in M17 supplemented with 0.5% glucose (GM17) and mixed in a ratio 
1:1 based on optical density measurements at 600 nm in GM17 supplemented 
with 0.035 mM CdCl2. Subsequently, the culture was incubated at 30°C and 
propagated every 48 hours at 1% inoculation level (100 μl added to 10 ml fresh 
medium) for 4 times. To determine the ratio of the variants at the end of the 
propagation (~27 generations), appropriate dilutions of samples were plated on 
GM17 agar and incubated for 3 days at 30°C. Subsequently, the plasmid content 
was determined of approximately 20 single colonies in three steps: i) DNA 
extraction, ii) PCR, and iii) gel electrophoresis. DNA was extracted from single 
colonies by a lysis treatment followed by DNA extraction using the InstaGeneTM 
Matrix (Bio-Rad, USA). Colonies were incubated for 30-45 minutes at 37°C in 200 
µl lysis buffer consisting of 20 mM Tris-HCl, 2 mM EDTA and 1 mg/ml lysozyme 
(pH 8.0). Subsequently, samples were centrifuged at 13800×g for 2 minutes and 
washed with phosphate buffer saline. The pellets were then treated with the 
InstaGeneTM Matrix (Bio-Rad, USA) according to the manufacturer’s procedure 
using 100 µl matrix instead of 200 µl. PCR and gel electrophoresis were performed 
as explained for the screening of the plasmid content. We used pLd2 to distinguish 
variant 48 and 50 and pLd1 was used as positive control for a successful DNA 
extraction. 

Results and discussion 

Lactococcus lactis subsp. lactis biovar diacetylactis FM03P has been isolated from 
10-week-old Samsø cheese. Its genome has been sequenced using a combination 
of an Illumina HiSeq2500 and PacBio RS instrument as previously described (van 
Mastrigt et al., 2017). This revealed the complete sequence of the chromosome 
and 7 plasmids, designated pLd1 to pLd7. Subsequent next-generation 
sequencing attempts of L. lactis FM03-V1, a single colony isolate of a culture of L. 
lactis FM03P, using only Illumina revealed the sequence of 5 other plasmids, 
designated pLd8 to pLd12. The different sequencing attempts have been 
summarised in Supplemental Figure S3.1. Using PCR and analysis by gel 
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electrophoresis, we confirmed the presence of all 12 plasmids in parent strain L. 
lactis FM03P (Suppl. Fig. S3.2). The obtained sequences of pLd8 to pLd12 were 
not present in the raw unassembled PacBio and Illumina reads obtained from 
strain FM03P demonstrating that these plasmids were already lost during 
propagation. 

The genome of L. lactis subsp. lactis biovar diacetylactis FM03P contains a 
chromosome of 2.43 Mbp with a G+C content of 35.3% and 12 plasmids with sizes 
of 8.3, 15.2, 4.2, 12.0, 7.5, 3.4, 30.3, 47.0, 15.3, 39.6, 9.8, and 3.3 kbp and G+C 
contents of 34.8, 34.1, 35.6, 33.5, 33.6, 33.8, 35.2, 35.3, 35.2, 34.9, 33.0, and 
33.2%, respectively (Fig. 3.1). The obtained plasmid sequences were annotated 
using RAST (Aziz et al., 2008) after which the annotation was manually curated 
and analysed in detail including their replication mechanisms and mobilisation 
properties.  

Replication 

Plasmids replicate independently from the chromosome using plasmid-encoded 
Rep proteins. Plasmids in lactococci replicate using either rolling-circle replication 
(RCR) or theta-type replication (del Solar et al., 1998). The replication mechanism 
as well as the sequence of the replication protein and the origin of replication 
affect the stability of the plasmids, their copy number and their compatibility. RCR 
plasmids replicate via the synthesis of ssDNA intermediates, and these plasmids 
are usually small in size, have multiple copies and are incompatible with other 
RCR plasmids (Ainsworth et al., 2014, Khan, 1997). Sequence homology of the 
replication initiator protein and the presence of a double-stranded origin of 
replication (dso) indicated that pLd3 is the only RCR plasmid in L. lactis FM03P. 
On pLd2 we found a gene encoding a protein that had high similarity to the N-
terminal part of RepB which is normally encoded on RCR plasmids of the type 
pMV158, but the C-terminal end was found to be missing. 

Theta plasmids are more common in lactococci and a single bacterial cell can 
contain multiple theta plasmids (Seegers et al., 1994). Based on the homology of 
the replication initiator protein and structural motifs in the repB promoter, it was 
concluded that all plasmids except pLd3 replicate with a theta-type mechanism 
(Suppl. Fig. S3.3 and S3.4). On plasmid pLd8 two repB genes are located of which 
the second replicon (with the repB2 gene) seems to be functional as it is highly 
similar to the replicons of other plasmids. In contrast, in the promoter of repB1 
the inverted repeat IRb is missing and the C-terminus of the predicted RepB1 
protein is quite different from the other predicted RepB proteins (including 
RepB2). Both the repB genes on pLd10 seem to be functional. The DNA sequences 
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Figure 3.1: Genetic maps of plasmids of L. lactis FM03P. Arrows indicate positions and 
direction of predicted genes. Colours represent the putative functions of the genes. The 
name of the genes are indicated and correspond to gene names used in Table 3.4. 
Pseudogenes are marked with an asterisk. The inner circle corresponds to the nucleotide 
numbering of the plasmid. 

of the repB genes on plasmids pLd2 and pLd9 and their promoters are 100% 
identical. This could cause incompatibility of these plasmids and could result in 
plasmid loss (del Solar et al., 1998, Novick, 1987). This may also explain why 
plasmid pLd9 was not found in the first sequencing attempt. We also observed 
spontaneous loss of plasmid pLd2 during continuous chemostat cultivation, while 
pLd9 was kept (data not shown).  
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Mobilisation 

Plasmids can carry conjugation or mobilisation regions that increase their spread 
in the population via conjugation events. Conjugative plasmids are self-
transmissible, while mobilisable plasmids are only transmissible in the presence 
of additional conjugative functions (Francia et al., 2004). To determine if plasmids 
were transmissible, the plasmid sequences were searched for known conjugation 
and mobilisation regions. Plasmids pLd2, pLd7 and pLd10 showed a highly similar 
(>97%) operon of 4 genes involved in mobilisation of the plasmid. The DNA 
sequence of these operons in pLd2, pLd7 and pLd10 is 96, 97 and 98% similar to 
the mobilisation region of pNZ4000, respectively, which was demonstrated to be 
functional (van Kranenburg and de Vos, 1998). Plasmid pNZ4000 was found in 
Lactococcus lactis and carries genes necessary for the production of 
exopolysaccharides. The oriT sequences, essential for plasmid mobilisation, of 
pLd2, pLd7 and pLd10 are highly similar to the functional oriT1 sequence of 
pNZ4000 (Fig. 3.2) and all plasmids carry a mobA gene encoding a relaxase that 
is involved in nicking at the nic sites of the oriT sequences. Plasmids pLd2, pLd7 
and pLd10 also carry mobC which is present but not annotated in pNZ4000. The 
genes mobC and mobB, of which the start codon overlaps with the stop codon of 
mobA, most likely encode accessory proteins for MobA (Perwez and Meyer, 1999, 
Zhang and Meyer, 1997). The function of mobD, designated mobC in pNZ4000, 
remains to be elucidated. Recently, the nucleotide sequence of plasmid p229C of 
L. lactis 229 has been published (Kelleher et al., 2017). This plasmid is remarkably 
similar to plasmid pLd7 (>99.9%), while the other plasmids show no or limited 
similarity. Both strains are isolated from the dairy environment and the 
mobilisation operon might have increased the transfer rate of this plasmid within 
the dairy environment. In addition to the mobilisation operons, pLd11 carries 3 
genes (orf3, orf9 and mobC) encoding proteins that may be involved in 
mobilisation. Moreover, pLd8 carries a gene encoding a putative conjugal transfer 
protein (nickase) of the MobA-MobL family. In contrast to the described genes on 
pLd2, pLd7 and pLd10, these genes are not part of a large mobilisation gene 
cluster. 

 

Figure 3.2: Multiple sequence alignment of oriT regions of plasmids pLd2, pLd7, pLd10 and 
pNZ4000 (van Kranenburg and de Vos, 1998). The inverted repeat is shown with dashed 
arrows and the arrowhead indicates the nic site. The asterisks below indicate identical 
nucleotides in all four sequences.  
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Plasmid-encoded functions 

On the 12 plasmids, we identified and annotated in total 203 putative genes or 
fragments thereof, which corresponds to 7.4% of the total number of putative 
genes present in the entire genome (Table 3.3). Based on homology with other 
proteins, putative functions were ascribed to 74% of the plasmid encoded genes. 
Of all genes 10% were pseudogenes containing frameshifts, a premature stop 
codon or truncations. An overview of all the genes in the plasmidome of L. lactis 
FM03P is given in Figure 3.3 and their putative functions are given in Table 3.4. 
In the coming sections a selection of genes encoding functions that could enhance 
growth and survival of the bacteria and/or encode technological properties are 
described in more detail. 

Table 3.3: Summary of plasmid statistics and the putative genes. 

Plasmid 
Size 
(bp) 

G+C content 
(%) 

Total no. of: 

ORFs Pseudogenesa  

Homolog with 
known 
function 

pLd1 8,277 33.8 11 1 (0) 7 
pLd2 15,218 35.6 16 3 (0) 14 
pLd3 4,242 33.6 2 0 1 
pLd4 12,005 34.8 11 1 4 
pLd5 7,521 33.5 6 0 5 
pLd6 3,363 34.1 3 1 2 
pLd7 30,274 35.2 31 3 (2) 23 
pLd8 47,015 35.3 45 3 (2) 32 
pLd9 15,313 35.2 15 2 (1) 12 
pLd10 39,563 34.9 49 5 (4) 40 
pLd11 9,833 33.0 12 1 (1) 8 
pLd12 3,321 33.2 2 0 2 
Total 195,945  203 20(10) 150 

a Values in parentheses indicate number of pseudogenes in IS elements 
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Figure 3.3: Overview of the putative functions of plasmid-encoded genes in L. lactis FM03P. 
The sum of the sizes of the genes within a category relative to the total size of all plasmid 
genes was used. The orange to yellow categories represent dairy functions. Other dairy 
functions include genes for uptake of magnesium and manganese (corA and mntH), D-
lactate dehydrogenases (dld), and a C4-dicarboxylate transporter. Non L. lactis genes 
include the genes that are rarely found in L. lactis. Conserved L. lactis genes with other 
functions consist of all the putative genes which are regularly found in L. lactis and encode 
hypothetical proteins or proteins with functions that did not fit into the other categories.  
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Table 3.4: Overview of the putative genes and their putative functions. Putative functions 
that could be beneficial in the dairy environment are shown in bold. Pseudogenes are 
indicated with an asterisk. The species that contains the best homolog is given for genes 
that are rarely found in L. lactis. 

Plasmid Gene Putative function Best homolog found in 
pLd1 repB Replication initiator protein   

orf2* Replication-associated protein   
hsdS Type I restriction-modification system 

specificity subunit S 
 

orf4 Hypothetical protein  
orf5 Hypothetical protein  
orf6 Hypothetical protein  
tra Transposase IS982 family  
citQ Leader peptide CitQ   
citR Translational regulator   
citP Citrate transporter   
orf11 Hypothetical protein  

pLd2 repB Replication initiator protein   
orf2* Replication-associated protein   
hsdS Type I restriction-modification system 

specificity subunit S 
 

cadA Cadmium-transporting ATPase   
cadC Cadmium efflux system accessory protein   
cspC Cold shock protein   
orf7 Serine/threonine protein phosphatase  
tra Transposase IS6 family  
mobC Mobilisation protein  
mobA Mobilisation protein  
mobB Mobilisation protein  
mobD Mobilisation protein  
orf13 HXXEE domain-containing protein Streptococcus thermophilus 
orf14* Xre family transcriptional regulator Streptococcus thermophilus 
repC* Replication initiator protein Lactobacillus farciminis 
orf16 Hypothetical protein  Enterococcus faecium 

pLd3 repC Replication initiator protein  
orf2 Hypothetical protein  Lactobacillus reuteri  

pLd4 repB Replication initiator protein  
orf2 Hypothetical protein Enterococcus faecalis 
orf3 Hypothetical protein Enterococcus faecalis 
orf4 Hypothetical protein  
orf5 Hypothetical protein  
orf6 Hypothetical protein  
fmtB Peptidoglycan-binding protein Streptococcus thermophilus 
tra Transposase IS982 family  
orf9* DNA-directed DNA polymerase  
orf10 Hypothetical protein  
tnpR Resolvase   

pLd5 repB Replication initiator protein  
orf2 Replication-associated protein  
hsdS Type I restriction-modification system 

specificity subunit S 
 

tra Transposase IS982 family  
orf5 Hypothetical protein  
orf6 Site-specific integrase  

pLd6 repB Replication initiator protein  
orf2* Hypothetical protein  
hsdS Type I restriction-modification system 

specificity subunit S 
 

pLd7 
 

repB Replication initiator protein  
orf2 Replication-associated protein  
hsdR Type I restriction-modification system 

specificity subunit R 
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hsdM Type I restriction-modification system 
specificity subunit M 

 

hsdS Type I restriction-modification system 
specificity subunit S 

 

corA Magnesium transporter  
tra Transposase IS982 family  
orf8 Hypothetical protein  
orf9 Hypothetical protein  
orf10 Hypothetical protein  
tnpR Resolvase  
tra Transposase IS6 family  
orf13 MFS transporter  
orf14 Acetyltransferase  
orf15 Polysaccharide biosynthesis protein  
orf16 Hypothetical protein  
tra Transposase IS6 family  
dld D-Lactate dehydrogenase  
orf19 Hypothetical protein  
orf20 Hypothetical protein  
orf21 Hypothetical protein  
tra* Transposase IS6 family  
uspA Universal stress protein  
mntH Manganese transporter  
tra* Transposase IS3 family  
orf26* integrase/recombinase   
orf27 Hypothetical protein  
mobC Mobilisation protein  
mobA Mobilisation protein  
mobB Mobilisation protein  
mobD Mobilisation protein  

pLd8 repB1 Replication initiator protein  
parA Chromosome partitioning protein  
orf3 Hypothetical protein  
orf4 Serine protease  
repB2 Replication initiator protein  
orf6 Hypothetical protein  
orf7 Hypothetical protein  
orf8 Hypothetical protein  
orf9 Hypothetical protein  
orf10 Nickase  
tra Transposase IS6 family  
mntH Manganese transporter  
uspA Universal stress protein   
tra Transposase IS6 family  
tra* Transposase IS6 family  
orf16 AAC(3) family N-acetyltransferase  
tra Transposase IS982 family  
orf18 C4-dicarboxylate ABC transporter  
tra Transposase IS982 family  
orf20 Hypothetical protein  
orf21 Hypothetical protein  
orf22 Large-conductance mechanosensitive 

channel 
 

lacX Hypothetical protein  
lacG 6-phospho-beta-galactosidase  
lacE PTS lactose transporter subunit IIBC  
lacF PTS lactose transporter subunit IIA  
lacD Tagatose 1,6-diphosphate aldolase  
lacC Tagatose-6-phosphate kinase  
lacB Galactose-6-phosphate isomerase subunit 

LacB 
 

lacA Galactose-6-phosphate isomerase subunit 
LacA 

 

lacR* Lactose repressor  
tra* Transposase IS3 family  
orf33 Type II restriction modification system  Leuconostoc mesenteroides  
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orf34 Type II restriction modification system  Leuconostoc mesenteroides 
orf35 Hypothetical protein  
tnpR Resolvase  
orf37 Hypothetical protein   
orf38 Hypothetical protein   
pepO Neutral endopeptidase  
oppA Peptide-binding protein  
oppC Peptide ABC transporter permease  
oppB Peptide ABC transporter permease  
oppF Oligopeptide transport ATP-binding protein  
oppD Oligopeptide transport ATP-binding protein  
tra Transposase IS982 family  

pLd9 repB Replication initiator protein  
orf2 Hypothetical protein  
hsdS Type I restriction-modification system 

specificity subunit S 
 

abi* Abortive phage resistance protein  
tra Transposase IS6 family  
dld D-lactate dehydrogenase  
tra Transposase IS6 family  
orf8 Hypothetical protein  
orf9 MFS transporter  
tra Transposase IS6 family  
tra* Transposase IS982 family  
orf12 Amidohydrolase of peptidase M20 family  
orf13 Hypothetical protein  
orf14 Site-specific integrase  
orf15 Integrase-associated protein  

pLd10 repB1 Replication initiator protein  
orf2 Replication-associated protein  
tra Transposase IS982 family  
epsR XRE family transcriptional regulator  
epsX Polysaccharide biosynthesis protein  
epsA Tyrosine protein kinase transmembrane 

modulator 
 

epsB Tyrosine protein kinase   
epsC Tyrosine protein phosphatase   
epsD Undecaprenyl-phosphate 

galactosephosphotransferase 
 

epsE Group 1 glycosyltransferase  
epsL Exopolysaccharide biosynthesis protein  
orfY LytR family transcriptional regulator  
tra* Transposase IS6 family  
tra Transposase IS3 family  
tra Transposase IS3 family  
tra Transposase IS256 family  
orf17 XRE family transcriptional regulator   
orf18 Replication-associated protein  
repB2 Replication initiator protein  
mobD Mobilisation protein  
mobB Mobilisation protein  
mobA Mobilisation protein  
mobC Mobilisation protein  
orf24 Hypothetical protein  
orf25 Integrase  
orf26 Hypothetical protein  
tra* Transposase IS6 family  
orf28 Hypothetical protein  
epsG Glycosyltransferase family 2 protein   
epsH Glycosyltransferase family 2 protein   
tra Transposase IS6 family  
epsI* Glycosyltransferase   
wzxA Flippase  
tra Transposase IS6 family  
tra* Transposase  Lactobacillus/ Oenococcus/ 

Enterococcus 
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Substrate uptake and utilisation  

To thrive in particular environments, microorganisms require specific transporters 
and metabolic pathways to take up substrates from the environment and use them 
for growth. Therefore, the presence of genes encoding particular transporters or 
metabolic enzymes indicate adaptation to a specific environments. To investigate 
if L. lactis FM03P was adapted to the dairy environment, we searched the plasmid 
sequences for genes involved in utilisation of the main carbon and energy sources 
found in bovine milk: citrate, lactose and proteins. 

Citrate utilisation is characteristic for the biovariety diacetylactis of Lactococcus 
lactis that contains a plasmid-encoded citQRP operon. In L. lactis FM03P, this 
operon is located on plasmid pLd1, which is 99% identical to lactococcal plasmids 
pCRL1127 and pIL2. The citP gene is encoding a citrate permease enabling the 
host to take up divalent citrate from the environment (Marty-Teysset et al., 1995). 
Citrate utilisation results in the generation of a proton motive force in L. lactis 
(Bandell et al., 1998) and at the same time increases the pH of the environment 
(García-Quintáns et al., 1998). Citrate utilisation also has been linked to the 
production of acetoin and diacetyl. These buttery aromas are important flavour 
compounds in dairy products. Both citQ and citR are involved in the regulation of 
expression if citP (de Felipe et al., 1995, Drider et al., 2004). The gene citP is 
mainly expressed at low pH (around 5.5) when the abundance of divalent citrate 

tra* Transposase  Lactobacillus 
tra Transposase IS30 family  Lactobacillus 
wzxB Flippase  Lactobacillus 
wzy Polymerase  Lactobacillus 
orf40 Hypothetical protein  
epsM Glycosyltransferase family 2 protein  Lactobacillus 
epsN Glycosyltransferase Lactobacillus 
epsO Glycosyltransferase family 1 protein  Lactobacillus  
orf44 DUF4411 domain-containing protein  Lactobacillus plantarum 
tra Transposase ISL3 family  Lactobacillus 
orf46 Hypothetical protein  Lactobacillus 
orf47 Hypothetical protein  
orf48 Hypothetical protein  
orf49 Resolvase  

pLd11 repB Replication initiator protein  
orf2 Replication-associated protein  
orf3 Relaxase/mobilisation nuclease domain protein  
pepE Peptidase E  
tra Transposase IS6 family  
tra* Transposase IS6 family  
orf7 DUF1919 domain-containing protein  
orf8 DUF3883 domain-containing protein  
orf9 Relaxase  
orf10 Hypothetical protein  
orf11 Hypothetical protein  
mobC Mobilisation relaxosome protein  

pLd12 repB Replication initiator protein  
hsdS Type I restriction-modification system 

specificity subunit S 
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is maximal (Smith et al., 1992, van Mastrigt et al., 2018), minimising the 
metabolic burden of maintaining this plasmid. 

Genes involved in lactose uptake and utilisation are found on plasmid pLd8, which 
contains the lacR-lacABCDFEGX operon for lactose uptake via a 
phosphotransferase system (PTS) and utilisation via the tagatose-6-phosphate 
pathway. As described for L. lactis IL1403 (Aleksandrzak-Piekarczyk et al., 2005), 
L. lactis FM03P also contains the chromosomal-encoded Leloir pathway for lactose 
utilisation. The presence of both pathways in one strain might give this strain a 
competitive advantage by fast uptake and utilisation of lactose. Interestingly, the 
LacR protein might not be functional due to a 40 amino acids deletion at the C-
terminus, most likely caused by an IS element insertion in the lacR gene. LacR is 
a transcriptional repressor of the lac operon and deletion of the lacR gene has 
been shown to increase the activity of the lac promoter both during growth on 
glucose and lactose (van Rooijen and de Vos, 1990, van Rooijen et al., 1992). 
Therefore, a non-functional LacR might increase the maximum lactose utilisation 
rate.  

Genes involved in utilisation of proteins, or more specifically oligopeptides, are 
found on plasmid pLd8, which contains the pepO gene encoding a neutral 
endopeptidase and the complete oppDFBCA gene cluster encoding the 
oligopeptide permease (Opp) system (Tynkkynen et al., 1993). All of these genes 
are also encoded on the chromosome with a high similarity in amino acid sequence 
(>99%), except for oppA which only has 87% similarity to its chromosomal 
homolog. Plasmid pLd11 carries a pepE gene encoding a putative aspartyl 
dipeptidase E, which does not have a chromosomal homolog. The opp and pep 
genes are required, in combination with the extracellular protease PrtP, for 
utilisation of the milk caseins as nitrogen source (Smid et al., 1991, Tynkkynen et 
al., 1993). The extracellular protease is often plasmid encoded by prtP and prtM 
(McKay and Baldwin, 1975). Interestingly, the prtP and prtM genes are not found 
in L. lactis FM03P and this strain does not show a caseinolytic phenotype (data 
not shown). Presence of the pepE, pepO and oppDFBCA gene cluster and absence 
of the prtP and prtM genes could give the strain an advantage when growing in 
combination with a protease-positive (prt+) strain in milk, in particular at high cell 
densities (Bachmann et al., 2011). Only the prt+ strain secretes the protease to 
hydrolyse the milk caseins, thereby investing energy in production of this protein, 
while the protease-negative (prt-) strain can use the peptides generated by the 
protease without having the burden of protease expression. This combination of 
prt+ and prt- strains is found in many dairy starter cultures, for instance in the Ur 
starter culture (Erkus et al., 2013). The presence of pepO and opp genes on both 
the chromosome and plasmid pLd8 could result in faster utilisation of the peptides 



Chapter 3 

46 
 

depending on the copy number of the plasmid and the regulation of expression of 
the pepO and opp genes. 

Phage resistance by restriction-modification systems 

An important technological property that is often carried by plasmids is the 
resistance to bacteriophage infections via the type I restriction-modification 
system comprising of three subunits. HsdS and HsdM are both necessary for 
methyltransferase activity, while HsdR is required in addition to the HsdS-HsdM 
complex for restriction of foreign’ DNA that is not methylated (Murray, 2000). The 
HsdS subunit contains two variable target recognition domains (TRDs) that 
determine the target sequence specificity of both the restriction and modification 
activities of the complex (Cowan et al., 1989, Murray, 2000). The variable 
domains are flanked by conserved regions required for specific associations with 
the other subunits and for maintaining the relative positions of the two TRDs 
(Murray, 2000). In L. lactis FM03P the three subunits of this system (HsdR, HsdM 
and HsdS) are all encoded once on the chromosome. On 7 out of the 12 plasmids 
other HsdS subunits are found. The protein sequences of all HsdS proteins were 
aligned with MAFFT (Fig. 3.4). Most of the HsdS proteins contained two variable 
regions flanked by highly conserved regions as expected. However, the HsdS 
protein encoded on plasmid pLd1 is not complete. The hsdS gene carried by pLd1 
is about half of the size, most likely due to a deletion of 500 to 600 nucleotides. 
Interestingly, the second variable region of the HsdS proteins of pLd2 and pLd5 
are identical and also 97% similar to pLd7, while the first variable regions do not 
show significant homology to each other. Similarly, the first variable regions of 
the HsdS proteins of pLd2, pLd9 and pLd12 are identical, while the second variable 
region of pLd2 does not show significant homology to those of pLd9 and pLd12. 
The high similarities of one of the variable regions suggest homologous 
recombination events as also found for plasmids pAH33 and pAH82 (O'Sullivan et 
al., 2000). This could result in new R/M specificities. 

In addition to the many hsdS genes, on pLd7 also HsdR and HsdM subunits are 
encoded. These proteins have a low homology to their chromosomal counterparts 
(41% and 34%, respectively), although the C-terminus of HsdM is quite similar to 
its chromosomal counterpart. As Schouler et al. (1998) described before, the C-
terminal parts of the HsdM subunits of different families have a common sequence 
that could be involved in the association of HsdM with HsdS. Therefore, the 
different HsdM and HsdR variants found on the chromosome and the plasmids in 
combination with the many different plasmid encoded HsdS subunits can form an 
effective recombination system for broadening the target specificity of the system. 
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Figure 3.4: Alignment of predicted amino acid sequences of HsdS proteins encoded by 
genes of Lactococcus lactis FM03P. The conserved regions are shown with boldface letters 
(Schouler et al., 1998). Shaded boxed show the identical amino acids sequence in the 
variable regions of different HsdS proteins. 

In addition to the type I R/M system, plasmid pLd8 harbours orf33, orf34 and 
orf35 encoding a putative type II restriction-modification system. A similar operon 
is found in Leuconostoc mesenteroides LK-151 (90%) and in the strains JM3, 
SK110 and N41 of Lactococcus lactis. orf34 is predicted to encode a type IIG 
restriction enzyme/N6-adenine DNA methyltransferase according to the restriction 
enzymes database REBASE (Roberts et al., 2014), which contains both a 
methylase and recognition domain (pfam12950) according to the SMART database 
(Letunic et al., 2014). However, no restriction domain was found in the protein 
encoded by orf34. The restriction domain is most likely part of the protein encoded 
by orf33. This protein contains a putative phospholipase D (PLD) domain 
(pfam13091), a SNF2 ATPase domain (pfam00176), a DEAD-like helicase domain 
and a helicase C-terminal domain (pfam00271) according to the SMART database. 
The PLD domain is the metal-independent catalytic site in type IIS restriction 
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endonucleases (Pingoud et al., 2014) and might also catalyse the restriction. 
Notably, the predicted domains in the proteins encoded by orf33 and orf34 are 
similar to the domains found in the recently identified Class I DISARM system for 
bacteriophage defence in which the methylase was also predicted to be of the IIG 
type (Ofir et al., 2017), although they do not share a similar organisation.  

Finally, plasmid pLd9 carries an abi gene encoding a putative abortive infection 
system. The first 642 nucleotides of this gene are 100% identical to a gene 
encoding the characterised abortive infection system Abi-859 (Deng et al., 1997). 
However, the last 207 nucleotides are missing in pLd9 due to an insertion of a 
mobile element, so this system might not be functional. 

Exopolysaccharide (EPS) production  

Exopolysaccharides are thought to have several functions including protection 
against low-moisture environments and toxic compounds (e.g. bile salts and 
hydrolysing enzymes, metal ions and antibiotics), colonisation and preventing 
phage infection (Broadbent et al., 2003). However, in the dairy industry the most 
important function of EPS is that due to its water-binding capacity, it may improve 
the rheological properties of the fermented product by affecting the viscosity, 
syneresis, firmness and taste perception (Zeidan et al., 2017). Plasmid pLd10 
carries 18 eps genes encoding putative proteins involved in polysaccharide 
production via the Wzy-dependent pathway. A typical eps gene cluster in L. lactis 
consists of the 6 highly conserved genes epsR, epsX, epsA, epsB, epsC and epsD 
at the 5’ end, a variable region including genes encoding a polymerase (wxy)¸ a 
flippase (wzx), one or more glucosyl tranferases and/or other polymer-modifying 
enzymes and the conserved genes epsL and orfY at the 3’ end (Zeidan et al., 
2017). These genes are usually transcribed as a single mRNA (van Kranenburg 
and de Vos, 1998). Interestingly, in pLd10 the eps genes are distributed over two 
clusters and in between these clusters a replication and a mobilisation operon are 
located, which are flanked by IS elements (Fig. 3.1). The first cluster consists of: 
i) the epsR gene encoding an XRE family transcriptional regulator; ii) the 
conserved gene epsX with unknown function; iii) the phosphoregulatory module 
consisting of epsABC; iv) epsD encoding an undecaprenyl-phosphate 
galactosephosphotransferase which catalyses the first step in the assembly of the 
EPS basic repeating unit (i.e. addition of galactose-1-phosphate to the lipid-
phosphate carrier); v) epsE encoding a putative glycosyl tranferase; and finally 
(vi) epsL and orfY with an unknown and regulator function, respectively. The 
second cluster consists of 6 putative glycosyltransferase genes (epsH, epsI, epsJ, 
epsO, epsP, epsQ) of which epsI is most likely not functional, 2 putative flippases 
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Figure 3.5: Schematic genetic organisation of the exopolysaccharide (EPS) gene clusters in 
L. lactis FM03P. Typical eps gene clusters of L. lactis and Lactobacillus delbrueckii are shown 
(Zeidan et al., 2017). Colours represents different functional groups. Genes with unknown 
functions or functions not related to EPS biosynthesis are shown in white. All genes are 
transcribed in the forward direction except for a few genes oriented in the opposite direction, 
marked with arrows. Pseudogenes are marked with an asterisk. The ‘GT’ functional module 
consists of glycosyl transferases and other enzymes modifying the repeat unit structure, like 
the acetyl transferase (AT). This figure is adapted from (Zeidan et al., 2017). IS: 
transposase; NDP-sugar: nucleotide diphopho-sugar. 

for export (wzxA and wzxB) and a putative polymerase (wzy). On the 
chromosome, two other eps clusters are found (Fig. 3.5). The first cluster has a 
typical organisation of L. lactis eps operons (epsRXABCD – epsL-orfY), while the 
second cluster has a typical Lactobacillus eps cluster. This operon starts with epsA 
encoding a LytR transcriptional regulator followed directly by the 
phosphoregulatory module (epsBCD) and does not contain epsX, epsL and orfY.  

Cation transport 

Cation transporters play an important role in growth and survival of 
microorganisms i) by protecting against toxic heave metals, like cadmium, ii) by 
providing essential metals, like magnesium, or iii) by providing metals that 
increase stress survival, like manganese. Several cation transporters were found 
on the plasmids of L. lactis FM03P.  

Plasmid pLd2 carries genes encoding the proteins CadA and CadC, which are 
>99.8 and 100% similar to CadA and CadC encoded on plasmids pAH82 of L. lactis 
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DPC220 and pND302 of L. lactis M71 and on the chromosome of Streptococcus 
thermophiles 4134, respectively (Liu et al., 1997, O' Sullivan et al., 2001, 
Schirawski et al., 2002). The cadCA genes have been shown to provide resistance 
towards cadmium and zinc in both S. thermophiles and L. lactis (O' Sullivan et al., 
2001, Schirawski et al., 2002). CadC is a transcriptional repressor which binds to 
its own promoter region (Endo and Silver, 1995). At high cadmium concentrations, 
CadC is released from its promoter resulting in the production of cadCA transcript 
and the expression of cadA (Schirawski et al., 2002). CadA is an ATPase of the P-
type catalysing the efflux of cadmium and zinc (Tsai and Linet, 1993). The gene 
cadD, which is located on the chromosome, also encodes a cadmium transporter 
with 44% similarity in amino acid sequence to the plasmid encoded (pRW001) 
CadD of Staphylococcus aureus (Crupper et al., 1999). 

On plasmid pLd7 we found the corA gene encoding a CorA family transporter, 
which is expected to be the main Mg2+ uptake system in bacteria but might 
transport other cations like cobalt or nickel as well (Niegowski and Eshaghi, 2007). 
The CorA protein on pLd7 is 99% identical to the CorA protein found on plasmid 
pSK11P of L. lactis SK11. On the chromosome three other CorA family 
transporters are found as well as two other Mg2+ transporting ATPases. The best 
match of all these proteins only had 27% homology to CorA of pLd7. Kehres et al. 
(1998) observed a high degree of diversity in sequences within the CorA family 
even within one species and argued that members within the CorA family might 
have functions other than Mg2+ transport. This may also be the case for some of 
the CorA proteins found in the genome of L. lactis FM03P. 

The third cation transporter on plasmids of L. lactis FM03P is the manganese 
transporter MntH, which belongs to the Nramp family of transporters for divalent 
metal ions. Mn2+ ion is an important trace metal required for growth and survival 
of many bacteria (Nierop Groot et al., 2005). Several species of lactic acid bacteria 
accumulate Mn2+ to scavenge toxic oxygen species, especially superoxide radicals 
(·O2). This enables the bacteria to survive oxidative stress conditions (Nierop 
Groot et al., 2005). Therefore, it is expected that the presence and activity of this 
transporter could enhance growth in environments with a low manganese 
concentration and increase survival towards oxidative stress. Plasmid pLd7 and 
pLd9 encode similar MntH proteins which are 99% homologous and belong to class 
C of the MntH proteins (Richer et al., 2003). The chromosome of L. lactis FM03P 
harbours three operons that encode manganese transporters: i) a mntH gene of 
class Cβ, which contains a 344 bp deletion compared to the mntH Cβ gene of L. 
lactis subsp. lactis ATCC 11454 (Richer et al., 2003), ii) a mntH gene of class B 
with 99% identity to mntH B of L. lactis subsp. lactis ATCC 11454 (Richer et al., 
2003), and iii) a mtsBCA operon encoding an ABC transporter for manganese. The 
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mntH genes on the plasmids most likely take over the role of the disrupted 
chromosomal mntH Cβ gene. 

Stress resistance 

Besides the potential oxidative stress resistance provided by MntH, there are 
universal stress proteins (UspA) encoded by genes on pLd7 and pLd9 and a cold 
shock protein CspC encoded on pLd2. This CspC protein is identical to the CspC 
protein of L. lactis MG1363 (Woufers et al., 1998). Furthermore, orf22 carried by 
pLd8 encodes a putative large-conductance mechanosensitive channel which acts 
as osmotic release valve in response to a hypoosmotic shock preventing cell lysis 
(Booth et al., 2007). 

Antibiotic resistance 

Plasmid pLd8 carries orf16 encoding a putative aminoglycoside 3-N-
acetyltransferase, which catalyses the acetylation of aminoglycoside antibiotics at 
the 3-amino group and thereby this gene is potentially involved in resistance 
towards these antibiotics (Wright, 2005). BLAST analysis revealed highly similar 
genes (>99% similarity), which are often found on plasmids in L. lactis, for 
instance in plasmids pJM3B, pSK11L, pC43 pJM2C, pUC06B, pJM4E, pUC109B, 
p158C, pCIS8, pJM1A and pUC08A. All these plasmid have in common that they 
are large (>47 kb) and carry the lacR-lacABCDFEGX operon for lactose uptake 
and utilisation and the several oligopeptide transporters. 

Miscellaneous beneficial functions 

Other functions encoded by genes on the plasmids that might be beneficial for the 
host are the putative FAD-dependent D-lactate dehydrogenases on pLd7 and 
pLd9, which are both 99% similar to the plasmid encoded putative D-lactate 
dehydrogenase from L. lactis SK11. Siezen et al. (2005) suggested that D-lactate 
dehydrogenase could play a role in D-lactate utilisation in aerobic cultures, which 
could increase the external pH and the conversion to acetate leads to ATP 
production. However, Tanous et al. (2007) did not find D-LDH activity in pGdh442-
containing strains, which carry a highly similar dld gene, nor were they capable of 
growing on M17 containing D-lactate as carbon source. Plasmid pLd8 carries orf18 
encoding a C4-dicarboxylate ABC transporter, which function is to transport 
dicarboxylates such as aspartate, malate, fumarate, succinate and oxaloacetate. 
Finally, plasmid pLd7 and pLd9 both carry a gene encoding a transporter of the 
major facilitator superfamily.  
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New genes 

The plasmids found in L. lactis FM03P carry several genes that are rarely found 
before in L. lactis, which could indicate horizontal gene transfer events. BLASTP 
analysis of the amino acid sequence of the predicted protein encoded by orf2 on 
plasmid pLd3 gave mainly hits from Lactobacillus reuteri (<29% similar in amino 
acids) and contained a DUF3552 domain with unknown function. On pLd4 the fmtB 
gene, encoding a putative peptidoglycan-binding protein, has the highest 
homology to Streptococcus thermophilus strain B59671, although the homology 
only covers 60% of the gene. Both the orf2 and the fmtB gene encode large 
proteins (569 and 1217 amino acids, respectively), account for a large fraction of 
the plasmids (40.3 and 30.4%, respectively), and are located on the only two 
plasmids which do not carry other genes with known dairy functions. The genes 
orf33 and orf34 on pLd8 were homologous to genes of Leuconostoc mesenteroides 
LK-151 encoding a putative type IIG restriction-modification system. Many genes 
in the eps operon on pLd10 (especially all genes from tra to orf46; Table 3.4) were 
most similar to Lactobacillus species and not found in Lactococcus species. Finally, 
various small (pseudo)genes were found which had the highest homology to 
species other than L. lactis. These include orf13, orf14, repC and orf16 on pLd2, 
which are most similar (>96%) to genes found in Streptococcus, Lactobacillus and 
Enterococcus and orf2 and orf3 on pLd4, which are similar to genes of 
Enterococcus faecalis (99 and 97%, respectively).  

Protoplast-induced curing 

To determine the effect of plasmid content on the growth performance, plasmid-
cured variants were made by protoplast-induced curing. After cells were 
harvested, the cell wall was degraded with lysozyme. Subsequently, protoplasts 
were regenerated on plates and the plasmid content of random selected colonies 
was analysed by PCR targeting genes on each plasmids followed by gel 
electrophoresis. The obtained variants are shown in Table 3.1.  

Plasmid loss in non-dairy environments 

The plasmids carry several genes important for growth in a dairy environment, 
but in non-dairy environments the plasmids have to be maintained with limited 
benefits and plasmid-cured variants might arise. Some plasmids were already lost 
during a single propagation step in either M17 supplemented with glucose or 
chemically defined medium containing lactose, showing that these plasmids were 
segregationally unstable in laboratory conditions in the absence of a selection 
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pressure (e.g. bacteriophages, lactose, peptides) (Table 3.1). To determine the 
effect of the plasmid content on the growth of L. lactis in a non-dairy environment, 
the obtained plasmid-cured variants were grown in LM17 and the optical density 
at 600 nm was monitored. The growth curves significantly differed between the 
variants, showing that the plasmid content did affect the growth in M17 (Fig. 
3.6A). The highest maximum optical density was found for variant FM03-V1, which 
only lost plasmid pLd7 (OD 1.1). Variants 48, 49 and 50 had the same maximum 
growth rate (Fig. 3.6B) but reached a slightly lower maximum OD (between 0.91 
and 0.96). These three variants all lost plasmids pLd4, pLd5 and pLd6, indicating 
that one of these plasmids might carry a gene which resulted in the higher OD. 
The growth curve of the parent strain FM03P was similar to variants 48, 59 and 
50, but the maximum growth rate could not be estimated using the two-fold 
dilution method due to flocculation of this variant in M17. The remaining five 
variants reached a much lower maximum optical density and also grew slower 
(Fig. 3.6). Both variant 47 and 63 lost plasmid pLd8 carrying the lacR-
lacABCDFEGX operon involved in lactose uptake and utilisation. Therefore, the 
drop in the growth rate in these variants at an optical density of approximately 
0.25 could be caused by limited lactose utilisation and suggests that the lacR-
lacABCDFEGX operon is functional when present. Variant 3, 5 and 51 were all 
growing much slower throughout the cultivation. Variant 3 and 5 are the only 
variants missing plasmid pLd10 carrying the eps genes, while variant 51 is the 
variant with the lowest number of plasmids since it has lost plasmids pLd4, pLd5, 
pLd6, pLd7, pLd8, pLd9, pLd11 and pLd12.  

 
Figure 3.6: Growth of plasmid-cured variants of L. lactis FM03P in LM17. A: Growth curves 
of the plasmid-cured variants. Dotted lines represent the standard deviation of biological 
quadruplicates. B: Maximum growth rate as function of the total plasmid size calculated 
using the two-fold dilution method. Numbers near the symbols correspond to the different 
variants. The maximum growth rate of the parent strain FM03P could not be estimated using 
the two-fold dilution method due to flocculation affecting the time to detection and is 
therefore omitted. Error bars represent the standard deviation of biological triplicates. 
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Additionally, growth performance of variants 48 and 50, the latter carrying 
plasmid pLd2 containing the cadCA operon, was determined in co-cultures in M17 
supplemented with 0.5% glucose and 35 µM cadmium. Variant 50 dominated the 
populations after 27 generations (68%) which shows that pLd2 provided a 
competitive advantage in the presence of 35 µM cadmium. This is in line with the 
slightly higher maximal growth rates of variant 50 compared to that of variant 48 
in the presence of cadmium (data not shown). 

Conclusions 

In the past, important industrial traits have been linked to plasmids in L. lactis. 
Carrying twelve plasmids, L. lactis FM03P has the biggest plasmidome of all 
completely sequenced and published L. lactis strains up till now. Some of its 
plasmids were already lost during a single propagation step showing that the 
plasmids can be easily lost during propagation in a non-dairy environment. 
Because we directly sequenced the strain after it was isolated from cheese, the 
risk of plasmid loss was minimised. Examination of the twelve plasmids of L. lactis 
FM03P showed that 10 of the plasmids carry genes known to be important for the 
growth and survival in the dairy environment. These genes encode functions such 
as lactose and citrate utilisation, degradation and uptake of peptides, 
exopolysaccharide production, cation transport and bacteriophage and stress 
resistance. This shows that the plasmids play an important role in the adaptation 
of this strain to the dairy environment. Two plasmids, pLd3 and pLd4, did not 
carry any genes that are known to be linked to the dairy environment, but both 
do harbour a large gene with unknown function that has not been found before in 
L. lactis and may have a function relevant for dairy processing. 
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Supplementary Figure S3.1: Summary of the sequencing attempts 
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Supplementary Figure S3.2: PCR products confirming the presence of the 12 plasmids 
in L. lactis FM03P. PCRs were performed using the primers listed in Table 3.2. In case of 
multiple bands, white arrows indicate the band with the expected size as listed in Table 
3.2. L: DNA Ladder mix #SM1173 (Thermo Sciencific, USA). 
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Supplementary Figure S3.3: Multiple sequence alignment of repB promoters of theta-
type replication plasmids in L. lactis FM03P. Indicated are the AT-rich regions, the 22-bp 
direct repeats and in bold the inverted repeats IRa and IRb. The extended -10 promoter site 
and ribosome binding site (RBS) are shaded. The ATG start codon of repB is shown at the 
end of the alignment in bold.  
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Supplementary Figure S3.4: Multiple alignment of RepB amino acid sequences of theta-
type replication plasmids of L. lactis FM03P. Amino acids are shaded black if they follow the 
consensus sequence (same amino acid in at least half of the sequences). Amino acids are 
shaded grey if they are similar to the consensus. 
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Abstract  

In Lactococcus lactis subsp. lactis biovar diacetylactis citrate transport is 
facilitated by the plasmid-encoded citrate permease (CitP). In this work, we 
analysed regulation of citrate utilisation by pH, nutrient limitation and the 
presence of citrate at four different levels: i) plasmid copy number, ii) citP 
transcription, iii) citP mRNA processing and iv) citrate utilisation capacity. Citrate 
was supplied as co-substrate together with lactose. The citP gene is known to be 
induced in cells grown at low pH. However, we demonstrated that transcription of 
citP was even higher in the presence of citrate (3.8-fold compared to 2.0-fold). 
The effect of citrate has been overlooked by other researchers because they 
determined the effect of citrate using M17 medium, which already contains 0.80 
± 0.07 mM citrate. The plasmid copy number increased in cells grown under amino 
acid limitation (1.6-fold) and/or at low pH (1.4-fold). No significant differences in 
citP mRNA processing were found. Citrate utilisation rates increased from 
approximately 1 to 65 µmol.min-1.gDW-1 from lowest to highest citP expression. 
Acetoin formation increased during growth in an acidic environment due to 
induction of the acetoin pathway. Quantification of the relative contributions 
allowed us to construct a model for regulation of citrate utilisation in L. lactis biovar 
diacetylactis. This knowledge will help to select conditions to improve flavour 
formation from citrate. 
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Introduction 

Citrate is an important precursor for flavour formation in dairy fermentations. In 
contrast to lactose which can be consumed by many lactic acid bacteria, citrate 
can be degraded only by particular lactic acid bacteria, such as Lactococcus lactis 
biovar diacetylactis. These bacteria convert citrate via oxaloacetate into pyruvate 
(Harvey and Collins, 1961), which can be further converted into acetoin and 
diacetyl. The latter two compounds are responsible for the buttery flavour of dairy 
products. The intermediate pyruvate is a central metabolite in the metabolism of 
lactic acid bacteria and is also the end-product of glycolysis. However, production 
of acetoin and diacetyl is mainly linked to citrate metabolism because no reducing 
equivalents are produced during citrate degradation (Collins, 1972, Hugenholtz, 
1993). 

L. lactis biovar diacetylactis is one of the main species in dairy starter cultures 
that degrades citrate. In this bacterium the rate of citrate utilisation is limited by 
the rate of citrate transport across the cell membrane (Harvey and Collins, 1962), 
which is facilitated by a citrate permease. This permease transports divalent 
citrate either in symport with a proton or in exchange for monovalent L-lactate 
(Bandell et al., 1998, Cachon et al., 1995, Marty-Teysset et al., 1995, Marty-
Teysset et al., 1996). Divalent citrate is most abundant around pH 5.5, which 
agrees with the observed optimum pH for citrate utilisation (Smith et al., 1992).  

The gene encoding the citrate permease (citP) is located on a plasmid in L. lactis 
biovar diacetylactis (Kempler and Mckay, 1979a, b, 1981). In contrast, all other 
lactococcal genes required for citrate degradation are located on the chromosome 
(Martín et al., 2004). The plasmid linked gene citP is part of the citQRP operon 
(Magni et al., 1994), in which citR codes for a regulatory protein and citQ codes 
for a leader peptide (de Felipe et al., 1995, Drider et al., 2004). The citQRP operon 
contains promoter P1 and P2, which are located before and after an IS982 
element, respectively (de Felipe et al., 1995). Transcription is mainly driven from 
promoter P1 resulting in a 2.9-kb mRNA, which is post-transcriptionally regulated 
by processing in a complex secondary structure (de Felipe et al., 1995, 1996). 
Garcia-Quintáns et al. (1998) showed that promoter P1 is strongly induced by low 
pH, which conceivably results in higher citrate uptake rates at low pH.  

The effect of citrate on the expression of citP is still under debate (de Felipe et al., 
1996). Harvey and Collins (1962) reported a 20 times higher citrate uptake rate 
of cells grown in batch cultivation on a medium supplemented with citrate 
compared to growth on a medium without citrate. On the other hand, Smith et al. 
(1992) did not find any significant difference in citrate uptake in a pulse 
experiment in chemostat cultivations on LM17 without and with supplemented 
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citrate. Expression of citP and the uptake of citrate were also not affected when 
L. lactis was grown in batch cultivation on LM17 with or without supplementation 
of citrate (Magni et al., 1994). 

The expression of the chromosomal citM-citCDEFXG operon, containing genes 
encoding the citrate lyase complex and an oxaloacetate decarboxylase, as well as 
the citrate lyase and oxaloacetate decarboxylase activity increases at low pH 
(Martín et al., 2004, Sender et al., 2004). However, citrate does not affect the 
expression of the citM-citCDEFXG operon and the citrate lyase activity in L. lactis 
(Cogan, 1981, Martín et al., 2004).  

The aim of this study was to decipher the role of different parameters acting on 
overall citrate utilisation capacity (i.e. uptake and metabolism) in L. lactis biovar 
diacetylactis, including copy numbers of the citP containing plasmid, citP mRNA 
levels, citP mRNA processing, uptake and metabolism of citrate, and production 
of end products, such as acetoin. Bacteria were grown at constant growth rates 
using chemostat cultivation on chemically defined lactose-containing media at pH 
5.5 and pH 7.0, with and without supplementation of citrate under lactose and 
amino acid limitation. 

Materials and methods 

Strain  

In this study we used Lactococcus lactis subsp. lactis biovar diacetylactis FM03-V1. 
This variant has the same parent as L. lactis FM03, of which the genome has been 
sequenced (van Mastrigt et al., 2017). The most important difference between 
strain FM03-V1, strain FM03 and their parent strain FM03P is the plasmid content: 
FM03P contains 12 plasmids (pLd1 till pLd12); FM03 contains 7 plasmids (pLd1 till 
pLd7); FM03-V1 contains 11 plasmids (pLd1, pLd2, pLd3, pLd4, pLd5, pLd6, pLd8, 
pLd9, pLd10, pLd11 and pLd12). Compared to L. lactis FM03, FM03-V1 shows 
improved lactose utilisation in chemically defined medium. This is most likely 
caused by the presence of pLd8, which carries genes encoding a 
phosphotransferase system (PTS) for lactose uptake and the tagatose-6-
phosphate pathway for lactose utilisation. Both variants contain plasmid pLd1 that 
encodes the citQRP operon. 

Chemostat cultivation 

Chemostat cultivations were carried out in duplicate in bioreactors with a working 
volume of 0.5 L (Multifors, Infors HT, Switzerland). The temperature was 
maintained at 30°C, a stirring speed of 300 rpm was used and the pH was 
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controlled at 5.5 or 7 by automatic addition of 5 M NaOH. To maintain anaerobic 
conditions, we flushed the headspace with nitrogen gas at a rate of 0.1 L/min. 
Bioreactors were inoculated (inoculum size: 2% v/v) with an overnight culture in 
M17 (Terzaghi and Sandine, 1975) supplemented with 0.5% lactose (w/v). At the 
end of the exponential growth phase, continuous fresh medium supply was 
activated to culture the bacteria at a constant growth rate of 0.135 h-1 (chemostat 
mode). Samples were taken after reaching steady-state conditions. A steady state 
was considered to be achieved after a minimum of five volume changes at which 
the optical density at 600 nm remained constant. The optical density was 
continuously monitored using an internal probe (Trucell 2, Finesse, USA). The 
same culture was used to analyse different conditions by changing the medium 
composition or the pH. Lactose and amino acid-limited cultures were analysed in 
separate cultivations. Duplicate experiments of the same condition were never 
performed in the same cultivation.  

Media 

The chemically defined media that were used differed in lactose and amino acid 
content to vary the type of nutrient limitation. Lactose and amino acid-limited 
cultures contained per kg of medium 5.3 or 21 g lactose.H2O (0.5 or 2%) and 10 
or 1 g Bacto-Tryptone, respectively. Citrate content was either 2.43 or 0 g.kg-1 
(NH4)3citrate. Furthermore, all media contained per kg: KH2PO4, 2.67 g; 
Na.acetate.3H2O, 1.66 g; 100x metal stock, 10 g; 100x nucleotide stock, 10 g 
and 100x vitamin stock, 10 g. All media were prepared in 5 L batches, adjusted 
the pH to 5.5 and filter-sterilised (Millipore, USA). 

The 100x vitamin stock solution contained per kg: 0.2 g pyridoxine-HCl, 0.5 g 
pyridoxamine-HCl, 0.1 g nicotinic acid, 0.1 g thiamin-HCl, 0.1 g Ca-(D+)-
panthothenate, 1 g Na-p-aminobenzoate, 0.25 g D-biotin, 0.1 g folic acid, 0.1 g 
vitamin B12, 0.5 g orotic acid, 0.5 g thymidine, 0.5 g inosine and 0.25 g DL-6,8-
thioctic acid. pH was set at 6.8. The 100x nucleic acid stock solution contained 
per kg: 1 g adenine, 1 g uracil, 1 g xanthine and 1 g guanine. The compounds 
were dissolved in 0.1 M NaOH. The 100x metal stock solution contained per kg: 
20 g MgCl2.6H2O, 5 g CaCl2.2H2O, 0.5 g ZnSO4.7H2O, 0.25 g CoCl2.6H2O, 1.6 g 
MnCl2.4H2O, 0.25 g CuSO4.5H2O, 0.25 g (NH4)6Mo7O24.4H2O, 0.3 g FeCl3.6H2O 
and 0.5 g FeSO4.7H2O. FeSO4.7H2O was first dissolved in 10 ml 17% HCl, before 
it was mixed with the other compounds. All stocks were kept at -20°C until use. 
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Analysis of extracellular metabolites 

After taking a sample from the bioreactor, cells were directly removed by 
centrifugation (17000×g for 2 minutes at 4°C) and the supernatant was stored at 
-20°C until analysis. High Performance Liquid Chromatography (HPLC) was 
performed to quantify lactose, lactate, acetate, ethanol, formate, pyruvate and 
acetoin on an Ultimate 3000 (Dionex) equipped with an Aminex HPX-87H column 
(300 x 7.8 mm) with pre-column (Bio-Rad, USA). As mobile phase, 5 mM sulfuric 
acid was used at 0.6 ml/min and the column was kept at 40°C. Compounds were 
detected by a refractive index detector Shodex RI-101 (Showa DenkoKK, Japan) 
for quantification and UV measurements at 220, 250 and 280 nm for identification.  

The citrate concentration was determined with a citric acid kit (Roche, 
Switzerland) according to the manufacturer’s procedures. The decrease of 
absorbance at 340 nm was measured, which correlates with the amount of NADH 
consumed in enzymatic reactions with citrate as substrate. This method was also 
used for the quantification of citrate in M17. 

Extracellular metabolite concentrations were analysed in duplicate. 

Cell dry weight determination 

Samples were directly taken from the bioreactor and passed through pre-weighted 
membrane filters with a pore size of 0.2 µm (Pall Corporation, USA) by a vacuum 
filtration unit. The exact sample sizes were determined by weighing. The 
membrane filters were washed with at least three volumes demineralised water, 
dried at 80°C for 48 h and weighted again on an analytical balance. Dry weights 
were determined in duplicate. 

Citrate utilisation capacity 

Citrate utilisation capacity was determined in triplicate by monitoring the decrease 
in citrate concentration in time. Ten ml of cell suspension was taken from the 
bioreactor and directly centrifuged at 5000×g for 5 minutes. The pellet was 
washed with physiological salt solution at pH 5.5, resuspended in modified 
chemically defined medium of pH 5.5 and incubated at 30°C. This medium was 
equal to the lactose-limited medium but did not contain any lactose or acetate. 
Samples were taken from these cultures at regular intervals followed by direct 
centrifugation (17000×g for 1 min at 4°C). The supernatant was stored at -20°C 
until the citrate concentration was determined. In contrast to the enzymatic 
determination of residual citrate in chemostats, we monitored the citrate 
concentration using HPLC according to the protocol described before. The citrate 
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utilisation rate was calculated by dividing the change in citrate concentration in 
time, determined by linear regression, by the biomass concentration. 

RNA isolation 

Gene expression analysis consisted of four different steps: i) stabilisation of RNA 
by quenching of cells, ii) isolation of RNA, iii) reverse transcription of RNA into 
cDNA, and iv) relative quantification of cDNA by qPCR. A two ml cell suspension 
sample derived from the bioreactor was directly mixed with 4 ml RNAprotect 
(Qiagen, Germany) for immediate RNA stabilisation. After mixing to homogeneity 
the sample was flash-frozen in liquid nitrogen and stored at -80°C until further 
use. RNA was isolated using the RNeasy Mini kit (Qiagen, Germany). Samples 
were thawed on ice and 1 ml sample was taken and centrifuged at 17000×g for 5 
minutes at room temperature. The pellet was resuspended in 350 µl RLT buffer 
containing 10 µl/ml β-mercaptoethanol. The suspension was transferred to a lysis 
matrix tube (matrix B. 0.1 mm silica spheres, Bio-Rad) and bead-beated in three 
cycles of 30 seconds beating (4.0 m.s-1; Bio-Rad Fastprep-24) and 5 minutes 
cooling on ice. Subsequently, tubes were centrifuged for 20 seconds (17000×g) 
and the supernatant was transferred to a new tube. To the supernatant an equal 
volume of 70% ethanol was added, thoroughly mixed and transferred to a spin 
column. The different binding and washing steps were performed according to the 
manufacturer’s procedure. To elute RNA from the column, 30 µl RNase-free water 
was added and the column was centrifuged for 1 minute at 17000×g. This step 
was repeated once. A small aliquot of the isolated RNA was used for determination 
of the RNA content using absorbance spectroscopy (Nanodrop; Thermo Scientific, 
USA). The remaining sample was stored at -80°C until further use.  

Reverse transcriptase 

RNA was reverse transcribed using the QuantiTect Reverse Transcription Kit 
(Qiagen, Germany) according to the manufacturer’s procedure. This procedure 
also removed remaining genomic DNA from the purified RNA samples. RNA used 
for the reverse transcriptase reaction was standardised at 175 ng. After the 
treatment, the cDNA was stored at -20°C until analysis of the expression by qPCR. 

Relative expression determined by qPCR 

Relative gene expression of the citrate permease (citP) was quantified by qPCR 
(Bio-Rad Thermal cycler CFX96 Real Time system) using recA as reference gene. 
recA showed the most stable expression in a set of five housekeeping genes (recA, 
tuf, gyrB, gyrA and rpoD) during chemostat cultivation in all tested conditions 



Chapter 4 

70 
 

(data not shown). qPCR data were analysed with Bio-Rad CFXmanager software. 
A threshold of 800 Relative Fluorescence Unit (RFU) was used for all 
measurements. The qPCR reaction took place in 20 μl and contained per reaction 
10 μl 2x iQ SYBR green supermix (Bio-Rad, USA), 0.5 μM forward and reverse 
primer and 1 μl cDNA. Primer sequences are given in Table 4.1.  

Table 4.1: Primer and Taqman probes used for determination of plasmid copy number, 
relative expression of citP and processing of citP mRNA. The gene glyA, located with one 
copy on the chromosome, was targeted in the plasmid copy number determination. recA 
was used as reference gene in the relative citP expression assays. Primers for citP were used 
for determination of both plasmid copy number, relative citP expression and citP mRNA 
processing. For the citP mRNA processing, citP primers were used to quantify both processed 
and unprocessed mRNA1 and mRNA2, in which mRNA1 and mRNA2 refer to mRNA produced 
from promoter P1 and P2 of the citQRP operon, respectively (de Felipe et al., 1995).  

Target  Sequences (5’→ 3’) 
recA Fw primer ACAACAGTCGCTCTTCATGC 

Rv primer ATTTGAAGCCCTTGTTCACC 
citP (plasmid) Fw primer CATTGCTATGCCAATCATGG 

Rv primer TTCCCGAGGATAACTGTTGG 
Probe [TXRD]CACAATACCAGCACCAACTCCACCA[BHQ2] 

glyA (chromosome) Fw primer CAAAAGCAGTTATGGCAGCA 
Rv primer ACATCAACCGCTTCTGTTCC 
Probe [6FAM]ACGTTTCCCAGGATAACCTTCGGC[BHQ1] 

Unprocessed mRNA1 Fw primer TGAAATTAACTAGCAATTCGGGTA 
Rv primer ACAAAGGCGCGTTTAATGTT 

Unprocessed mRNA1 
and mRNA2 

Fw primer CCGAGTGAAACGAGGTCAAT 
Rv primer ACAAAGGCGCGTTTAATGTT 

 
The qPCR program started with heating the samples for 5 min at 95°C followed 
by 39 cycles of 30 seconds at 95°C and 30 seconds at 58°C. Fluorescence was 
measured at the end of each cycle. After 39 cycles a melting curve was made by 
a stepwise increase of the temperature from 65°C to 95°C in steps of 0.5°C every 
5 seconds. To determine the efficiency of the PCR reaction, a calibration curve 
was made using a dilution series of isolated DNA. The efficiency did not 
significantly deviate from 2 for all PCR reactions (mean±SE; 2.02±0.04 and 
2.05±0.08). Therefore, the relative expression was calculated using an efficiency 
of 2 as stated in equation 4.1. 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑅𝑅𝑥𝑥𝑥𝑥𝑥𝑥𝑅𝑅𝑥𝑥𝑥𝑥𝑅𝑅𝑥𝑥𝑥𝑥 = 2𝐶𝐶𝑡𝑡,𝑟𝑟𝑟𝑟𝑟𝑟−𝐶𝐶𝑡𝑡,𝑔𝑔𝑔𝑔𝑔𝑔   (4.1) 

where Ct,goi is the threshold cycle of the gene of interest and Ct,ref is the threshold 
cycle of the reference gene. 

Of each sample, RNA was isolated at least in duplicate and for each RNA extraction 
procedure the gene expression was determined by qPCR in triplicate. The average 
expression within one RNA extraction procedure was calculated and corrected for 
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the measured average plasmid copy number in that specific sample. This 
corrected expression was used as input for the statistical analysis. 

Processing of citP mRNA 

Processing of citP mRNA was analysed by reverse transcriptase qPCR as described 
for the determination of relative citP expression with the following modifications. 
Primers were used targeting either i) unprocessed mRNA1, ii) unprocessed mRNA1 
and mRNA2, or iii) both processed and unprocessed mRNA1 and mRNA2 (total 
citP mRNA). The primer sequences are given in Table 4.1. The amount of cDNA 
used in the PCR reactions was decreased from approximately 175 to 87 ng. 
Because the efficiency of the PCR reaction was significantly lower than 2, relative 
abundances of the unprocessed mRNAs compared to the total citP mRNA were 
calculated with equation 4.2. 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑅𝑅𝑎𝑎𝑎𝑎𝑥𝑥𝑎𝑎𝑅𝑅𝑥𝑥𝑎𝑎𝑅𝑅 = 𝐸𝐸𝑡𝑡
𝐶𝐶𝑡𝑡,𝑡𝑡

𝐸𝐸𝑢𝑢
𝐶𝐶𝑡𝑡,𝑢𝑢    (4.2) 

where Eu and Et are the efficiencies of the PCR reactions using primers for 
unprocessed mRNA species and total mRNA, respectively, and Ctu and Ctt are the 
threshold cycles of unprocessed mRNA species and total mRNA, respectively. 

Plasmid copy number determination 

The plasmid copy number was determined in 2 steps: i) extraction of DNA and ii) 
quantification of chromosomal and plasmid DNA by qPCR. DNA was extracted from 
bacterial cultures using the DNeasy Blood and tissue kit (Qiagen, Germany). The 
amount of cells used for the DNA extraction was standardised at a very low 
amount (1 ml of culture with optical density of 0.02 at 600 nm) to obtain similar 
extraction efficiencies for chromosomal and plasmid DNA. The standardised cell 
suspension was centrifuged for 5 min at 17000×g. The pellet was washed with 1 
ml PPS and resuspended in 0.25 ml lysis buffer (20 mM Tris-HCl, 2 mM EDTA, 
1.2% (w/v) Triton-X-100, 1 mg.ml-1 lysozyme and 50 U mutanolysin, pH 8.0). 
The suspension was incubated at 37°C for 1 hour. Subsequently, 15 µl proteinase 
K and 125 µl AL buffer were added. After incubation at 56°C for 1 hour, 125 µl 
absolute ethanol was added. The released DNA was purified using a spin-column 
provided by the kit. First, the mixture was transferred to the spin-column and 
centrifuged for 1 min at 6000×g. Then 500 µl washing buffer AW1 was added and 
centrifuged for 1 min at 6000×g. To remove all traces of buffer, the column was 
centrifuged for 4 minutes at 17000×g. Finally, the DNA was eluted from the 
column with elution buffer AE preheated at 80°C. Elution buffer was added to the 
column, incubated for 10 minutes at room temperature and centrifuged for 1 
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minute at 6000×g. This step was repeated in total three times. The extracted DNA 
was stored at -20°C until the plasmid copy number was determined using qPCR. 

Chromosomal and plasmid DNA were quantified with qPCR (Bio-Rad Thermal 
cycler CFX96 Real Time system). For the chromosomal DNA control, the single 
copy gene glyA was used and for plasmid pLd1 the citP gene was targeted. 
Taqman probes were used to perform multiplex qPCR reactions, so PCR reactions 
of glyA and citP took place in a single well in 96-wells plates. Sequences of the 
used primers and probes are given in Table 4.1. The PCR reaction took place in 
20 μl and contained 0.2 mM dNTPs, 0.5 µM of all four primers, 0.25 µM of each 
probe, 2 μl 10x DreamTaq buffer with MgCl2 (Thermo Scientific, USA), 0.8U 
DreamTaq DNA polymerase and 2 µl DNA. The PCR program started with heating 
the samples for 5 min at 95°C followed by 39 cycles of 10 seconds at 95°C and 
20 seconds at 59°C. Fluorescence of the probes was measured. A threshold of 800 
RFU was used to determine the threshold cycle (Ct). An efficiency of 2 was used 
for both PCR reactions for calculation of the plasmid copy numbers. The following 
equation was used: 

𝑃𝑃𝑅𝑅𝑅𝑅𝑥𝑥𝑃𝑃𝑅𝑅𝑎𝑎 𝑎𝑎𝑥𝑥𝑥𝑥𝑐𝑐 𝑥𝑥𝑎𝑎𝑃𝑃𝑎𝑎𝑅𝑅𝑥𝑥 = 2𝐶𝐶𝑡𝑡,𝑐𝑐ℎ𝑟𝑟𝑔𝑔𝑟𝑟𝑔𝑔𝑟𝑟𝑔𝑔𝑟𝑟𝑟𝑟−𝐶𝐶𝑡𝑡,𝑝𝑝𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑔𝑔𝑝𝑝  (4.3) 

From each sample DNA was isolated at least in quadruplicate and for each DNA 
extraction the PCN was determined by qPCR in sextuplicate. As input for the 
statistical analyses, the average plasmid copy number of a DNA extraction was 
taken. 

Statistical analysis 

To analyse how significant the effect of the parameters (pH, citrate and nutrient 
limitation) were on the plasmid copy number, citP expression and the citrate 
utilisation rate, statistical analyses were conducted in R (version 3.1.3) using the 
nlme package (version 3.1-120 (Pinheiro et al., 2016)). Linear mixed-effects 
modelling was used to correct for the nested structure of the data: different 
conditions were analysed in the same cultivation, while duplicates of conditions 
were performed in different cultivations. Therefore, cultivation was used as 
random categorical variable. First the linear mixed-effects (LME) model with all 
fixed explanatory variables (pH, citrate, nutrient limitation and their interactions) 
was compared with a generalised least square model (GLS) by restricted 
maximum likelihood estimation (REML) to see which model was better. 
Subsequently, the fixed explanatory variables of the selected model containing all 
explanatory variables were optimised by a repetitive process of fitting a full model, 
dropping all allowable terms in turn, comparing models by maximum likelihood 
estimation and dropping the least significant term. This process was repeated until 
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all terms were significant (Zuur et al., 2009). The residual errors in final model 
were checked for homogeneity.  

Analysis of covariance (ANCOVA) was used to determine whether any of the 
parameters (pH, citrate and nutrient limitation) had a significant influence on the 
relation between citP expression and citrate utilisation rate. The average 
expression and citrate utilisation rate per condition per cultivation was used for 
the analysis. A linear mixed-effects (LME) model with only citP expression as 
explanatory variable and cultivation as random categorical variable was compared 
by REML with LME models that also included pH, citrate or nutrient limitation as 
explanatory variable. 

Results 

To study the regulation of citrate uptake and metabolism, Lactococcus lactis biovar 
diacetylactis FM03-V1 was grown in independent duplicate chemostat cultivations 
at a growth rate of 0.135 ± 0.004 h-1. In these cultivations the bacterium was 
subjected to various conditions to study the effect of pH, citrate, nutrient limitation 
and their interactions on various cellular processes linked to citrate utilisation 
(Table 4.2). In each condition we analysed the effect on plasmid copy number of 
pLd1, citP expression, citP mRNA processing, citrate utilisation capacity and 
metabolite production. 

Table 4.2: Overview of the experimental design of the chemostat cultivations. All 
combinations of nutrient limitation, pH and citrate have been performed in duplicate in four 
separate cultivations. The sequences of conditions in these cultivations were as follows: 
cultivation 1: 1, 4, 2, 3; cultivation 2: 4, 3, 1, 2; cultivation 3 and 4: 7, 8, 5, 6. Parameters 
other than pH, nutrient limitation and citrate content were kept constant during the 
cultivations. Bacteria were grown anaerobically at a dilution rate of 0.135 h-1 at 30°C with a 
stirring speed of 300 rpm. 

Condition Nutrient limitation pH Citrate 
1 Lactose 5.5 + 
2 Lactose 5.5 - 
3 Lactose 7 + 
4 Lactose 7 - 
5 Amino acid 5.5 + 
6 Amino acid 5.5 - 
7 Amino acid 7 + 
8 Amino acid 7 - 
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Citrate utilisation increases at low pH 

The residual lactose concentration was measured to determine whether the 
selected media resulted in lactose and amino acid limited conditions indicated by 
complete or incomplete lactose consumption, respectively. Residual lactose 
concentrations were below 0.05 mM and above 10 mM for lactose-limited and 
amino acid-limited media, respectively, which confirmed that growth was limited 
by either lactose or amino acids. In all conditions with citrate present in the 
medium, citrate consumption was observed. However, more than 99.7% was 
consumed at pH 5.5, while at pH 7 only 30% and 63% of the citrate was consumed 
in lactose and amino acid-limited cultures, respectively. Because the biomass 
concentration was similar, also the biomass specific citrate utilisation rates were 
higher at pH 5.5 and under amino acid limitation (Fig. 4.1).  

These differences suggested that both an acidic environment and amino acid 
limitation increased the citrate utilisation capacity. To identify how these 
parameters regulate the citrate utilisation capacity – by affecting the plasmid copy 
number, the citP mRNA level, citP mRNA processing or the CitP protein level – the 
plasmid copy number, the expression of citP, processing of citP mRNA and the 
citrate utilisation capacity were determined.  

 

Figure 4.1: Substrate utilisation rates (µmol.min-1.gDW-1) of lactose and citrate during 
chemostat cultivation at constant growth rate (0.135 h-1) at different conditions: pH 5.5 or 
7, in presence (+) or absence (-) of citrate and under lactose or amino acid limitation. Filled 
and open bars represent lactose and citrate utilisation, respectively. Error bars represent 
the standard deviation of two biological replicates. Lactose and citrate were measured in 
duplicate using HPLC and enzymatic determination, respectively. 
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Higher plasmid copy number at low pH and under amino acid limitation 

To determine the plasmid copy number of plasmid pLd1, plasmid and 
chromosomal DNA were quantified with qPCR and the ratio between them was 
calculated (Fig. 4.2). We fitted these ratios to linear mixed effect models to find 
which factors significantly affected the plasmid copy number (see materials and 
methods). Significant effects were found for pH, nutrient limitation and the 
interaction between nutrient limitation and pH (Table 4.3). Compared to growth 
under lactose limitation at pH 7, the plasmid copy number increased both under 
amino acid limitation (58%) and at low pH (35%). These changes in plasmid copy 
numbers were caused by changes in plasmid replication rates because the growth 
rate was kept constant.  

 

Figure 4.2: Plasmid copy number of plasmid pLd1 of chemostat grown cells cultivated at 
a constant growth rate (0.135 h-1) at different pH values, in the presence (+) or absence 
(-) of citrate and under lactose or amino acid limitation. The single-copy genes citP and 
glyA were targeted during qPCR to quantify plasmid and chromosomal copies, respectively. 
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Table 4.3: Significance of effects of pH, nutrient limitation and the presence of citrate and 
their interactions on the plasmid copy number (PCN) and relative citP expression. Statistical 
analysis was performed with R by regression with a linear mixed effect (LME) model as 
explained in the experimental procedures. Df: degrees of freedom.  

 PCN (LME)  citP expression (LME) 
 df t value P value  df t value P value 
pH 53 -7.53 6.2×10-10  28 -2.3 0.029 
Nutrient limitation 2 1.16 0.37     
Citrate     28 4.6 9.1×10-5 
pH:Nutrient limitation 53 4.13 3.2×10-8     
pH:Citrate        28 -2.5 0.018 

 
Both citrate and low pH are required for high expression of citP 

In addition to changes in the plasmid copy number, citrate uptake is regulated by 
modulating transcription of the citrate permease gene citP. Relative expression of 
citP was corrected for the plasmid copy numbers to quantify the effect of pH, 
citrate and nutrient limitation on transcription of citP (Fig. 4.3).  

 

Figure 4.3: Expression of citP relative to the expression of the housekeeping gene recA. 
Expression has been corrected for the plasmid copy number of pLd1 (Fig. 4.2). Cells have 
been cultivated in chemostats at a constant growth rate at different pH, in the presence (+) 
or absence (-) of citrate and under lactose or amino acid limitation. 
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Fitting of the data to linear mixed effect models revealed that the pH, citrate and 
their interaction significantly affected the expression of citP (Table 4.3). After 
correction for the plasmid copy number, expression of citP was found to be 1.9 
and 2.8-fold higher when cells were grown at low pH in the presence of citrate 
than when cells were grown either at low pH or in the presence of citrate, 
respectively. No significant effect of the nutrient limitation on citP expression was 
found. This indicates that the nutrient limitation only affects the citrate utilisation 
capacity by increasing the number of copies of plasmid pLd1. 

CitP processing is not affected by pH, nutrient limitation or presence of 
citrate 

The citQRP operon contains promoters P1 and P2 resulting in mRNA1 and mRNA2 
of 2.9 kb and 1.9 kb, respectively (de Felipe et al., 1995, 1996, Drider et al., 
1998). These mRNAs are processed in a complex secondary structure (Drider et 
al., 1998). Primers sets has been designed which target specifically i) unprocessed 
mRNA1, ii) unprocessed mRNA1 and mRNA2 and iii) both processed and 
unprocessed mRNA1 and mRNA2 (total mRNA; same primers as used for relative 
citP expression). To determine the effect of the pH, nutrient limitation and the 
presence of citrate on processing of the citQRP mRNA, the abundance of processed 
and unprocessed mRNA was analysed with reverse transcriptase qPCR (Fig. 4.4). 
Surprisingly, the PCR using primers targeting both processed and unprocessed 
mRNA gave a lower response than the primers targeting only unprocessed mRNA. 
This could be caused by processing of the mRNA at different sites than reported. 
Primers targeting unprocessed mRNA1 or both unprocessed mRNA1 and mRNA2 
gave almost identical results showing that mRNA1 was the dominant mRNA 
species and transcription was mainly driven from promoter P1. No significant 
differences were found between the various conditions in the abundance of 
unprocessed mRNA1 and mRNA2 relative to the total mRNA, showing that 
processing of the mRNAs was not affected by either pH, nutrient limitation or the 
presence of citrate in the medium. 
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Figure 4.4: Abundance of unprocessed mRNA1 and mRNA2 (filled bars) and unprocessed 
mRNA1 (open bars) relative to the total citP mRNA (both processed and unprocessed mRNA1 
and mRNA2) determined with reverse transcriptase qPCR using primers given in Table 4.3. 
mRNA1 and mRNA2 refer to mRNA produced from promoter P1 and P2 of the citQRP operon, 
respectively (de Felipe et al., 1995). Error bars represent the standard deviation of biological 
duplicates. 

Citrate utilisation capacity correlates with citP expression 

Expression of citP was compared to the citrate utilisation rate to find indications 
of translational and post-translational regulation mechanisms. The citrate 
utilisation rate was determined in non-growing cells in fresh chemically defined 
lactose-free medium in which the citrate concentration was monitored in time. 
Similar trends were found for the citrate utilisation rate as for the expression of 
citP (Fig. 4.5). Both low pH and the presence of citrate did significantly increase 
the citrate utilisation rate. The measured utilisation rates were similar to those 
found in the chemostat cultivation (compare Fig. 4.1 and Fig. 4.5). Analysis of 
covariance (ANCOVA) showed that none of the tested parameters significantly 
affected the relation between expression of citP and citrate utilisation rate. Thus, 
no indication was found that citrate utilisation is regulated at the translational or 
post-translational level by these parameters. 
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Figure 4.5: Citrate utilisation capacity of chemostat grown cells cultivated at constant 
growth rate (0.135 h-1) at different pH values, in the presence (+) or absence (-) of citrate 
and under lactose or amino acid limitation. The rate of citrate utilisation has been determined 
and corrected for the biomass concentration.  

Acetoin formation increases at low pH  

Although uptake of citrate was shown to be the limiting step in citrate utilisation 
(Harvey and Collins, 1962), regulation of citrate metabolism could greatly 
influence the formation of flavour compounds. Metabolite production was analysed 
to examine the effect of pH, citrate and nutrient limitation on primary metabolism. 
In all cultivations lactose and citrate were mainly converted into lactate, acetate, 
formate and ethanol. However, the distribution between the end-products of 
fermentation differed drastically depending on the cultivation conditions (Fig. 4.6). 
Lactate was the major end-product (>91 mol%) under amino acid limitation 
independent of the pH. This metabolic profile is comparable with the profile found 
in batch cultures of L. lactis (Starrenburg and Hugenholtz, 1991). Under lactose 
limitation, only 68% and 29% of the end-products was lactate at pH 5.5 and 7, 
respectively. Instead a mixture of formate, acetate and ethanol was produced. 
Acetoin was mainly produced at low pH in the presence of citrate, but in some 
cases acetoin was also produced in the absence of citrate. This indicates that 
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citrate is the main but not the only substrate for acetoin formation. At low pH, the 
acetoin yield on citrate increased indicating that acetoin formation is regulated by 
pH (Fig. 4.7). Citrate is linked to acetoin formation for two reasons: i) citrate is 
converted into pyruvate without production of reducing equivalents and ii) citrate 
conversion leads to increased pyruvate production conceivably resulting in higher 
intracellular pools of pyruvate. Because α-acetolactate synthase has a low affinity 
for pyruvate (Km = 50 mM) (Snoep et al., 1992), a high intracellular pyruvate 
concentration is required for acetoin formation. The significant export of pyruvate 
suggests that the intracellular pyruvate concentration was indeed high in 
conditions where acetoin was formed (Fig. 4.6). 

 

Figure 4.6: Flux distribution of the main metabolic pathways with pyruvate as substrate 
during chemostat cultivation at constant growth rate (0.135 h-1) at different conditions: pH 
5.5 or 7, presence (+) or absence (-) of citrate and under lactose or amino acid limitation. 
Blue: Lactate dehydrogenase; red: pyruvate formate lyase; green: α-acetolactate synthase; 
purple: pyruvate efflux. It has been taken into account that α-acetolactate synthase converts 
two pyruvate molecules into one α-acetolactate by multiplying the acetoin production flux 
by 2. Error bars represent the standard deviation of two biological replicates.  
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Figure 4.7: Acetoin yield on citrate (mol acetoin / mol citrate) during chemostat cultivation 
as function of pH and nutrient limitation. Filled bar: lactose limitation, Open bars: amino 
acid limitation. ND, not detected. Error bars represent the standard deviation of two 
biological replicates. 

Discussion 

The ability of Lactococcus lactis subsp. lactis biovar diacetylactis to metabolise 
citrate is an important trait for the dairy industry. In this bacterium citrate 
metabolism is limited by the uptake of citrate through the citrate permease CitP 
(Harvey and Collins, 1962). It is known that CitP is induced at low pH (García-
Quintáns et al., 1998), but the role of citrate is still under debate (de Felipe et al., 
1996, Harvey and Collins, 1962, Magni et al., 1994, Smith et al., 1992). Moreover, 
the role of the plasmid copy number in regulating the citrate utilisation capacity 
has never been studied. To fill these knowledge gaps, we studied L. lactis 
chemostat cultures at different conditions with the objective to elucidate the role 
of pH, citrate and nutrient limitation in regulation of citrate utilisation. Our study 
revealed that amino acid limitation significantly increased the plasmid copy 
number of pLd1. Expression of citP was higher at low pH, but also the supply of 
citrate in the medium significantly increased transcription. An overview 
summarising all factors and their interactions affecting citrate utilisation is 
presented (Fig. 4.8). 
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Figure 4.8: Overview of the regulation of citrate uptake and metabolism in Lactococcus 
lactis biovar diacetylactis by the three investigated parameters: pH, citrate and nutrient 
limitation. Filled arrows represent a positive influence on the process or reaction. Dashed 
arrows represent effects found in other studies (Martín et al., 2004). Thicker arrows 
represent bigger effects. On the left side regulation of citP expression and translation is 
summarised showing regulation at the level of the plasmid copy number of pLd1 and citP 
expression. On the right side regulation of citrate metabolism is shown. Low pH increases 
acetoin production via induction of citrate lyase and the acetoin forming pathway. Low pH 
also stimulates homolactic fermentation compared with mixed acid fermentation. Amino acid 
limitation mainly results in lactic acid production. Abbreviations: Cit2-: divalent citrate; LA-: 
lactate; FA-: formate; OAA-: oxaloacetate; Pyr-: pyruvate; AA: acetic acid; Eth: ethanol; CL: 
citrate lyase; OAD: oxaloacetate decarboxylase; ALS: α-acetolactate synthase; ALD: α-
acetolactate decarboxylase; PFL: pyruvate formate lyase; LDH: lactate dehydrogenase. 

The plasmid copy number of pLd1 increased approximately 1.5-fold in cells 
cultivated at low pH or under amino acid limitation. The higher copy number can 
be ascribed to elevated plasmid replication rates because the growth rate was 
constant. The amino acid sequence of the replication initiation protein RepB 
revealed that plasmid pLd1 replicates via a theta type mechanism (del Solar et 
al., 1998). At the complementary strand of the repB gene, a small putative 
counter-transcript RNA (ctRNA) is encoded, which is located on the 5´-end of the 
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repB coding sequence (Suppl. Fig. S4.1). This ctRNA is similar to the ctRNA of 
pND324 (Duan et al., 1998) and might also be involved in inhibition of translation 
of repB by interacting with repB mRNA. By this mechanism the ctRNA could control 
the plasmid copy number. The role of pH and nutrient limitation in this regulation 
mechanism remains to be elucidated. 

In addition to the effect of plasmid pLd1 copy number, we confirmed that citP is 
induced at low pH (García-Quintáns et al., 1998). Moreover, our study 
demonstrates that citP expression is higher in cells when citrate is present during 
growth and that this correlates with higher citrate utilisation rates. The increased 
citrate utilisation capacity for cells grown in the presence of citrate was also found 
by Harvey and Collins (1962). However, Magni et al. (1994) and Smith et al. 
(1992) did not find an effect on the citrate uptake rate by supplementing M17 
growth medium with citrate. We demonstrated by enzymatic determination of 
citrate that M17 already contains 0.80±0.07 mM citrate, which probably results in 
induction of citP. The presence of citrate in M17 has been overlooked by many 
researchers (de Felipe et al., 1995, García-Quintáns et al., 1998, Magni et al., 
1994, Magni et al., 1999, Martín et al., 2004, Smith et al., 1992) and this most 
likely explains why those researchers did not find any effect of citrate on the 
regulation of citrate uptake and metabolism in L. lactis biovar diacetylactis. 

In various heterofermentative bacteria citrate does play a role in regulation of 
citrate uptake and metabolism. In Weissella paramesenteroides, citrate induces 
the cit operon via the transcriptional activator CitI (Martín et al., 2005). In addition 
to induction of the citI gene by the presence of citrate in the medium, citrate 
increases the DNA-binding affinity of CitI to its two operator sites enhancing 
recruitment of RNA polymerase at the promoters PcitI and Pcit (Martín et al., 
2005). In L. lactis, citI is induced at low pH (Martín et al., 2004). However, the 
effect of citrate on citI induction remains to be elucidated because all experiments 
in that particular study were performed with M17 grown cells. The promoter of 
citI in L. lactis contains an operator site for binding of CitI (Martín et al., 2005), 
and we speculate that the presence of citrate affects citrate uptake by modulating 
expression of citI. In promoter P1, which mainly drives citP expression, we found 
a putative operator site for CitI (Suppl. Fig S4.2). This operator site is located 121 
bp upstream of the transcription start site and might be involved in regulation of 
citP by citrate via CitI.  

Induction of promoter P1 results in a polycistronic mRNA containing citQ, citR and 
citP (de Felipe et al., 1995, 1996). CitQ and CitR are involved in post-
transcriptional regulation of CitP by processing the mRNA in a complex secondary 
structure (de Felipe et al., 1995, Drider et al., 1999). None of the tested 
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parameters in this study significantly affected the processing of the mRNA or the 
relation between citP expression and the citrate utilisation rate. This suggests that 
citrate utilisation was not regulated at the post-transcriptional level by any of 
these parameters. However, the amount of CitP protein has to be quantified to 
confirm this.  

Although transport of citrate has been reported to be limiting (Harvey and Collins, 
1962), enzymes responsible for citrate metabolism, i.e. citrate lyase and 
oxaloacetate decarboxylate, could become limiting under specific conditions. The 
genes encoding these enzymes are located on the chromosome in the citM-
citCDEFXG operon. Like the citQRP operon, this operon is induced at low pH 
resulting in increased activities of citrate lyase and oxaloacetate decarboxylase at 
low pH (Martín et al., 2004, Sender et al., 2004). Therefore, the very low citrate 
utilisation rate at pH 7 under lactose limitation in which citP is expressed could be 
caused by low activities of citrate lyase or oxaloacetate decarboxylase.  

In addition to regulating citrate uptake, pH plays a role in the metabolism of 
citrate. Both citrate lyase and α-acetolactate synthase have been shown to be 
induced in acidic environments (García-Quintáns et al., 2008, Martín et al., 2004). 
These enzymes convert citrate via pyruvate into C4-compounds acetoin and 
diacetyl. Therefore, induction of the genes encoding these enzymes most likely 
caused the increased acetoin yield at acidic conditions. Knowing the mechanisms 
governing citrate utilisation in Lactococcus lactis biovar diacetylactis will help to 
select conditions to improve flavour formation from citrate. 

Nucleotide sequence accession numbers 

The sequence of plasmid pLd8, pLd9, pLd10, pLd11 and pLd12 of Lactococcus 
lactis FM03-V1 has been deposited at GenBank under the accession numbers 
MF150536, MF150537, MG813924, MG813925 and MG813926. 
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Supplementary materials 

 

Supplementary Figure S4.1: Genetic organisation of the replicon of plasmid pLd1. 
Underlined nucleotides are -35 and -10 signals, the putative ribosome binding site (RBS) 
and the startcodon for repB (thick arrow). The two thin arrows indicate the inverted repeat 
IR2. The picture has been designed according to plasmid pND324 (Duan et al., 1998). 
Iteron: 2.9 times 22-bp direct repeats; SL1 and SL2: stem-loop structures in ctRNA.  
 

Supplementary Figure S4.2: Schematic representation of citQRP operon in Lactococcus 
lactis subsp. lactis biovar diacetylactis FM03-V1 with the putative CitI operator site. The 
arrow indicates the P1 promoter. The nucleotide sequence of the CitI operator site and the 
-10 and -35 signals are given together with the number of nucleotides between them.  
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Abstract 

Cheese ripening is a complex, time consuming and expensive process, which 
involves the generation of precursors from carbohydrates, proteins and fats and 
their subsequent conversion into a wide range of compounds responsible for the 
flavour and texture of the cheese. This study aims to investigate production of 
cheese aroma compounds outside the cheese matrix that could be applied for 
instance as food supplements in dairy or non-dairy products. In this study, aroma 
formation by a dairy Lactococcus lactis was analysed as a function of the growth 
medium (milk, hydrolysed micellar casein isolate (MCI) and chemically defined 
medium (CDM)) and the cultivation conditions (batch culture, retentostat culture 
and a milli-cheese model system). In the retentostat cultures, the nutrient supply 
was severely restricted resulting in low growth rates (~0.001 h-1), thereby 
mimicking cheese ripening conditions in which nutrients are scarce and bacteria 
hardly grow. In total 82 volatile organic compounds were produced by the 
bacteria. Despite the use of a chemically defined medium, retentostat cultures 
had the biggest qualitative overlap in aroma production with the milli-cheese 
model system (36 out of 54 compounds). In the retentostat cultures, 52 known 
cheese compounds were produced and several important cheese aroma 
compounds and/or compounds with a buttery or cheese-like odour increased in 
retentostat cultures compared to batch cultures and milli-cheeses, such as esters, 
methyl ketones, diketones and unsaturated ketones. In cultures on CDM and MCI, 
free fatty acids and their corresponding degradation products were 
underrepresented compared to what was found in the milli-cheeses. Addition of a 
mixture of free fatty acids to CDM and MCI could help to enhance flavour formation 
in these media, thereby even better resembling flavour formation in cheese. This 
study demonstrates that retentostat cultivation is the preferred method to 
produce cheese flavours outside the cheese matrix by mimicking the slow growth 
of bacteria during cheese ripening. 
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Introduction 

Ripening of cheese is a complex process in which the typical cheese 
characteristics, such as the flavour and texture, are formed by the action of 
numerous enzymes derived from the milk, the rennet, the starter bacteria and the 
non-starter bacteria (Fox et al., 2017). It primarily involves the generation of 
precursors from carbohydrates, proteins and fats and their conversion into a wide 
range of compounds responsible for the flavour and texture of the cheese (Smid 
and Kleerebezem, 2014). 

Cheese ripening is a slow and expensive process that can last from about two 
weeks, e.g. Mozzarella, to more than two years, e.g. Parmigiano-Reggiano 
(McSweeney, 2004). Consequently, there is a demand to accelerate this complex 
process while maintaining the flavour balance. Most of the methods to accelerate 
cheese ripening focus on enhancing proteolysis and lipolysis by for instance 
ripening at elevated temperatures, the addition of enzymes (e.g. lipases, 
proteinases and peptidases), microencapsulation of enzymes, using attenuated 
starter cultures, culture adjuncts and genetically modified cultures. Each of these 
methods have their advantages and disadvantages that are extensively reviewed 
by Azarnia et al. (2006), but have in common that they mainly enhance precursor 
formation and not their subsequent conversion into aroma compounds which 
requires intact cells with functional metabolic pathways (Smid and Kleerebezem, 
2014). 

From both a scientific and a technological perspective, it could be interesting to 
study aroma formation outside the cheese matrix. Such a study could provide new 
insights into for instance the origin of particular aroma compounds and how their 
formation is regulated. Moreover, such studies could help to optimise or steer 
aroma formation by lactic acid bacteria in such a way that these aroma compounds 
can be applied as food supplements in dairy or dairy-like products. 

It is important to realise that during the ripening of cheese the bacteria hardly 
grow, and this has been shown to affect the aroma formation (van de Bunt et al., 
2014, van Mastrigt et al., 2018a). Slow growth in the cheese matrix could be 
mimicked using retentostat cultivation, which is a modification of the chemostat 
cultivation in which the biomass is retained in the bioreactor using a filter in the 
effluent line (Ercan et al., 2015). However, milk cannot be used as medium in 
retentostat cultures due to clogging of the filter. Therefore, retentostat 
cultivations were carried out using a chemically defined medium with lactose, 
citrate and Bacto-tryptone as main carbon and nitrogen sources to mimic the 
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composition of milk as much as possible within the constraints imposed by the 
retentostat cultivation method. 

This study aimed at comparing aroma formation by the dairy Lactococcus lactis 
subsp. lactis biovar diacetylactis FM03-V1 during (i) growth in retentostat cultures 
using a chemically defined medium, (ii) in batch cultures using a chemically 
defined medium, hydrolysed micellar casein isolate (MCI) and milk, and (iii) in a 
milli-cheese model system (Spus et al., 2017). 

Materials and methods 

Strain and pre-culture conditions 

Lactococcus lactis subsp. lactis biovar diacetylactis FM03-V1 (van Mastrigt et al., 
2017, van Mastrigt et al., 2018b), which has been isolated from a 10-week-old 
Samsø cheese, was used in this study. For each cultivation, L. lactis was streaked 
on M17 plates (Oxoid, UK) supplemented with 0.5% (w/v) lactose (LM17) and 
incubated for 48 h at 30°C. A single colony was inoculated into appropriate liquid 
medium (chemically defined medium, hydrolysed MCI or milk) and incubated 
overnight at 30°C. These overnight cultures were used to prepare the milli-
cheeses and to inoculate the same media for the batch and retentostat 
cultivations.  

Medium 

Chemically defined medium (CDM) 

The chemically defined media contained 0.5% (w/w) lactose, 0.24% (w/w) 
(NH4)3citrate and 1% (w/w) Bacto-Tryptone as main carbon and nitrogen sources 
(van Mastrigt et al., 2018b) and the pH was standardised to 5.5 with HCl. To 
increase the buffering capacity the phosphate content was increased from 2.67 to 
6 g/kg KH2PO4 and from 0 to 6 g/kg K2HPO4 for batch cultivations. 

Hydrolysed micellar casein isolate  

Micellar casein isolate (MCI) powder was obtained from Arla Foods (Aarhus, 
Denmark) and stored as powder at 4°C until use. The MCI powder was dissolved 
in demineralised water to a protein content of 5.2%. Subsequently, the solution 
was heated to 92°C for 45 min and cooled down to 50°C. The pH was adjusted to 
8 with 6 M NaOH and 0.018% Alcalase® 2.4 L FG (Novozymes, Denmark) was 
added. After incubation at 50°C until the pH reached 7, a solution of 6 M NaOH 
was used to adjust the pH to 7 if required and 0.018% Neutrase 0.8L (Novozymes, 
Denmark) was added. After incubation for 4 hours, enzymes were inactivated at 
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85°C for 15 minutes. Subsequently, 0.027% Flavourzymes 1000L (Novozymes, 
Denmark) was added and the MCI solution was incubated for 18 hours at 50°C. 
Finally, enzymes were inactivated at 85°C for 15 minutes. After centrifugation for 
1 hour at 10°C at 15600×g, the hydrolysed MCI was sterilised by filtration through 
a 0.2 µm filter (Millipore, USA). 

Cultivations 

Batch cultures 

L. lactis was incubated in at least 5 independent batch cultures at 30°C for 2 
weeks. Three types of medium were used: full fat UHT milk, hydrolysed MCI and 
CDM. For the milk pre-cultures, skimmed UHT milk supplemented with 1% (w/w) 
Bacto-tryptone was used.  

Retentostat cultures 

Two independent retentostat cultivations were performed in bioreactors with a 1 
L working volume (Infors HT, Switzerland). The stirring speed was set at 400 rpm, 
the pH was controlled at 5.5 by automatic addition of 5 M NaOH and the 
temperature was kept at 30°C. The headspace was flushed with nitrogen gas at a 
flow of 0.1 L/min to maintain anaerobic conditions. After running the bioreactor 
for at least 5 volume changes in a chemostat mode at a dilution rate of 0.05 h-1, 
a polyethersulfone crossflow filter (Spectrum laboratories, USA) was connected to 
the effluent line in an outer loop to start the retentostat cultivation. Samples were 
taken every 3 to 4 days, and the aroma profile was compared with the other 
cultures after 2 weeks. 

Milli-cheese  

Milli-cheeses were made with pasteurised full-fat milk (Jumbo, Netherlands) 
according to Spus et al. (2017) with some adaptations. 1% (w/w) Bacto-tryptone 
was added to the milk so no caseinolytic strain had to be added. Forty-five 
millilitres milk was pre-heated at 30.5°C and 5 ml 10% Bacto-tryptone, 12.5 μl 
rennet, 20 μl of 33% (w/v) CaCl2 and 0.5 ml overnight culture were added and 
mixed. A 24-deep well plate was filled with 5 ml of this mixture per well and 
incubated at 32°C for 40 minutes on a thermoblock (Eppendorf, USA). 
Subsequently, the curd was cut with a custom-made sterile stirring device for 20 
minutes (stirring for 20 seconds, resting for 3 minutes) followed by 5 minutes of 
resting. The plate was sealed with an adhesive cover (Microseal®, Bio-Rad, USA) 
and centrifuged at 500×g for 30 minutes at 30°C. The whey was removed and 
replaced by 2 ml sterile water pre-heated at 45°C. The curd was cut for 40 minutes 
at 35°C and rested for 20 minutes. The plate was sealed again and centrifuged 
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for 1 hour at 4800×g at 30°C. After all the whey was removed, the plate was 
sealed with a gas-permeable seal (BREATHseal™, Greinier Bio One, Germany) and 
incubated at 30°C. After overnight incubation, 50 μl of a 19% (w/v) NaCl solution 
was added to each well followed by centrifugation for 5 minutes at 99×g. The 
plate was sealed with a gas-permeable seal, placed in a jar under anaerobic 
conditions and incubated at 12°C. After 1, 2, 4 and 8 weeks, 6 cheeses per time 
point were sampled for analysis of the volatile organic compounds.  

Cell dry weight determination 

The cell dry weight was determined as previously described (van Mastrigt et al., 
2018b). Approximately 3 mL sample was used for each determination.  

Cell viability detection 

The viability of cells in the culture was determined by LIVE/DEAD Baclight Bacterial 
Viability kit (Molecular Probes Europe, The Netherlands). Cells were stained by 
incubating 100 μl culture with 3.34 μM green fluorescent SYTO 9 and 20 μM red 
fluorescent propidium iodide for 10 minutes at room temperature in the dark. The 
number of green and red cells were counted after visualising them with an X-Cite 
120Q excitation light source (Excelitas, USA) at 1000 times magnification with a 
fluorescent microscope equipped with a camera (Olympus, Japan). Selected 
images for counting had at least 50 cells. 

Volatile organic compounds (VOCs) analysis 

One millilitre sample or approximately 0.5 g cheese was transferred to a 5 ml GC 
vial and stored at -20°C until analysis of the VOCs by headspace solid phase 
microextraction gas chromatography mass spectrometry (HS SPME GC-MS) 
according to van Mastrigt et al. (2018a). Aroma profiles were analysed with 
Chromeleon 7.2 software. The ICIS algorithm was used for peak integration and 
mass spectral profiles were matched with the NIST main library for identification. 
One peak (in general the higher m/z peak per compound) was used per compound 
for quantification and 1 or 2 peaks were used for confirmation. Compounds were 
only considered if the area of the quantitative peak was at least 3 times higher 
than the peak area in the medium in at least one sample and the peak area was 
higher than 500 count×min. Methyl esters, butyl esters and 1-butanol were 
removed from the analysis as their formation was dependent on the presence of 
methanol and butanol, which were not produced by the bacteria but present in 
the medium (1-butanol is used as solvent to make Bacto-tryptone). Alkanes were 
removed because they were not considered as important flavour compounds in 
cheese. Compounds were considered produced if the peak area was at least 1.5 
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times higher than the peak area in the medium and the peak area was higher than 
200 count×min. The aroma profiles of every biological independent culture was 
analysed once, except for the two retentostat cultures, which were analysed in 
duplicate. 

Results and discussion 

Lactococcus lactis FM03-V1 was grown in retentostat and batch cultures on a 
chemically defined medium (CDM) to determine the effect of the cultivation 
method, imposing slow and fast growth respectively, on the formation of aroma 
compounds. Furthermore, aroma formation was analysed in batch cultures using 
three different media (CDM, hydrolysed micellar casein isolate (MCI) and full fat 
milk) and in a milli-cheese model system, which could indicate the origin of the 
compounds and show which methods best resemble aroma formation during 
cheese ripening. We chose to use a milli-cheese model system instead of 
conventionally produced cheese making for several reasons: i) we wanted to use 
the single non-proteolytic strain L. lactis FM03-V1, which required the addition of 
an amino acid source to the milk; ii) milli-cheeses resemble conventionally 
produced cheeses very well including their flavour profile (Bachmann et al., 2009); 
iii) the milli-cheese system allowed for more replicates and different sampling 
times. 

In batch and retentostat cultures (liquid medium) L. lactis was incubated for 2 
weeks, while aroma formation in the milli-cheeses was analysed after 1, 2, 4 and 
8 weeks of ripening. During the retentostat cultivations, the biomass increased in 
2 weeks from 1 to 6 gDW/kg and the growth rate gradually decreased from 
0.05 h-1 to approximately 0.001 h-1 (Suppl. Fig. S5.1), while the viability remained 
always above 90% as determined by live/dead staining. In the batch cultivations, 
the bacteria grew fast in the first day after which the growth rate decreased due 
to nutrient depletion and/or low pH. 

Qualitative comparison of aroma production 

In total 82 aroma compounds were considered produced in the cultivations (in at 
least 1 sample at least a 3 times increase after fermentation and a peak area 
greater than 500 count×min). The produced compounds were qualitatively 
compared with each other in a heat map showing production of compounds in 
specific cultures (Fig. 5.1). Biological replicates had highly similar patterns in the 
heat map showing that aroma formation was reproducible. Furthermore, we found 
that both the cultivation method (batch cultivation, retentostat cultivation and 
milli-cheese) and the medium (CDM, MCI, milk) affected the formation of aroma 
compounds.  
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Figure 5.1: Production of VOCs by L. lactis FM03-V1. Colours represent the presence (black) 
or absence (white) of VOCs after two weeks incubation in batch cultures in chemically 
defined medium (CDM), hydrolysed micellar casein isolate (MCI), and full fat milk, or in 
retentostat cultures (RT) in CDM or in a milli-cheese model system after 1, 2, 4 or 8 weeks 
or ripening. The first column represents compounds that can be found in various cheeses 
(black: present; (Barbieri et al., 1994, Curioni and Bosset, 2002, Fernández-García et al., 
2002, Qian and Reineccius, 2002, Singh et al., 2003, van Leuven et al., 2008)). 

Fatty acids were not produced in MCI medium possibly due to the lack of fat in 
this medium. Interestingly, fatty acids were produced in CDM that also did not 
contain fat or free fatty acids indicating that free fatty acid were synthesised by 
the bacteria to end up in volatile aroma compounds. In the batch cultures with 
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milk several degradation products of amino acids were not found while being found 
in batch culture based on CDM and/or MCI, e.g. phenylethanol, 
benzeneacetylaldehyde, benzylalcohol, acetophenone, 3-(methylthio)propanol, 3-
(methylthio)propanal and dimethyltrisulfide. In CDM and MCI, amino acids were 
abundant due to addition of Bacto-tryptone and due to hydrolysis of the proteins, 
respectively. There were 10 compounds that were lacking in the batch cultures 
with CDM and milk while being present in the 8-week-old cheeses and retentostat 
cultures, which suggests that these compounds were only produced by slow 
growing cells. These compounds include ethyl esters (butanoic acid, ethyl ester, 
hexanoic acid, ethyl ester and octanoic acid, ethyl ester) and methyl ketones (2-
heptanone and 2-nonanone). The limiting compound in ethyl ester formation by 
lactic acid bacteria is considered to be ethanol (Liu et al., 2004). Notably, due to 
the low growth rates in retentostat cultures, L. lactis produces mainly ethanol, 
acetate and formate instead of lactate, thereby driving ethyl ester formation. Both 
esters and methyl ketones strongly contribute to the flavour of the cheese due to 
their low perception thresholds (Curioni and Bosset, 2002). Esters have fruity 
notes and are mainly found in Italian type cheese, while methyl ketones are 
associated with fruity, musty and blue cheese notes and are typically found in 
mould-ripened cheese. 

Thirteen (13) compounds were found only with milk as medium of which 7 
compounds were found only in the ripened cheese. These include alcohols (4-
methyl-1-heptanol, 6-methyl-1-heptanol, 3-ethyl-4-methylpentanol, 2-propanol, 
2-butanol, 2-pentanol and 2-heptanol) and ketones (2-octanone, 6-methyl-5-
hepten-2-one and δ-nonalactone) that most likely originate from degradation of 
milk fats. 

In total 27 compounds were identified that were not found in the 4- or 8-week-
old milli-cheeses, of which 24 were found in the retentostat cultures including 17 
compounds that can be found in ripened cheese (Barbieri et al., 1994, Curioni and 
Bosset, 2002, Fernández-García et al., 2002, Qian and Reineccius, 2002, Singh et 
al., 2003, van Leuven et al., 2008). These 24 compounds compounds include 2 
diketones with a buttery, cheesy flavour (2,3-pentanedione and 2,3-
heptanedione) (Burdock, 2010), 3 unsaturated ketones with a sweet, cheesy 
flavour (3-buten-2-one, 3-penten-2-one and 3-hepten-2-one) (Pripdeevech et al., 
2011), 4 unsaturated short aldehydes with a green fruity aroma (2-butenal, 3-
methyl-2-butenal, 2-methyl-2-butenal and 2-ethyl-2-butenal) (Luna et al., 2006) 
and 7 long straight-chain alcohols, ketones and aldehydes that have a relatively 
high perception threshold and are conceivably less important (1-dodecanol, 1-
tetradecanol, 1-hexadecanol, 2-tridecanone, 2-pentadecanone, tridecanal and 
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pentadecanal). Based on these odour descriptions, production of these compounds 
is considered positive. 

Comparing all produced aroma compounds with ripened milli-cheeses revealed 
that the aroma profile of the retentostat cultures had the biggest overlap with 8-
week-old milli-cheeses (36 compounds in common) despite the use of a chemically 
defined medium (Fig. 5.2). Moreover, many of the aroma compounds that were 
produced in the retentostat cultures but not in the milli-cheeses can be found in 
other types of cheeses (Barbieri et al., 1994, Curioni and Bosset, 2002, 
Fernández-García et al., 2002, Qian and Reineccius, 2002, Singh et al., 2003, van 
Leuven et al., 2008) and/or have an odour description that is considered positive. 
This shows that retentostat cultivation is an interesting technique to produce 
aroma compounds typical for cheese. 

 

Figure 5.2: Qualitative comparison of the production of VOCs by L. lactis FM03-V1. VOCs 
production was compared between the liquid cultures and a milli-cheese model system 
after 8 weeks of ripening. 

Quantitative comparison presence of aroma 

To identify compounds that were underrepresented in the retentostat cultures, we 
quantitatively compared aroma formation in the retentostat cultures with that in 
the 8-week-old cheese. We combined this information with the putative origin of 
the compounds indicating which substrates could be added to the medium to 
enhance flavour formation during retentostat cultivation to better resemble aroma 
formation during cheese ripening (Fig. 5.3). In total 25 out of 67 compounds found 
in the 8-week-old milli-cheese model system were found in higher amounts in the 
retentostat culture and 33 compounds were produced in the retentostat cultures 
but in lower amounts. Only 9 compounds were lacking in the retentostat cultures 
(peak area in retentostat culture <1% of milli-cheese).  
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Figure 5.3: Quantitative comparison of VOCs in retentostat cultures of L. lactis FM03-V1 
with a milli-cheese model system. Shades of grey correspond to the abundance relative to 
the 8-week-old milli-cheese (see legend at bottom of table). Black: similar or higher than in 
milli-cheese; grey: lower than in milli-cheese; white: absent. Production of compounds in 
bold was lower in the retentostat cultures but might increase by addition of free fatty acids 
to the medium. 
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Groups of compounds that were underrepresented in the retentostat cultures were 
mainly medium-chain free fatty acids, medium-chain methyl ketones, secondary 
alcohols, medium-chain primary alcohols and branched-chain primary alcohols 
(Fig. 5.3). These compounds most likely originate from the milk fats via lipolysis 
and subsequent conversion of the released free fatty acids to either methyl 
ketones and secondary alcohols via β-oxidation or primary alcohols and branched-
chain alcohols via reduction of the free fatty acids. Fat or free fatty acids were not 
present in the chemically defined medium and therefore the fatty acids that were 
found were synthesised by the bacteria. Fatty acids biosynthesis involves the 
addition of two carbon units in each cycle explaining why only even numbered 
fatty acids were found in the retentostat cultures. During β-oxidation, fatty acids 
are first oxidised to α-keto acids, which are further decarboxylated to their 
corresponding methyl ketones with one carbon atom less, such as 2-heptanone, 
2-nonanone and 2-undecanone. Ultimately, the methyl ketones can be reduced to 
secondary alcohols (Collins et al., 2003). Fatty acid biosynthesis in bacteria is 
regulated by product inhibition by long-chain acyl-ACPs (Jiang and Cronan, 1994) 
preventing high levels of fatty acid production. Therefore, it will be hard to find 
conditions to stimulate fatty acid production and it is more convenient to add fat 
or a mixture of free fatty acids to improve the production of fatty acid-related 
aroma compounds. Moreover, this enables the production of even numbered 
methyl ketones that are currently lacking in the retentostat cultures. Because fat 
will most likely impair the retentostat cultivation by clogging the filter, free fatty 
acids are preferred. Care should be taken with the addition of free fatty acids as 
high levels can lead to rancidity and unbalanced flavours (Collins et al., 2003). As 
fatty acids and their derived compounds were also lacking after fermentation of 
MCI (Suppl. Fig. S5.2), addition of free fatty acids could also improve flavour 
formation in MCI. 

Conclusions 

Aroma production by L. lactis was clearly affected by the type of medium (CDM, 
MCI or milk) and the cultivation method (batch, retentostat or milli-cheese). 
Aroma formation in a milli-cheese model system was best resembled using 
retentostat cultivation in which the bacteria hardly grew mimicking cheese 
ripening conditions. Retentostat cultivation resulted in the highest number of 
known cheese aroma compounds (52) and an increase in esters, methyl ketones, 
diketones and unsaturated ketones, which are important cheese flavours and/or 
have cheese-like or buttery flavours. In the retentostat cultures as well as in batch 
cultures with CDM and MCI, free fatty acids and their corresponding degradation 
products (methyl ketones, secondary alcohols and primary alcohols) were 
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underrepresented compared to the milli-cheese. Addition of a mixture of free fatty 
acids to CDM and MCI could help to enhance flavour formation in these media to 
better resemble flavour formation in cheese. This study shows that typical cheese 
aroma compounds can be produced by lactic acid bacteria outside the cheese 
matrix, which offers opportunities for future applications as food supplements in 
dairy or non-dairy products.  
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Supplementary materials 

 
Supplementary Figure S5.1: Biomass accumulation of L. lactis FM03-V1 in two 
independent retentostat cultures at a dilution rate of 0.05 h-1 and the corresponding growth 
rates. Squares and triangles represent biomass concentrations of retentostat 1 and 2, 
respectively. Dashed and dotted lines represent the estimated growth rates in retentostat 
culture 1 and 2, respectively. Error bars represent the standard deviation of technical 
duplicates. 
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Supplementary Figure S5.2: Quantitative comparison of the volatile organic compounds 
in liquid cultures of L. lactis FM03-V1 and in a milli-cheese model system after 1, 2, 4 and 8 
weeks of ripening. Shades of grey correspond to the abundance relative to the 8-week-old 
milli-cheese (see legend at bottom of table). Black: similar or higher than milli-cheese; grey: 
lower than in milli-cheese; white: absent. B: batch cultivation; RT: retentostat cultivation, 
CDM: chemically defined medium; MCI: hydrolysed micellar casein isolate medium.  
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Abstract 

During food fermentation processes like cheese ripening, lactic acid bacteria (LAB) 
encounter long periods of nutrient limitation leading to slow growth. Particular LAB 
survive these periods while still contributing to flavour formation in the fermented 
product. In this study the dairy Lactococcus lactis biovar diacetylactis FM03-V1 is 
grown in retentostat cultures to study its physiology and aroma formation capacity 
at near-zero growth rates. During the cultivations, the growth rate decreased from 
0.025 h-1 to less than 0.001 h-1 in 37 days, while the viability remained above 
80%. The maintenance coefficient of this dairy strain decreased by a factor 7 at 
near-zero growth rates compared to high growth rates (from 2.43±0.35 to 
0.36±0.03 mmol ATP.gDW-1.h-1). In the retentostat cultures, 62 different volatile 
organic compounds were identified by HS SPME GC-MS. Changes in the aroma 
profile resembled some of the biochemical changes occurring during cheese 
ripening and reflected amino acid catabolism, metabolism of fatty acids and 
conversion of acetoin into 2-butanone. Analysis of complete and cell-free samples 
of the retentostat cultures showed that particular lipophilic compounds, mainly 
long-chain alcohols, aldehydes and esters, accumulated in the cells, most likely in 
the cell membranes. In conclusion, retentostat cultivation offers a unique tool to 
study aroma formation by lactic acid bacteria under industrially relevant growth 
conditions. 

  



Physiology and aroma formation of L. lactis at near-zero growth rates 

109 
 

Introduction 

In natural environments, microorganisms generally live in a feast or famine 
existence due to variable availabilities of nutrient and energy sources (Koch, 1971, 
Morita, 1993) and it has been suggested that energy limitation is the prevailing 
physiological state among microorganisms on Earth (Brock, 1971, Morita, 1997). 
The physiological state of these organisms is poorly represented in laboratory 
experiments with nutrient-rich batch cultures, in which metabolic rates are several 
orders of magnitude higher than in oligotrophic environments (Hoehler and 
Jorgensen, 2013). Also during particular industrial fermentations bacteria may 
experience strongly restricted access to nutrients for long periods of time. For 
instance, during cheese ripening lactic acid bacteria (LAB) encounter such 
conditions (Martley and Crow, 1993, McSweeney and Fox, 2004, Thomas and 
Pearce, 1981). This leads to severe reduction of the growth rate. Particular LAB 
survive these periods of extremely slow growth, while still contributing to aroma 
formation in the fermented product (Erkus et al., 2013). 

Conditions of strong nutrient restriction and extremely slow growth could be 
mimicked in the laboratory using retentostat cultivation (Boender et al., 2009). 
This unique fermentation technique is a modification of chemostat cultivation in 
which culture effluent is removed, but biomass is retained by a filter in the effluent 
line. Because nutrients are continuously fed to the reactor while biomass is 
retained, biomass will accumulate leading to a gradual decrease in the substrate 
availability per cell. Metabolic energy is distributed to either growth or non-growth 
(maintenance) processes (Pirt, 1965). When the maintenance energy coefficient 
is assumed to be growth rate independent as proposed by Pirt (Pirt, 1965), the 
decreasing substrate availability leads to growth rates approaching zero. Finally, 
all metabolic energy that can be derived from the substrate will be used for 
maintenance processes. 

Retentostat cultivation has been used for studying the physiology of some 
industrially relevant microorganisms, like Saccharomyces cerevisiae, Bacillus 
subtilis, Lactobacillus plantarum and Lactococcus lactis (Boender et al., 2009, 
Ercan et al., 2013, Ercan et al., 2015a, Goffin et al., 2010, Overkamp et al., 2015). 
Doubling times increased till one year and the viability remained high. Different 
adaptation strategies were observed, like alternative carbon-source utilisation, 
upregulation of stress response genes and increased robustness (Boender et al., 
2011, Ercan et al., 2015a, Ercan et al., 2015b, Vos et al., 2016). However, the 
effect of extremely slow growth on aroma formation has never been studied using 
retentostat cultivation. Moreover, the study with L. lactis was performed with the 
plant-associated L. lactis subsp. lactis KF147, while the main aroma producers of 
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this species during cheese ripening are strains of L. lactis subsp. lactis biovar 
diacetylactis (Erkus et al., 2013). This biovariety is able to consume citrate, which 
can be converted into the buttery aromas diacetyl and acetoin (Harvey and Collins, 
1961). 

Besides these buttery aromas, various other categories of compounds are 
responsible for aroma in fermented foods, such as alcohols, aldehydes, ketones, 
fatty acids, esters and sulphur compounds (Engels et al., 1997). Precursors for 
these compounds originate from all main components in food materials (i.e. 
proteins, lipid and carbohydrates) (Smit et al., 2005b). Conversion of most 
precursors into aroma compounds relies on functional metabolic pathways (Smid 
and Kleerebezem, 2014) and microorganisms might activate certain pathways in 
response to specific conditions.  

In this study, a dairy strain of Lactococcus lactis subsp. lactis biovar diacetylactis 
was grown in retentostat cultures to study the effect of near-zero growth rates on 
the physiology and aroma formation capacity of this bacterium.  

Materials and methods 

Strain and media 

In this study Lactococcus lactis subsp. lactis biovar diacetylactis FM03-V1 has 
been used, which has been isolated from 10-week-old Samsø cheese (van Mastrigt 
et al., 2018). For chemostat and retentostat cultivations, the bacteria were 
streaked from a -80°C stock on M17 agar plates supplemented with 0.5% (w/v) 
lactose (LM17). After incubation at 30°C for 2 days, a single colony was inoculated 
in 10 mL lactose-limited chemically defined medium (van Mastrigt et al., 2018) 
and grown overnight at 30°C. This overnight culture was used to inoculate the 
bioreactor at 1% (v/v) inoculation level. The chemically defined medium that was 
used for all retentostat cultivations contained as main carbon and nitrogen sources 
0.5% (w/w) lactose, 10 mM (NH4)3citrate and 1% (w/w) Bacto-Tryptone and was 
prepared in 20 L batches. For chemostat cultivations, the media contained either 
0 or 10 mM (NH4)3citrate. 

Chemostat cultivation 

Bacteria were grown at dilution rates between 0.05 and 0.4 h-1 in bioreactors with 
a working volume of 0.5 L (Multifors, Infors HT, Switzerland). The stirring speed 
was set at 300 rpm, the temperature was kept constant at 30°C and the pH was 
controlled at 5.5 by automatic addition of 5 M NaOH. The headspace was flushed 
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with nitrogen gas at a rate of 0.1 L/min to maintain anaerobic conditions. The 
optical density at 600 nm was continuously measured using an internal probe 
(Trucell2, Finesse, USA). Samples were taken after reaching steady state 
conditions, which were considered to be achieved after a minimum of five volume 
changes at which the optical density remained constant. The dilution rate was 
changed by controlling the feed rate, which was monitored by continuously 
weighing the medium vessel.  

Retentostat cultivation 

Independent retentostat cultivations were performed in bioreactors with a working 
volume of 1 L (Multifors, Infors HT, Switzerland). All conditions were the same as 
in the chemostat cultivation except that a stirring speed of 400 rpm was used. 
After a steady state was achieved in a chemostat cultivation at a dilution rate of 
0.025 h-1, retentostat cultivation was initiated by removing the effluent via a 
sterilisable polyethersulfone cross-flow filter (Spectrum laboratories, USA). This 
filter was connected via an outer loop. Residence times of biomass in the outer 
loop were minimised. As removal of samples could interfere with biomass 
accumulation, sample volumes and frequency were minimised to maximum 10 ml 
every 3 to 4 days. 

Cell dry weight determination 

The cell dry weight was determined as described by van Mastrigt et al. (2018). 
Briefly, 2 and 5 ml sample was passed through a pre-weighted 0.2 µm membrane 
filter (Pall Corporation, USA) by a vacuum filtration unit. Subsequently, the filter 
was dried at 80°C for 48 hours and weighted again on an analytical balance.  

Analysis of extracellular metabolites 

Lactose, citrate, lactate, acetate, ethanol, formate, pyruvate and acetoin were 
quantified by High Performance Liquid Chromatography (HPLC) as described by 
van Mastrigt et al. ( 2018).  

Volatile organic compounds analysis 

VOC detection by HS SPME GC-MS 

To determine the volatile organic compounds (VOCs), 100 µl sample was 
transferred to a 5 ml GC vial. Samples were kept frozen (-20°C) until analysis by 
headspace solid phase microextraction gas chromatography mass spectrometry 
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(HS SPME GC-MS) (van Rijswijck et al., 2017). Samples were defrosted and 
incubated for 5 minutes at 60°C with agitation. Subsequently, volatile organic 
compounds were extracted from the samples for 20 minutes at 60°C using a Solid 
Phase Microextraction fiber (85 mm CAR/PDMS, Supelco, USA). The compounds 
were desorbed from the fiber for 10 minutes on a Stabilwax®-DA-Crossband®- 
Carbowax®-polyethylene-glycol column (30 m length, 0.25 mmID, 0.5 μm df). 
The settings on the gas chromatograph were PTV Split-less mode 5 minutes at 
250°C. Helium was used as carrier gas at a constant flow of 1.5 ml/min. The 
temperature of the GC oven was initially 40°C. After 2 minutes, the temperature 
was raised to 240°C at a rate of 10°C/min and kept at 240°C for 5 minutes. Mass 
spectral data was collected over a range of m/z 33-250 in full scan mode with 
3.0030 scans/second. 

VOC identification and quantification 

VOC profiles were analysed with Chromeleon 7.2 software. The ICIS algorithm 
was used for peak integration and the NIST main library was used for identification 
by matching mass spectral profiles with the profiles in NIST. One quantifying peak 
(in general the highest m/z peak per compound) was used per compound for 
quantification, while 1 or 2 confirming peaks were used for confirmation.  

VOC statistics 

Every sample was analysed in duplicate and the average was taken of these 
technical replicates. To identify if compounds were produced by the bacteria, we 
used the criteria that the quantifying peak area in the retentostat samples had to 
be higher than the quantifying peak area in the medium. To determine if 
production of the volatile organic compounds changed in time, linear mixed-
effects modelling was used to correct for the nested structure of the data: samples 
were taken at different times from the same cultivation. Therefore, time nested 
within cultivation was used as random factor. A linear mixed effect model (LME) 
with time as explanatory variable was compared with a generalised least-squares 
model (GLS) by restricted maximum likelihood estimation (REML). A compound 
was considered to change significantly in time if the P value for the fixed factor 
time was lower than 0.00094 (Bonferroni correction; p<0.05/53)  

To analyse if compounds were located in the cells, the volatile organic compounds 
of complete samples and cell-free samples were quantified. Subsequently, paired 
t-tests were performed for each compound to determine if compounds were 
significantly more abundant in complete samples. To correct for the large number 
of compounds, Bonferroni correction was used (P value < 0.05/61) 
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LogP  

The octanol-water partitioning coefficient (logPoct/wat) was either taken from 
literature (Burkhard et al., 1985, Hansch et al., 1995, Sangster, 1989, Tewari et 
al., 1982, Valvani et al., 1981, Yamagami et al., 1991) or if not found in literature 
it was predicted by EPIWEB 4.1 software. 

Cell viability 

The viability of cells in the culture was determined by LIVE/DEAD Baclight Bacterial 
Viability kit (Molecular Probes Europe, The Netherlands). To stain the bacteria, 
100 µl culture was incubated with 3.34 µM green fluorescent SYTO 9 and 20 µM 
red fluorescent propidium iodide for 10 minutes at room temperature in the dark. 
A fluorescent microscope was used for visualisation and estimation of the number 
of green and red cells. In addition, appropriate dilutions of the culture in peptone 
physiological salt solution were plated in duplicate on LM17 plates for 
quantification of colony forming units (CFUs).  

Scanning electron microscopy 

The morphology of the cells was analysed by scanning electron microscopy (SEM). 
Samples were centrifuged (17000×g for 1 minute), washed with peptone 
physiological salt solution (PPS) and resuspended in PPS. A droplet of the 
suspension was placed onto poly-L-lysine coated coverslips (Corning BioCoat, 
USA) and allowed to stand for 1 hour at room temperature. After rinsing in 
phosphate buffered saline (PBS), the samples were fixed in 3% glutaraldehyde in 
buffer for 1 hour. This was followed by further rinsing and post-fixing in 1% 
osmium tetroxide in buffer for 1 hour. Subsequently, the samples were 
dehydrated in a graded series of ethanol followed by critical point drying with CO2 
(Leica EM CPD300, Leica Microsystems, Germany). The coverslips were fitted onto 
sample stubs using carbon adhesive tabs and sputter coated with 10 nm tungsten 
(Leica SCD500). Samples were imaged at 2 KV, 6 pA, at room temperature in a 
field emission scanning electron microscope (Magellan 400, FEI Company, USA).  

Substrate utilisation capacity 

The lactose and citrate utilisation capacity were determined by monitoring the 
decrease in lactose and citrate in time in cell suspension as previously described 
(van Mastrigt et al., 2018). Briefly, 10 ml cell suspension of exponentially or 
retentostat-grown cells was centrifuged at 6000×g for 5 minutes. The pellets were 
washed with physiological salt solution and resuspended in chemically defined 
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medium of pH 5.5 and incubated at 30°C. This medium was equal to the 
chemically defined medium used for the retentostat cultivation except that acetate 
was omitted. Samples were taken at regular intervals followed by direct 
centrifugation (17000×g for 1 minute at 4°C). The supernatant was stored 
at -20°C until determination of the lactose and citrate concentration by HPLC. The 
lactose and citrate utilisation capacity was calculated by dividing the lactose and 
citrate utilisation rate by the dry weight concentration, which was determined just 
before the first cell harvesting step. 

Protein content  

The protein content was determined by cell lysis using bead-beating followed by 
protein determination using the Pierce™ Coomassie Plus (Bradford) assay kit 
(Thermo Scientific, USA). Cells were either harvested at the end of retentostat 
cultures or from batch cultures in the exponential phase. For the batch cultures, 
L. lactis FM03-V1 was streaked onto a LM17 plate and incubated for 3 days at 
30°C. A single colony was inoculated in chemically defined medium with lactose 
and citrate as main carbon sources and grown overnight at 30°C. One ml was 
transferred to 14 ml fresh medium and incubated for 3 hours at 30°C. When the 
optical density at 600 nm reached 0.5-0.6, 5 ml was used to determine the cell 
dry weight according to the previous described protocol. The remaining sample 
was centrifuged (6000×g, 5 minutes) and washed three times with 1 ml 0.85% 
NaCl. The sample was resuspended in 1 ml demineralised water and transferred 
to a lysis matrix tube (Matrix B, 0.1 mm silica spheres, Bio-Rad). The suspension 
was bead-beated in six cycles of 30 seconds beating (6.0 m/s; Bio-Rad Fastprep-
24) and 5 minutes cooling on ice. Subsequently, tubes were centrifuged (17000×g 
for 20 seconds) and the supernatant was transferred to a new tube and used for 
the protein determination.  

For the retentostat cultivations, cells were harvested at the end of the cultivation 
(37 days). The biomass concentration was determined as described before. Due 
to the high biomass concentration only 0.5 mL sample was used. The cells were 
washed three times with 1 ml 0.85% NaCl and resuspended in 1 ml demineralised 
water. The rest of the protocol is the same as for the batch cultures described 
before.  

The protein concentration in the suspensions was determined with the Pierce™ 
Coomassie Plus (Bradford) assay kit (Thermo Scientific, USA) according to the 
manufacturer’s procedure. Bovine serum albumin (BSA) was used as standard. 
Both standards and samples were analysed in triplicate. The protein content was 



Physiology and aroma formation of L. lactis at near-zero growth rates 

115 
 

determined for three independent batch cultures and two independent retentostat 
cultures were analysed in triplicate. 

Modelling biomass accumulation for estimation maintenance 

The accumulation of biomass was modelled using a modified Verseveld equation 
(van Verseveld et al., 1986), in which the metabolic changes resulting in a 
different ATP yield on substrate were taken into account: 

𝐶𝐶𝑋𝑋(𝑡𝑡) = �𝐶𝐶𝑋𝑋,0 −
𝐷𝐷·�𝐶𝐶𝑆𝑆,𝑖𝑖𝑖𝑖−𝐶𝐶𝑆𝑆�·𝑌𝑌𝐴𝐴𝐴𝐴𝐴𝐴/𝑆𝑆 

𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴
� · 𝑒𝑒−𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴·𝑌𝑌𝑥𝑥/𝐴𝐴𝐴𝐴𝐴𝐴

𝑚𝑚𝑚𝑚𝑥𝑥 ·𝑡𝑡 + 𝐷𝐷·�𝐶𝐶𝑆𝑆,𝑖𝑖𝑖𝑖−𝐶𝐶𝑆𝑆�·𝑌𝑌𝐴𝐴𝐴𝐴𝐴𝐴/𝑆𝑆 
𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴

    (6.1) 

in which CX is the biomass concentration (gDW/kg), CX,0 is the initial biomass 
concentration (gDW/kg), D is the dilution rate (h-1), CS,in is the substrate 
concentration in the medium (14.6 mmol/kg lactose and 10 mmol/kg citrate), CS 
is the substrate concentration in the effluent, YATP/S is the ATP yield on substrate 
(mol ATP/CmolS), mATP is the maintenance coefficient (mol ATP.gDW-1.h-1), 
YX/ATPmax is the maximum biomass yield on ATP (gDW/mol ATP) and t is the time 
(h). 

The ATP yield on substrate was calculated based on the measured metabolite 
production rates using equation 6.2: 

𝑌𝑌𝐴𝐴𝐴𝐴𝐴𝐴/𝑆𝑆 =  𝑅𝑅𝑙𝑙𝑚𝑚𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙𝑙𝑙+𝑅𝑅𝑙𝑙𝑙𝑙ℎ𝑚𝑚𝑖𝑖𝑎𝑎𝑙𝑙+𝑅𝑅𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑚𝑚𝑙𝑙𝑙𝑙+ 2·𝑅𝑅𝑚𝑚𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑖𝑖𝑖𝑖+ 2·𝑅𝑅𝑚𝑚𝑙𝑙𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙𝑙𝑙+2·𝑅𝑅𝑙𝑙𝑖𝑖𝑙𝑙𝑝𝑝𝑚𝑚𝑙𝑙𝑙𝑙
−(12·𝑅𝑅𝑙𝑙𝑚𝑚𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙+6·𝑅𝑅𝑙𝑙𝑖𝑖𝑙𝑙𝑝𝑝𝑚𝑚𝑙𝑙𝑙𝑙)            (6.2) 

in which Ri is the production rate (mol/h) of compound i. Based on chemostat 
cultivations with and without citrate, it was assumed that uptake of 1 mol citrate 
and its conversion to pyruvate generated 1 mol ATP. 

Input data for the modelling were the online optical density measurements, which 
were first converted into biomass dry weight concentrations using a second-order 
polynomial relation (Suppl. Fig. S6.1). For fitting the data to equation 6.1, two 
different models were used: i) both YX/ATPmax and mATP were constant and fitted 
and ii) YX/ATPmax was estimated from chemostat cultivations between 0.05 and 
0.4 h-1 and the mATP was linearly dependent on the biomass specific ATP 
production rate (qATP) with a maximum mATPmax (equation 6.3).  

𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑎𝑎 + 𝑏𝑏 ·  𝑞𝑞𝐴𝐴𝐴𝐴𝐴𝐴 𝑤𝑤𝑤𝑤𝑡𝑡ℎ 𝑚𝑚𝑎𝑎𝑡𝑡𝑎𝑎 ≤ 𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴
𝑚𝑚𝑎𝑎𝑚𝑚        (6.3) 

For this model, a, b and mATPmax were fitted. Because qATP and the growth rate are 
related to each other, both models are equivalent when mATP ≤ mATPmax 
(Supplement A), although the interpretation is different. The second model 
represents the situation that the maintenance coefficient changes at very low 
metabolic activities and thus at very low growth rates, while the first model would 
assume a different maximum biomass yield in chemostat and retentostat cultures. 
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The variable parameters were optimised by minimising the sum of squared errors 
between the model and the data. This was done using the solver add-in of Excel. 

Results 

Biomass accumulation, viability and cell morphology 

Lactococcus lactis subsp. lactis biovar diacetylactis FM03-V1 was grown 
anaerobically in retentostat cultivations on a chemically defined medium 
containing both lactose and citrate. Two independent cultivations of 37 days were 
performed to investigate physiological adaptations of this dairy strain towards 
near-zero growth rates (retentostat 1 and 2). During the cultivations the biomass 
concentration and the corresponding growth rates were determined every 3 to 4 
days (Fig. 6.1). 

In both cultures the biomass concentration continuously increased and the growth 
rate gradually decreased till less than 0.001 h-1 at the end of the cultivation. This 
corresponds to a doubling time of more than one month. The culture viability was 
determined using SYTO 9 and propidium iodide (PI) as fluorescent markers 
combined with fluorescent microscopy. The population was divided into two 
subpopulations based on the staining characteristics: i) strong green and weak 
red fluorescence was considered to represent live cells with intact cell membranes, 
ii) strong red fluorescence was considered to represent damaged or dead cells, of 
which the cell membrane is permeable to PI. During cultivation 1, the viability, 
which was calculated by dividing the number of living cells by the total number of 
cells, gradually decreased from 99±1% to 79±4% (Fig. 6.2A). 

 
Figure 6.1: Growth of L. lactis FM03-V1 during retentostat cultivation. Circles and squares 
represent data points of retentostat cultivation 1 and 2, respectively. At time zero a 
chemostat culture in steady state was switched to retentostat mode by insertion of a filter 
in the effluent line. A: measured biomass concentration; data points represent average ± 
standard deviation of duplicate samples. B: Calculated specific growth rates based on the 
cell dry weight measurements. 
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To determine the number of cells that remained culturable during the cultivations, 
serial dilutions were plated on LM17 plates. The plate counts hardly increased 
during the cultivations (Fig. 6.2B), while the biomass concentrations increased 
8-fold (Fig. 6.1A). This difference could not be explained by increased chain 
lengths of the bacteria because the average chain length even decreased 
approximately 2-fold during the cultivation from 13 to 7 cells per chain (Suppl. 
Fig. S6.2). The above observations indicate that a large fraction of the bacteria 
remained viable but lost culturability on LM17 plates. The morphology of the 
retentostat-grown cells was examined using scanning electron microscopy (Fig. 
6.3). This showed that the population became more heterogeneous during the 
cultivations and the fraction of cells with an altered appearance gradually 
increased. These cells were bigger or longer (more rod-shaped) (Suppl. Fig. S6.3). 
Moreover, the surface of these altered cells was rougher than that of fast growing 
cells and was comparable to the cell surface near the division plane of growing 
cells (compare cells at t=0 and t=37 in Fig. 6.3). 

 
Figure 6.2: Culturable cells and viability of L. lactis FM03-V1 during retentostat cultivation. 
At time zero a chemostat culture in steady state was switched to retentostat mode by 
insertion of a filter in the effluent line. A: Viability of cells in retentostat cultivation 1 
determined using SYTO 9 and propidium iodide as fluorescent markers followed by 
fluorescent microscopy and manual counting. Cells with strong green and weak red 
fluorescence were considered live and cells with weak green and strong red fluorescence 
were considered dead. Data points represent the average ± standard deviation of at least 
five pictures taken from the same sample. B: Culturable cells from retentostat 1 (circle) and 
2 (square) determined by plating on M17 supplemented with 0.5% lactose. Data points 
represent average ± standard deviation of duplicate samples.  
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Figure 6.3: Morphology of L. lactis FM03-V1 during cultivation in retentostat 1 analysed 
using scanning electron microscopy. Similar morphology was found for cells in retentostat 
2. Samples were taken at different time points and stored at -20°C until used for analysis 
by scanning electron microscopy. Morphology of cells was not affected by the freezing (data 
not shown). White bars correspond to 1 µm.  

Metabolism 

Concentrations of the main carbon sources (lactose and citrate) and the main 
fermentation products (lactate, acetate, ethanol, formate, acetoin and pyruvate) 
were determined with HPLC. In all cultivations no residual lactose and citrate was 
detected. Lactose and citrate were mainly converted into a mixture of lactate, 
formate, acetate and ethanol, but also small amounts of acetoin and pyruvate 
were detected. The product concentrations were converted into production rates 
using the effluent rate and compared with the consumption rates of lactose and 
citrate to determine how substrate was distributed over the various metabolic 
pathways of L. lactis (Fig. 6.4).  
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Figure 6.4: Metabolite production by L. lactis FM03-V1 during retentostat cultivation. Left: 
Distribution of pyruvate over five different metabolic pathways during retentostat cultivation 
1 and 2. The distribution is normalised to 100%. Every colour corresponds to a particular 
pathway highlighted in the right picture: LDH (purple), PFL (red), PDH (green), ALS (pink), 
pyruvate efflux (orange). Circles and squares represent the electron-balances of retentostat 
1 and 2, respectively, which were calculated based on the degree of reduction of the main 
substrate and products. At time zero a chemostat culture in steady state was switched to 
retentostat mode by insertion of a filter in the effluent line. Right: Overview of the central 
metabolism of L. lactis FM03-V1 during growth on lactose and citrate according to 
stoichiometry. Reactions are normalised based on the production or consumption of 1 
pyruvate or 1 acetyl-CoA. LDH: lactate dehydrogenase; PFL: pyruvate formate lyase; PDH: 
pyruvate dehydrogenase; ALS: acetolactate synthase; ALD: acetolactate decarboxylase; 
PTA: phosphotransacetylase; ACK: acetate kinase; ADH: alcohol dehydrogenase. 

During the first 10 days of retentostat cultivation, lactate production via lactate 
dehydrogenase relatively increased from approximately 50% to 60-70%, while 
acetate and ethanol production via acetyl-CoA forming reactions decreased from 
40-50% to 30%. This distribution remained constant during the rest of the 
cultivations. During retentostat cultivation 2, acetoin production decreased from 
11% to approximately 2%. In contrast, in retentostat cultivation 1 only 2% of the 
substrate was converted into acetoin throughout the cultivation. In both 
cultivations formate production rates were low compared to production rates of 
ethanol and acetate (even after correction for acetate production by citrate lyase). 
This indicates that pyruvate formate lyase (PFL) was not the only enzyme 
producing acetyl-CoA and most likely pyruvate dehydrogenase (PDH) was active 
despite the anaerobic conditions.  
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Maintenance requirements  

The maximum biomass yield on ATP (YX/ATPmax) and the maintenance coefficient 
(mATP) were estimated by fitting the biomass accumulation data to a modified 
Verseveld equation in which changes in metabolism were taken into account (Eq. 
6.1). Two models were used: i) both YX/ATPmax and mATP were constant and fitted 
and ii) YX/ATPmax was constant and estimated from chemostat cultivations, while 
mATP was fitted and linearly dependent on the biomass specific ATP production 
rate (qATP) with a maximum mATPmax. The models were compared based on i) how 
well they fitted the biomass accumulation, ii) the estimated biomass 
concentrations in the chemostat phase and iii) biological interpretation of changes 
in YX/ATPmax and mATP. The biomass concentration in the chemostat was estimated 
using equation 6.4 (derivation in Supplement B). 

𝐶𝐶𝑚𝑚,𝑐𝑐ℎ𝑒𝑒𝑚𝑚𝑒𝑒𝑒𝑒𝑡𝑡𝑎𝑎𝑡𝑡 = 𝐷𝐷·(𝐶𝐶𝑙𝑙,𝑖𝑖𝑖𝑖−𝐶𝐶𝑙𝑙,𝑎𝑎𝑝𝑝𝑙𝑙)·𝑌𝑌𝐴𝐴𝐴𝐴𝐴𝐴/𝑆𝑆 
𝐷𝐷

𝑌𝑌𝑥𝑥/𝐴𝐴𝐴𝐴𝐴𝐴
𝑚𝑚𝑚𝑚𝑥𝑥 +𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴

     (6.4) 

Both models fitted the biomass accumulation very well, but only for model 2 the 
obtained YX/ATPmax and mATP could also predict the biomass concentration in the 
chemostat phase (~0.6 gDW/kg) (Table 6.1 and Suppl. Fig. S6.4). Moreover, 
model 1 predicted a 4 times lower YX/ATPmax during retentostat cultivation 
compared to chemostat cultivation, which is unlikely because the YX/ATPmax is 
assumed to be a constant growth parameter when using the same medium and 
environmental conditions. In contrast, model 2 assumed the same YX/ATPmax as in 
chemostat cultivations and predicted that the maintenance requirement gradually 
decreased and approached a minimum of 0.36±0.03 mmol ATP.gDW-1.h-1.  

It has been suggested that microorganisms can adapt to situations of extreme 
calorie restriction and lower their maintenance requirements (Kempes et al., 
2017). We conclude that model 2 better describes the physiological changes 
during retentostat cultivation, which suggests that the maintenance coefficient of 
our L. lactis strain decreases at near-zero growth rates. Using model 2, the growth 
rate was predicted and plotted against the biomass specific ATP production rate 
(qATP) and compared with data from chemostat cultivations used to estimate the 
YX/ATPmax and mATP (Fig. 6.5). This shows that these estimates are only valid at 
growth rates above approximately 0.01 h-1. At near-zero growth rates, the ATP 
required for growth is significantly lower than predicted from the chemostat 
cultivations due to the decreasing maintenance requirements.
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Figure 6.5: Relation between the specific growth rate and the biomass specific ATP 
production rate (qATP) in chemostat and retentostat cultivations. Data from chemostat 
cultivations with and without citrate as co-substrate are represented by squares and circles, 
respectively. The black lines in the inset represent linear regression lines of the chemostat 
data points used to estimate the maximum biomass yield on ATP and the maintenance 
coefficient. Dotted lines in the inset represent the 95% confidence intervals of these linear 
regression lines. The biomass specific ATP production rate and growth rate in retentostat 
cultivations 1 and 2 were calculated based on biomass predictions of model 2 and shown by 
blue and red lines, respectively. Axis titles in the inset are the same as the main figure. 

Maintenance components 

Kempes et al. (2017) determined for a wide range of cell sizes what the major 
components of the maintenance requirements are. For L. lactis with a volume of 
about 5.10-19 m3 (sphere with a diameter of 1 μm) it is expected that protein 
repair and maintaining trans-membrane proton gradients are the major 
constituents of the maintenance and other components, like RNA turnover, play a 
minor role. Due to the smaller surface to volume ratio in bigger cells, proton 
leakage is generally smaller in bigger cells. Both in this study and in retentostat 
studies with the plant-associated L. lactis KF147 the cell size increased (Ercan et 
al., 2013). However, the cell size decreased for microorganisms upon starvation 
(Lever et al., 2015). This suggests a different response towards starvation and 
near-zero growth conditions.  
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Figure 6.6: Protein content and substrate utilisation rate of L. lactis FM03-V1 grown on 
chemically defined medium with citrate in either batch (filled bars) or retentostat cultures 
(open bars). Cells were grown in three independent batch cultures and were harvested in 
exponential phase. For the retentostat cultivations, cells were harvested at the end of the 
cultivation (37 days). A: Protein content. RT1 and RT2 represent retentostat cultivation 1 
and 2, respectively. Error bars represent the standard deviation of triplicate measurements. 
B: Substrate utilisation rates of lactose and citrate. Only retentostat culture 1 has been 
analysed. The error bars represent the standard deviation of biological triplicates. 

One way for a cell to minimise its energy need for protein repair is to decrease its 
protein content. The protein content was determined at the end of the retentostat 
cultivations and compared with the protein content of exponentially growing cells. 
The protein content was not significantly different between fast and slow growing 
cell cultures suggesting that the bacteria adapted in a different way to extreme 
calorie restriction (Fig. 6.6A).  

The in vivo utilisation capacity of lactose and citrate of retentostat-grown cells 
was compared with exponentially grown cells to see adaptation at the level of 
enzyme capacities. The lactose and citrate utilisation capacity were 11 and 18-
fold lower in the retentostat-grown cells, respectively (Fig. 6.6B). This suggests 
that the bacteria might have adapted to the extreme calorie restriction by reducing 
the repair and/or replacement of damaged proteins resulting in a similar protein 
content but less functional proteins.  

Aroma formation during retentostat cultivation 

During the retentostat cultivations, samples were taken to monitor the formation 
of volatile organic compounds (VOCs) using headspace solid phase 
microextraction gas chromatography (HS SPME GC-MS). Samples were analysed 
without removal of cells because particular aromas might be located in the cells 
due to their hydrophobic nature. In total 62 compounds were identified. 
Comparison of peak areas of each compound in retentostat samples and medium 
samples, revealed that 56 compounds were higher in concentration in the 
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retentostat samples and therefore considered to be produced during the 
cultivation. The produced compounds were assigned to different groups of 
chemicals: acids, alcohols, aldehydes, ketones, esters, sulphur-containing 
compounds, pyrazines, and other compounds (Suppl. Table S6.1, Fig. 6.7). The 
compounds mainly originated from primary metabolism and the degradation of 
amino acids (methionine, isoleucine, leucine, phenylalanine, threonine and 
tyrosine) and fatty acids.  

The abundance of 14 compounds significantly changed in time and thus were 
affected by the low growth rates. These compounds include products of amino 
acid degradation (benzaldehyde, benzeneacetyladehyde, 3-(methylthio)-propanal 
and acetophenone), products of degradation of medium and long chain fatty acids 
(octanoic acid, 2-heptanone, tridecanal, 1-tetradecanol, 1-hexadecanol and 
decanoic acid, ethyl ester), and some other compounds (3-methyl-2-butenal, 
2,3-dimethylpyrazine, 2,5-dimethylpyrazine, 3-methyl-1-hexanol). All of these 
compounds increased in time (Fig. 6.8), which suggests that production of these 
compounds increases in cells that are growing very slowly. 

 

Figure 6.7: Composition of the volatile organic compounds produced by L. lactis during 
retentostat cultivations. Every pie sector corresponds to a group of compounds (Suppl. Table 
6.1) and the colour represents if the group is found in cheese (orange to yellow) or not 
(grey). Five studies describing aroma compounds in various cheeses, including Gouda, 
Cheddar, Parmigiano-Reggiano and Parmasan, were selected for comparison (Barbieri et al., 
1994, Curioni and Bosset, 2002, Qian and Reineccius, 2002, Singh et al., 2003, van Leuven 
et al., 2008).
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Fat-derived compounds play a crucial role to achieve a balanced cheese flavour 
(Urbach, 1993). Although milk fat and fatty acids were not present in the 
chemically defined medium, some fat-related compounds were produced (Suppl. 
Table S6.1) and some even increased during the cultivations (tridecanal, 
1-tetradecanol, 1-hexadecanol and decanoic acid, ethyl ester) (Fig. 6.8). These 
compounds might originate from the turnover or degradation of phospholipids of 
the cell membrane. Interestingly, these compounds were hardly detected in cell-
free samples in which cells were removed by centrifugation (data not shown). This 
shows that these compounds were associated with cells.  

Partitioning of VOCs 

To get further insight in the partitioning of compounds, we compared the VOC 
profiles of complete samples (cells and extracellular liquid) and cell-free samples 
(only extracellular liquid; cells removed by centrifugation). Sixteen compounds 
were significantly more abundant in the complete samples (Suppl. Fig. S6.5) 
indicating that significant fractions of these compounds were located in the cells. 
More hydrophobic compounds were relatively more abundant in the cells (Fig. 6.9) 
suggesting that the hydrophobic compounds predominantly accumulated in the 
cell membrane. Because cells were retained in the retentostat cultivation, also 
these aroma compounds were retained, which explains why some fat-related 
compounds increased in time (Fig. 6.8). 

 
Figure 6.9: Abundance of compounds in complete samples and cell-free samples as function 
of their hydrophobicity (logPoct/water). Filled circles represent compounds that were 
significantly more abundant in complete samples and their names are given. Open circles 
represent compounds that were not significantly more abundant in complete samples. Data 
of both cultivations was taken into account by plotting the abundances in complete and cell-
free samples (Suppl. Fig. S6.5), calculating the slopes and taking the logarithm of these 
slopes.  
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Discussion 

Physiology of L. lactis at near-zero growth rates 

The physiology of a dairy Lactococcus lactis subsp. lactis biovar diacetylactis 
growing at near-zero growth rates has been investigated by inducing extreme 
carbon and energy limitation using retentostat cultivation. Biomass accumulation, 
culturability, viability, morphology and metabolite production were analysed 
revealing physiological adaptations to near-zero growth rates. Moreover this is, to 
the best of our knowledge, the first study of aroma formation during the 
retentostat cultivations revealing changes in the secondary metabolism of this 
bacteria upon extreme calorie restriction. 

During 37 days of retentostat cultivation, the biomass concentration increased 
8-fold while the growth rate decreased till less than 0.001 h-1. Compared to the 
plant-associated L. lactis KF147, biomass accumulated much slower and no 
plateau was reached within 37 days. This was most likely caused by adaptation of 
the strain to the near-zero growth rates resulting in decreased maintenance costs. 
Decreasing maintenance costs during retentostat cultivation has also been 
described for Pichia pastoris and Pseudomonas putida (Panikov et al., 2015, 
Rebnegger et al., 2016). After 37 days of retentostat cultivation, the estimated 
maintenance coefficient of L. lactis FM03-V1 was approximately 7-fold lower than 
the value observed during chemostat cultivation and was similar to the 
maintenance coefficient of L. lactis KF147 (1.04±0.07 and 1.11±0.04 
mCmolS.gDW-1.h-1, respectively) (Ercan et al., 2013). Kempes et al. (2017) 
combined data about maintenance costs from a very broad range of organisms 
and concluded that protein repair and proton leakage are the main components 
of the maintenance costs for organisms with a diameter of approximately 1 μm. 
Lahtvee et al. (2014) measured protein turnover rates in L. lactis and showed that 
protein turnover accounts for the highest maintenance costs in L. lactis. Moreover, 
they showed that the protein turnover rate decreases at lower growth rates. In 
our study the capacity to utilise lactose and citrate significantly decreased in 
retentostat-grown cells compared to exponential growing cells, while the protein 
content remained constant. In a retentostat study with Lactobacillus plantarum 
the protein content also remained constant (Goffin et al., 2010). We speculate 
that the bacteria might have adapted to the nutrient limitation by decreasing the 
protein turnover (i.e. repair and replacement of damaged proteins). This would 
result in less functional proteins (lower capacity), while the amount of proteins 
will remain the same (same protein content) and could greatly reduce the energy 
required for protein repair. Such response has also been observed for Bacillus 
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subtilis and Saccharomyces cerevisiae, which showed a reduced expression of the 
translational machinery during retentostat cultivation (Boender et al., 2011, 
Overkamp et al., 2015). 

Comparing the biomass yield on substrate and maintenance coefficient of L. lactis 
FM03-V1 to other strains revealed that this strain, when grown in chemostat 
cultures, has very similar growth parameters as other dairy L. lactis strains 
(Adamberg et al., 2003, Meghrous et al., 1992, Otto et al., 1980, Ten Brink et al., 
1985, Thomas et al., 1979). The low maximum biomass yield on substrate in 
combination with the high maintenance costs of dairy strains suggests adaptation 
towards the nutrient-rich dairy environment. In contrast, the plant-associated 
environment is commonly classified as a poor condition for microbial growth due 
to low pH, high osmolarity and/or low nutrient conditions and therefore the plant-
isolated L. lactis KF147 may have evolved to these harsh environments by 
minimising its maintenance costs (Ercan et al., 2013). 

During the cultivations, a significant fraction of the population lost the ability to 
grow on LM17 plates, while maintaining a high viability as determined by staining 
with SYTO 9 and propidium iodide. The increase in viable but non-culturable cells 
(VBNC) has also been observed for Pseudomonas putida during retentostat 
cultivation and was linked to a decreased ribosome content in VBNC cells (Panikov 
et al., 2015). Also during cheese ripening L. lactis loses the capability to grow on 
M17 plates, while remaining its transcriptional activity (Desfossés-Foucault et al., 
2013, Ruggirello et al., 2014, Ruggirello et al., 2016). A relative increase in VBNC 
cells during cheese ripening was also found by quantification of culturable cells 
(by plate counting) and viable cells (using qPCR with a propidium monoazide 
treatment) (Erkus et al., 2013, Erkus et al., 2016).  

Based on the metabolite production profile, we concluded that despite the 
anaerobic conditions pyruvate dehydrogenase was active and responsible for part 
of the conversion of pyruvate into acetyl-CoA. In L. lactis, pyruvate 
dehydrogenase (PDH) is highly sensitive for the NADH/NAD ratio, which prevents 
in vivo activity under aerobic conditions (Condon, 1987, Snoep et al., 1992, Snoep 
et al., 1993), but apparently a small activity remained under anaerobic conditions. 
The highest flux through PDH was 0.26 mmol.gDW-1.h-1 which is lower than found 
as in vitro activity for PDH for L. lactis MG1363 grown under anaerobic conditions 
at a dilution rate of 0.1 h-1 (Jensen et al., 2001). This indicates that PDH activity 
was in absolute terms not high in this experiment, but relatively abundant because 
all other metabolic fluxes were also very low in retentostat cultivation. This allows 
relatively low metabolic fluxes to contribute significantly to the overall metabolism 
during retentostat cultivation.  
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Aroma formation in retentostat cultures resembles aroma formation 
during cheese ripening 

Volatile organic compounds (VOCs) were analysed to detect changes in the 
secondary metabolism of the bacterium and to compare aroma formation at near-
zero growth rates and during cheese ripening. Of the VOCs that were produced 
during the retentostat cultivations, 79% can be found in ripened cheese (Suppl. 
Table S6.1). Production of particular aroma compounds increased at near-zero 
growth rates including some specific cheese flavours thereby resembling reactions 
occurring during cheese ripening. 

Degradation of amino acids is a major source of flavour compounds in cheese 
(Yvon and Rijnen, 2001). In the retentostat cultivations in total 12 amino acid 
degradation products were identified that could originate from degradation of 
phenylalanine, tyrosine, threonine, methionine, leucine and isoleucine. The 
abundance of some of these products increased significantly in time 
(benzaldehyde, benzeneacetaldehyde, 3-(methylthio)propanal and 
acetophenone) indicating that production of these compounds was higher in a 
culture growing very slowly. Although products of branched chain amino acids 
degradation are important flavours produced by L. lactis during cheese ripening, 
production of these compounds was limited. This can be explained by the large 
deletion in the gene encoding the branched chain α-keto acid decarboxylase 
(kdcA) in L. lactis FM03-V1 as also described for L. lactis IL1403 (Smit et al., 
2005a). 

Ketones are common constituents of cheese and especially methyl ketones are 
known for their contribution to the aroma of blue-veined and surface mould-
ripened cheese (Curioni and Bosset, 2002). 2-Heptanone has a blue cheese note 
and its formation in surface-ripened cheese has been related to the enzymatic 
activity of moulds, which convert octanoic acid into 2-heptanone (Gehrig and 
Knight, 1961). In the retentostat cultures both octanoic acid and 2-heptanone 
increased in time suggesting that also L. lactis is able to produce 2-heptanone and 
that production of 2-heptanone is increased in cells growing at near-zero growth 
rates. During retentostat cultivation 1, 2-butanone increased 9-fold, while the 
acetoin concentration remained low (Suppl. Fig. S6.6). Acetoin might have been 
continuously produced, but further converted into 2-butanone resembling 
reactions during cheese ripening (Keen et al., 1974). This would also explain the 
higher abundance of 2-butanone in retentostat 2 in which slightly more acetoin 
was produced at the onset of the cultivation (Suppl. Fig. S6.6). 
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During the retentostat cultivations several ethyl and butyl esters increased in 
time. Butyl esters can be formed by condensation of a carboxylic acid with 
1-butanol, which was present in high concentrations in the medium as part of the 
Bacto-tryptone, and are generally not found in cheese. Most common in cheese 
are ethyl esters of straight-chain fatty acids of C2-C10, which could be formed 
enzymatically by the bacteria by condensation of ethanol and a carboxylic acid 
(Curioni and Bosset, 2002, Liu et al., 2004a). These ethyl esters are responsible 
for the fruitiness of Italian-type cheeses, but at high concentrations they result in 
a fruity off-flavour. In general, ethanol is the limiting factor in ester synthesis in 
cheese (Liu et al., 2004a, Thierry et al., 2006). In contrast, the ethanol 
concentration in the retentostat cultures was high due to the mixed acid 
fermentation behaviour of the culture, which resulted in formation of various 
esters. In L. lactis FM03-V1 the estA gene encodes an alcohol acyltransferase, 
which might be responsible for the ester formation (Liu et al., 2004b, Nardi et al., 
2002).  

In all retentostat cultivations 3-methyl-2-butenal increased in time. The odour of 
this compound has been described as almond (Burdock, 2010) and as cheese, 
fruity and green (Curioni and Bosset, 2002) and this compound is sometimes 
found in cheese (Gogus et al., 2006, Majcher et al., 2010, Majcher et al., 2011) 
and yoghurt (Cheng, 2010). Based on metabolism of L. lactis, we speculate that 
this compound is chemically produced from dimethylallyl pyrophosphate (DMAPP), 
which is the end-product of the mevalonate pathway required for isoprenoid 
synthesis. Therefore, the increase in 3-methyl-2-butenal suggests accumulation 
of DMAPP caused by the near-zero growth rates. 

Several pyrazines were produced during the retentostat cultivations. Pyrazines 
have an earthy, roasty odour and are important contributors to cheese flavour, 
especially in Cheddar and Gruyère (Curioni and Bosset, 2002). The pyrazines 
found in this study can be linked to enzymatic reactions involving diketones, such 
as 2,3-butanedione (diacetyl) and 2,3-pentanedione (Dickschat et al., 2010). 

Although fat and fatty acids were not present in the chemically defined medium, 
some fat-related compounds were produced and even increased during the 
retentostat cultivations. Most likely these compounds originated from the turnover 
of phospholipids of the cell membrane or from degradation of phospholipids of 
dead cells. Most of the fat-related compounds are hydrophobic and therefore 
accumulate in the lipid bilayer of the cytoplasmic membrane. Because cells were 
retained in the bioreactor, also these hydrophobic compounds were largely 
retained and also accumulated in time.  
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In conclusion, this study shows that retentostat cultivation is a unique tool to 
study microorganisms under industrially relevant conditions of slow growth. 
Physiological responses of L. lactis subsp. lactis biovar diacetylactis in the 
retentostat cultivations show similarities with the in situ behaviour of this lactic 
acid bacterium during cheese ripening e.g. viable but non-culturable cells and 
characteristic aroma formation. The similarities in aroma formation between 
lactococcal cells captured in the cheese matrix and cells in a retentostat 
bioreactor, indicates that retentostat cultivation might not only be used as study 
platform, but also as production platform for specific cheese aromas. 
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Supplementary materials  

Supplementary Table S6.1: Volatile organic compounds produced by L. lactis during 
retentostat cultivation and their putative origin. Compounds in bold can be found in cheese 
(Barbieri et al., 1994, Curioni and Bosset, 2002, Qian and Reineccius, 2002, Singh et al., 
2003, Van Leuven et al., 2008). Compounds with an asterisk significantly increased during 
the retentostat cultivations. The number of compounds per group and their presence in 
cheese has been is summarised in Figure 6.8. 

Group Compound Putative origin Reference 

Acid 
 
 

Acetic acid Primary metabolism  
Butanoic acid Fatty acid biosynthesis  
Hexanoic acid Fatty acid biosynthesis  
Octanoic acid* Fatty acid biosynthesis  
Nonanoic acid Fatty acid biosynthesis  

Alcohol  
 
 
 
 
 
 
 
 
 

Ethanol Primary metabolism  
2-Methyl-1-butanol Isoleucine (Yvon and Rijnen, 2001) 
3-Methyl-1-butanol Leucine (Yvon and Rijnen, 2001) 

3-Methyl-3-buten-1-ol IPP  
(mevalonate pathway) (This study) 

3-Methyl-2-buten-1-ol DMAPP  
(mevalonate pathway) (This study) 

Benzylalcohol Phenylalanine (Nierop Groot and de 
Bont, 1998) 

2-Phenylethanol Phenylalanine (Yvon and Rijnen, 2001) 
Phenol Tyrosine (Yvon and Rijnen, 2001) 

1-Nonanol Fatty acid  
1-Dodecanol Phospholipid (This study) 

1-Tetradecanol* Phospholipid (This study) 
1-Hexadecanol* Phospholipid (This study) 

3-Methyl-1-hexanol* -  
1-(4-Methylphenyl)ethanol -  

Aldehyde 
 
 
 
 
 
 

Acetaldehyde Threonine / Glycine (Collins et al., 2003) 

2-Butenal Acetaldehyde (aldol 
condensation) 

(Hashimoto and 
Kuroiwa, 1975) 

3-Methyl-2-butenal* DMAPP (mevalonate 
pathway) (This study) 

Benzaldehyde* Phenylalanine / 
Tryptophan 

(Singh et al., 2003, 
Yvon and Rijnen, 2001) 

Benzeneacetaldehyde* Phenylalanine (Yvon and Rijnen, 2001) 
Nonanal Fatty acid (Collins et al., 2003) 
Decanal Fatty acid (Collins et al., 2003) 

Tridecanal* Phospholipid (This study) 
Pentadecanal Phospholipid (This study) 

Ketone 
 
 
 
 

2-Butanone Fatty acid or acetoin (Keen et al., 1974) 
Acetoin  

(3-hydroxy-2-butanone) Primary metabolism  

Diacetyl (2,3-butanedione) Primary metabolism (Ott et al., 2000) 
2,3-Pentanedione Threonine (Ott et al., 2000) 

2-Heptanone* Octanoic acid (Gehrig and Knight, 
1961) 

Acetophenone* Phenylalanine (Singh et al., 2003) 
Ester  

 
 
 

Formic acid, ethyl ester Formic acid + ethanol  
Formic acid, butyl ester Formic acid + butanol  

Acetic acid, ethyl ester Acetic acid + ethanol  
Acetic acid, butyl ester Acetic acid + butanol  
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Butanoic acid, ethyl ester Butanoic acid + ethanol  
Butanoic acid, butyl ester Butanoic acid + butanol  
Hexanoic acid, ethyl ester Hexanoic acid + ethanol  
Octanoic acid, ethyl ester Octanoic acid + ethanol  

Octanoic acid, butyl ester Octanoic acid + butanol  
Decanoic acid, ethyl ester* Decanoic acid + ethanol  

Sulphur-
containing 

3-(Methylthio)-1-propanol Methionine (Yvon and Rijnen, 2001) 
3-(Methylthio)-1-propanal* Methionine (Yvon and Rijnen, 2001) 

Dimethyltrisulfide Methionine (Yvon and Rijnen, 2001) 
Dimethyl sulfone Methionine  

Pyrazine 

2,3-Dimethylpyrazine* Acetoin + glyoxal (Dickschat et al., 2010) 
2,5-Dimethylpyrazine* Methylglyoxal (Dickschat et al., 2010) 
2,6-Dimethylpyrazine Methylglyoxal (Dickschat et al., 2010) 

Trimethylpyrazine Acetoin + methylglyoxal (Dickschat et al., 2010) 
Tetramethylpyrazine Acetoin (Dickschat et al., 2010) 

2-Ethyl-6-methylpyrazine Methylglyoxal +  
2-oxo-butanal 

(Dickschat et al., 2010) 

Trimethylethylpyrazine Acetoin +  
2,3-pentadione 

(Dickschat et al., 2010) 

Other Trimethyloxazole Acetoin + acetic acid (Dickschat et al., 2010) 
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Supplementary Figure S6.1: Relation between optical density at 600 nm measured by an 
internal probe and the biomass concentration during two independent retentostat 
cultivation. The 95% confidence interval is given with the dotted lines. Circles and squares 
represent retentostat 1 and 2, respectively.  

 

 

Supplementary Figure S6.2: Average chain length during retentostat cultivation 1. The 
chain length of 19 to 66 chains per sample was determined by manually counting of cells on 
microscopic pictures. Chains had similar lengths in retentostat cultivation 2. At time zero a 
chemostat culture in steady state was switched to retentostat mode by insertion of a filter 
in the effluent line. Error bars represent the standard error.  
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Supplementary Figure S6.3: Cumulative probability distribution of the length of L. lactis 
FM03-V1 cells during retentostat 1 at various time points. The length of more than 100 cells 
per time point was determined with ImageJ based on scanning electron microscopy pictures. 
Blue, red, green, purple and orange represent time point 0, 7, 21, 34 and 37 days in 
retentostat cultivation, respectively. 

 

 

Supplementary Figure S6.4: Growth of L. lactis FM03-V1 during retentostat cultivation. 
Blue and red solid lines represent the online optical density measurements at 600 nm of 
retentostat cultivation 1 and 2, respectively, which are converted to cell dry weight 
concentrations with a second-order polynomial function (Suppl. Fig. S1). Dashed lines 
represent predictions of the biomass concentration by model 2. At time zero a chemostat 
culture in steady state was switched to retentostat mode by insertion of a filter in the effluent 
line.
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Supplementary Figure S6.6: Abundances of acetoin (open) and 2-butanone (closed) 
during retentostat cultivation 1 (left, circles) and 2 (right, squares). At time zero a chemostat 
culture in steady state was switched to retentostat mode by insertion of a filter in the effluent 
line. Error bars represent the standard deviation of technical duplicates. 
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Supplement A: Equivalence of model 1 and 2 

Model 1 (fitted YX/ATPmax and mATP) and model 2 (estimated YX/ATPmax from 
chemostat cultivations and mATP linearly dependent on qATP) are equivalent to each 
other if mATP is smaller than mATPmax as proved by the following derivation. 

In both models it was assumed that ATP was used for growth and maintenance 
processes and the division depends on the maximum biomass yield on ATP 
(YX/ATPmax) and the maintenance coefficient (mATP). This assumption can be 
described with equation S6.1. 

𝑞𝑞𝐴𝐴𝐴𝐴𝐴𝐴 = µ
𝑌𝑌𝑥𝑥/𝐴𝐴𝐴𝐴𝐴𝐴
𝑚𝑚𝑚𝑚𝑥𝑥 + 𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴          (S6.1) 

For model 1 we assumed a constant mATP and YX/ATPmax, for model 2 we assumed 
that the maintenance coefficient was linearly dependent on the biomass specific 
ATP production rate. 

𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑎𝑎 + 𝑏𝑏 · 𝑞𝑞𝐴𝐴𝐴𝐴𝐴𝐴       (S6.2) 

Substitution of equation S6.2 in equation S6.1 gives: 

𝑞𝑞𝐴𝐴𝐴𝐴𝐴𝐴 = µ
𝑌𝑌𝑥𝑥/𝐴𝐴𝐴𝐴𝐴𝐴
𝑚𝑚𝑚𝑚𝑥𝑥 + 𝑎𝑎 + 𝑏𝑏 · 𝑞𝑞𝐴𝐴𝐴𝐴𝐴𝐴           (S6.3) 

Isolation of qATP in equation S6.3 gives: 

𝑞𝑞𝐴𝐴𝐴𝐴𝐴𝐴 =  µ
(1−𝑏𝑏)·𝑌𝑌𝑥𝑥/𝐴𝐴𝐴𝐴𝐴𝐴

𝑚𝑚𝑚𝑚𝑥𝑥 + 𝑎𝑎
1−𝑏𝑏

         (S6.4) 

Equation S6.4 is equivalent to equation S6.1 because a, b and YX/ATPmax are all 
constants. Comparison of equation S6.1, describing model 1, and equation S6.4, 
describing model 2, gives the relationship between the YX/ATPmax and mATP of model 
1 and 2. 

𝑌𝑌𝑚𝑚/𝐴𝐴𝐴𝐴𝐴𝐴,1
𝑚𝑚𝑎𝑎𝑚𝑚 = (1 − 𝑏𝑏) · 𝑌𝑌𝑚𝑚/𝐴𝐴𝐴𝐴𝐴𝐴,2

𝑚𝑚𝑎𝑎𝑚𝑚            (S6.6) 

𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴,1 = 𝑎𝑎
1−𝑏𝑏

     (S6.7) 
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Supplement B: Derivation of equation 6.4 – prediction of biomass 
concentration in the steady state of a chemostat cultivation 

The change in substrate in the bioreactor depends on the influx of substrate 
(Fin · Cs,in), the efflux of residual substrate (Fout · Cs,out) and the consumption of 
substrate by the bacteria (qs · Cx · V). 

𝑑𝑑(𝑉𝑉·𝐶𝐶𝑙𝑙)
𝑑𝑑𝑡𝑡

= 𝐹𝐹𝑖𝑖𝑖𝑖 · 𝐶𝐶𝑒𝑒,𝑖𝑖𝑖𝑖 − 𝐹𝐹𝑒𝑒𝑜𝑜𝑡𝑡 · 𝐶𝐶𝑒𝑒,𝑒𝑒𝑜𝑜𝑡𝑡 −  𝑞𝑞𝑒𝑒 · 𝐶𝐶𝑚𝑚 · 𝑉𝑉         (S6.8) 

In the chemostat the volume is kept constant and therefore we assume that the 
flow of medium to the bioreactor is equal to the efflux of spent medium: 
Fin = Fout = F. Therefore, we can rewrite equation S6.8 to:  

𝑑𝑑𝑐𝑐𝑙𝑙
𝑑𝑑𝑡𝑡

= 𝐹𝐹
𝑉𝑉

· (𝐶𝐶𝑒𝑒,𝑖𝑖𝑖𝑖 − 𝐶𝐶𝑒𝑒,𝑒𝑒𝑜𝑜𝑡𝑡) −  𝑞𝑞𝑒𝑒 · 𝐶𝐶𝑚𝑚              (S6.9) 

When the chemostat is in a steady state, there is no change in the substrate 
concentration (dCs/dt = 0) giving: 

0 =  𝐹𝐹
𝑉𝑉

· (𝐶𝐶𝑒𝑒,𝑖𝑖𝑖𝑖 − 𝐶𝐶𝑒𝑒,𝑒𝑒𝑜𝑜𝑡𝑡) −  𝑞𝑞𝑒𝑒 · 𝐶𝐶𝑚𝑚            (S6.10) 

Isolating the biomass concentration gives: 

𝐶𝐶𝑚𝑚 =
𝐹𝐹
𝑉𝑉

·(𝐶𝐶𝑙𝑙,𝑖𝑖𝑖𝑖−𝐶𝐶𝑙𝑙,𝑎𝑎𝑝𝑝𝑙𝑙)

𝑞𝑞𝑙𝑙
        (S6.11) 

The biomass specific substrate consumption rate qs can be expressed in the 
biomass specific ATP consumption rate and the ATP yield on substrate. 

𝑞𝑞𝑒𝑒 = 𝑞𝑞𝐴𝐴𝐴𝐴𝐴𝐴
𝑌𝑌𝐴𝐴𝐴𝐴𝐴𝐴/𝑆𝑆

                 (S6.12) 

Substitution of equation S6.12 in equation S6.11 gives: 

𝐶𝐶𝑚𝑚 =
𝐹𝐹
𝑉𝑉

·(𝐶𝐶𝑙𝑙,𝑖𝑖𝑖𝑖−𝐶𝐶𝑙𝑙,𝑎𝑎𝑝𝑝𝑙𝑙)
𝑞𝑞𝐴𝐴𝐴𝐴𝐴𝐴
𝑌𝑌𝐴𝐴𝐴𝐴𝐴𝐴/𝑆𝑆

                   (S6.13) 

ATP is used for growth and maintenance processes and the division depends on 
the maximum biomass yield on ATP (YX/ATPmax) and the maintenance coefficient 
(mATP). 

𝑞𝑞𝐴𝐴𝐴𝐴𝐴𝐴 =  µ
𝑌𝑌𝑥𝑥/𝐴𝐴𝐴𝐴𝐴𝐴
𝑚𝑚𝑚𝑚𝑥𝑥 + 𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴        (S6.14) 

Substitution of equation S6.14 in equation S6.13 followed by some 
rearrangements gives: 

𝐶𝐶𝑚𝑚 =
𝐹𝐹
𝑉𝑉
∗(𝐶𝐶𝑙𝑙,𝑖𝑖𝑖𝑖−𝐶𝐶𝑙𝑙,𝑎𝑎𝑝𝑝𝑙𝑙)·𝑌𝑌𝐴𝐴𝐴𝐴𝐴𝐴/𝑆𝑆 

µ
𝑌𝑌𝑥𝑥/𝐴𝐴𝐴𝐴𝐴𝐴
𝑚𝑚𝑚𝑚𝑥𝑥 +𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴

           (S6.15) 
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In the steady state of a chemostat, the growth rate µ equals the dilution rate 

µ = 𝐷𝐷 = 𝐹𝐹
𝑉𝑉
                 (S6.16) 

Substitution of equation S6.16 in equation S6.15 gives: 

 𝑐𝑐𝑚𝑚 = 𝐷𝐷·(𝐶𝐶𝑙𝑙,𝑖𝑖𝑖𝑖−𝐶𝐶𝑙𝑙,𝑎𝑎𝑝𝑝𝑙𝑙)·𝑌𝑌𝐴𝐴𝐴𝐴𝐴𝐴/𝑆𝑆 
𝐷𝐷

𝑌𝑌𝑥𝑥/𝐴𝐴𝐴𝐴𝐴𝐴
𝑚𝑚𝑚𝑚𝑥𝑥 +𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴

            (S6.17) 
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Abstract 

Lactococcus lactis biovar diacetylactis and Leuconostoc mesenteroides are 
considered to be the main aroma producers in Dutch-type cheeses. Both species 
of lactic acid bacteria were grown in retentostat mono- and co-cultures to 
investigate their interaction at near-zero growth rates and to determine if 
co-cultivation enhances the aroma complexity compared to single species 
performance. While the growth rates of both species decreased to less than 
0.001 h-1, the viability of the cells remained above 80%. However, a large fraction 
lost the ability to grow on agar plates indicating that cells were viable but not 
culturable (VBNC). Compared to Lc. mesenteroides, L. lactis reached a 3.4-fold 
higher biomass concentration caused by i) a higher ATP yield on substrate, ii) a 
higher biomass yield on ATP and iii) a lower maintenance requirement. Dynamic 
models estimated that the maintenance coefficient (mATP) of both species 
decreased approximately 7-fold at near-zero growth rates compared to high 
growth rates. These dynamic models were extended to predict accumulation of 
both species in retentostat co-cultures by assuming equal uptake kinetics of both 
species for lactose and citrate. This resulted in good prediction of the biomass 
accumulation with L. lactis dominating the co-culture (ratio of 100:1) in a similar 
way as observed in ripened cheese. In total, 47 aroma compounds were produced 
by both species of which 17 and 5 were found to be specific for L. lactis and Lc. 
mesenteroides, respectively. Despite its low abundance (~1%), Lc. mesenteroides 
contributed to aroma production in co-cultures as indicated by the presence of 2 
out of 5 specific Lc. mesenteroides compounds. Co-cultures lacked additional 
unique aroma compounds indicating that a similar aroma complexity could be 
obtained by mixing retentostat mono-cultures.  
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Introduction 

Mesophilic mixed DL-type starter cultures used for the production of Dutch-type 
cheeses consist of the homofermentative Lactococcus lactis subsp. cremoris, 
Lactococcus lactis subsp. lactis, Lactococcus lactis biovar diacetylactis and the 
heterofermentative Leuconostoc spp. (Frantzen et al., 2017). L. lactis subsp. 
cremoris and L. lactis subsp. lactis are considered to be the main acid producers 
that dominate in the early stages of cheese making and quickly decline during 
cheese ripening (Erkus et al., 2013). In contrast, L. lactis subsp. lactis biovar 
diacetylactis and Leuconostoc spp. become dominant during cheese ripening due 
to better survival and are the main aroma and texture producers. The aroma 
producers generally account for 1-10% of the starter culture population (Cogan 
and Jordan, 1994, Erkus et al., 2013). Both species are able to metabolise citrate 
and produce the important flavours diacetyl and acetoin as well as CO2, which is 
important for eye formation (Hugenholtz, 1993). Other important aroma 
compounds in cheese result from the metabolism of fatty acids and amino acids 
of which aromatic, sulphur-containing and branched-chain amino acids are 
considered to be most important (Yvon and Rijnen, 2001). 

Recently, it was demonstrated that aroma formation by L. lactis subsp. lactis 
biovar diacetylactis was greatly affected by slow growth of the bacteria using 
retentostat cultivation, thereby better resembling aroma formation during cheese 
ripening (van Mastrigt et al., 2018a). Retentostat cultivation is a modification of 
chemostat cultivation in which a filter is connected to the effluent line thereby 
recycling the biomass to the bioreactor (Boender et al., 2009). This leads to 
accumulation of the biomass in time and a severe reduction in growth rate that 
approaches zero. Growth rates below 0.001 h-1 were obtained with the dairy L. 
lactis biovar diacetylactis FM03-V1 (van Mastrigt et al., 2018b). In addition to 
changes in aroma formation, the number of viable but non-culturable cells 
increased and the maintenance requirements decreased most likely due to a 
decrease in the energy spent on protein turnover (van Mastrigt et al., 2018b).  

While studying aroma formation by lactic acid bacteria using retentostat 
cultivation, it has to be taken into account that starter cultures often consist of 
multiple strains and species. Metabolic complementation of strains could result in 
new compounds that cannot be produced by the single strains, thereby increasing 
the aroma complexity. Such complementation has been suggested for L. lactis 
and Lc. mesenteroides for the conversion of glutamate into succinate (Erkus et 
al., 2013)  
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To study such interactions under relevant conditions for cheese ripening, i.e. slow 
growth, L. lactis biovar diacetylactis FM03-V1 and Lc. mesenteroides FM06 were 
grown in retentostat mono- and co-cultures and the production of aroma 
compounds was compared. Moreover, dynamic models were developed to 
describe growth in retentostat mono-cultures and these models were used to 
predict growth of both species in retentostat co-cultures to identify growth 
stimulating or inhibiting interactions between the species. 

Materials and methods 

Strain and media 

In this study Lactococcus lactis subsp. lactis biovar diacetylactis FM03-V1 and 
Leuconostoc mesenteroides FM06 were used, which were both isolated from 10-
week-old Samsø cheese (van Mastrigt et al., 2017). For chemostat and retentostat 
cultivation, the bacteria were streaked from a -80°C stock onto M17 agar plates 
supplemented with 0.5% (w/v) lactose (LM17) and incubated for 2 days at 30°C. 
A single colony was transferred to 10 ml lactose-containing chemically defined 
medium (van Mastrigt et al., 2018c) and grown overnight at 30°C. The bioreactors 
were inoculated with the overnight culture at a 1% (v/v) inoculated level. The 
lactose-limited chemically defined medium used for the chemostat and retentostat 
cultivations contained 0.5% (w/w) lactose, 10 mM (NH4)3citrate and 1% (w/w) 
Bacto tryptone (van Mastrigt et al., 2018c) and was prepared in 20 L batches. 

Retentostat cultivation 

Retentostat cultivations were performed in bioreactors with a working volume of 
1 L (Infors HT, Switzerland) as previously described (van Mastrigt et al., 2018b). 
The stirring speed was set at 400 rpm, the temperature was maintained at 30°C 
and the pH was controlled at 5.5 by automatic addition of 5 M NaOH. Anaerobic 
conditions were maintained by flushing the headspace with nitrogen gas at 0.1 
L/min. The optical density at 600 nm was continuously measured by an internal 
probe (Trucell 2, Finesse, USA). Retentostat cultivations were initiated by 
connecting a sterilisable polyethersulfone cross-flow filter (Spectrum laboratories, 
USA) to the effluent line after reaching a steady state in the chemostat cultivations 
at a dilution rate of 0.025 h-1. A steady state was considered to be achieved after 
a minimum of five volume changes at which the optical density remained constant. 
In case of co-cultivation, L. lactis and Lc. mesenteroides were pre-grown 
separately in 0.5 L chemostat cultures at a dilution rate of 0.025 h-1 and, after 
achieving a steady state, both cultures were transferred to a 1 L bioreactor 
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equipped with a cross-flow filter to initiate the retentostat cultivation. To 
determine the maximum biomass yield on ATP (YX/ATPmax) and the maintenance 
coefficient (mATP) of L. lactis FM03-V1 and Lc. mesenteroides FM06, the bacteria 
were grown in chemostat cultures at dilution rates between 0.025 and 0.4 h-1. 

Biomass determination 

To monitor the biomass accumulation in the chemostat and retentostat cultures, 
the cell dry weight concentration was measured as previously described (van 
Mastrigt et al., 2018c). Briefly, culture samples of 3 to 4 ml were taken directly 
from the bioreactor and passed through pre-weighted 0.2 μm membrane filters 
(Pall Corporation, USA) by a vacuum filtration unit. The filters were dried at 80°C 
for at least 2 days and weighted again to determine the dry weight of cell biomass. 

Cell counts 

To determine the total number of cells in the continuous cultures, samples were 
diluted 1000 times with physiological salt solution (PPS; Tritium Microbiologie, The 
Netherlands) and 25 μl of this diluted suspension was added to a Bürker-Türk 
counting chamber (CellVision technologies, Netherlands). Cells were counted at 
1000 times (10 x 100) magnification using a phase contrast microscope (Olympus, 
Japan). 

Plate counts 

To quantify the number of colony forming units (CFUs), appropriate dilutions of 
the cultures in PPS were plated on agar plates and the number of CFUs were 
counted after incubation for 3 days at 30°C. For mono-cultures, MRS and LM17 
plates were used to quantify Lc. mesenteroides and L. lactis, respectively. For co-
cultures, MRS supplemented with 30 mg/L vancomycin, LM17 and MRS plates 
were used to quantify Lc. mesenteroides, L. lactis and both bacteria, respectively. 

Cell viability 

The viability of the cultures was determined by LIVE/DEAD Baclight Bacterial 
Viability kit (Molecular Probes Europe, Netherlands). Bacteria were strained with 
3.34 μM green fluorescent SYTO 9 and 20 μM red fluorescent propidium iodide for 
10 minutes at room temperature in the dark. Green and red fluorescent cells were 
visualised using a fluorescence microscope with an excitation light source 
(Excelitas, USA) at 630 or 1000 times magnification. Pictures were taken with a 
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camera attached to the microscope and the number of green and red cells was 
counted manually. 

Determination of viable L. lactis and Lc. mesenteroides in co-cultures  

The ratio of viable cells of L. lactis and Lc. mesenteroides in co-cultures was 
determined in three steps: i) propidium monoazide (PMA) treatment, ii) DNA 
extraction and iii) quantitative PCR (qPCR) analysis. One ml culture with an optical 
density at 600 nm of 0.1 was centrifuged (17000×g for 5 minutes) and washed 
with 500 µl phosphate buffered saline (PBS) and resuspended in 1 ml PBS. 
Subsequently, 2.5 µl 20 mM PMA was added and the cell suspension was incubated 
for 5 minutes in the dark at room temperature with mixing every minute. The 
samples were exposed to light for 5 minutes with a PMA-Lite™ led photolysis 
device (Biotium, USA) to activate the PMA. DNA was extracted using the DNeasy 
Blood and Tissue kit (Qiagen, Germany). The sample was centrifuged (17000×g 
for 5 minutes), cells were resuspended in 0.5 ml lysis buffer (20 mM Tris-HCl, 2 
mM EDTA, 1.2% (w/v) Triton X-100, 1 mg/ml lysozyme, 50 U mutanolysin, pH 
8.0) and the mixture was incubated for 1 hour at 37°C. Subsequently, 30 µl 
proteinase K and 250 µl AL buffer were added and the sample was incubated for 
1 hour at 56°C. Subsequently, 250 µl absolute ethanol was added and the released 
DNA was purified using a spin column provided by the kit. 500 µl solution was 
transferred to the spin column, left for 5 minutes in the column, centrifuged for 1 
minute at 6000×g and washed subsequently with 500 µl AW1 and 500 µl AW2. 
The remaining traces of ethanol were removed by centrifugation for 4 minutes at 
17000×g. The DNA was eluted with three times 50 µl AE buffer after incubation 
for 10 minutes at room temperature. Purified DNA was stored at -20°C until 
analysis with qPCR. DNA extraction efficiencies of L. lactis and Lc. mesenteroides 
were compared by extraction of DNA in triplicate from chemostat mono-cultures 
at a dilution rate of 0.025 h-1 according to the above protocol. This showed that 
extraction efficiencies of both species were not significantly different (t-test 
assuming equal variances, two-sided, degrees of freedom=4, t value=-1.26, P 
value = 0.27). DNA of L. lactis and Lc. mesenteroides were quantified with qPCR 
(Bio-Rad Thermal cycler CFX96-Real-Time system) targeting the single-copy gene 
glyA and using TaqMan probes. Sequences of the used primers and probes are 
given in Table 7.1. The PCRs took place in 20 µl reaction mixtures containing 0.2 
mM dNTPs, 0.5 µM forward primer, 0.5 µM reverse primer, 0.31 µM TaqMan probe, 
2 µl 10x DreamTaq buffer with MgCl2 (Thermo Scientific, USA), 0.8 U DreamTaq 
polymerase and 2 µl purified DNA. PCR amplification was initiated with 5 minutes 
at 95°C followed by 39 cycles of 10 seconds at 95°C and 20 seconds at 59°C. 
Fluorescence was measured at the end of each cycle. A threshold of 400 relative 
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fluorescence unit (RFU) was used to determine the threshold cycle (Ct). The 
efficiency of the PCRs of both species was not significantly different from 2 
(mean±standard error was 2.04±0.10 and 2.03±0.03 for L. lactis and Lc. 
mesenteroides, respectively.). Therefore, an efficiency of 2 was used to calculated 
the ratio of L.lactis:Lc. mesenteroides in the co-cultures using equation 7.1: 

𝐿𝐿. 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 ∶  𝐿𝐿𝑙𝑙.𝑚𝑚𝑚𝑚𝑙𝑙𝑚𝑚𝑚𝑚𝑙𝑙𝑚𝑚𝑚𝑚𝑚𝑚𝑙𝑙𝑚𝑚𝑚𝑚𝑙𝑙 =  2𝐶𝐶𝑡𝑡𝐿𝐿𝐿𝐿.𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 −𝐶𝐶𝑡𝑡𝐿𝐿.𝑙𝑙𝑙𝑙𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚          (7.1) 

To calculate the viability of Lc. mesenteroides during the co-cultures, qPCR was 
also performed using DNA without a PMA treatment, which showed that the 
viability was at least 33% throughout the co-cultures. 

Analysis of extracellular metabolites 

Lactose, citrate, lactate, acetate, ethanol, formate, pyruvate and acetoin were 
quantified by High Performance Liquid Chromatography (HPLC) as previously 
described (van Mastrigt et al., 2018c). Briefly, we used an Ultimate 3000 
instrument (Dionex, Germany) equipped with an Aminex HPX-87H column (Bio-
Rad, USA) with pre-column at 40°C and 5 mM H2SO4 was used as mobile phase 
at 0.6 ml/min. Compounds were detected with a Shodex RI-101 refractive index 
detector (Showa DendoKK, Japan)  

Volatile organic compounds analysis 

Volatile organic compounds (VOCs) were analysed by headspace solid phase 
microextraction gas chromatography mass spectrometry (HS SPME GC-MS) as 
previously described (van Mastrigt et al., 2018b). 100 μl sample was incubated 
for 10 minutes at 60°C and VOCs were extracted for 20 minutes at 60°C using a 
SPME fiber (85 mm CAR/PDMS, Supelco, USA). Compounds were desorbed for 10 
minutes on a Stabilwax®-DA-Crossband®- Carbowax®-polyethylene-glycol column 
(30 m length, 0.25 mm ID, 0.5 μm df). PTV Splitless mode was used at 250°C for 
5 minutes. Helium was used as carrier gas at a constant flow of 1.5 ml/min. The 
temperature of the GC oven was initially 40°C and after 2 minutes the 
temperature was raised to 240°C at a rate of 10°C/min and kept at 240°C for 5 
minutes. Mass spectral data was collected over a range of m/z 33-250 in full scan 
mode with 3.0030 scans/second. Aroma profiles were analysed using Chromeleon 
4.2 software. Peaks were integrated using the ICIS algorithm and the mass 
spectral profiles were matched with the NIST main library for identification. One 
peak was used for quantification (in general the highest m/z peak per compound) 
and 1 or 2 peaks were used for confirmation. Compounds related to the medium 
(e.g. 1-butanol or esters of 1-butanol) were excluded from all analyses. 
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Principal component analysis 

Principal component analysis (PCA) of the aroma profiles in mono- and co-cultures 
were performed in R (version 3.1.3) using scaled peak areas (mean peak area of 
every compound is 0 and standard deviation is 1). 

Mathematical modelling of biomass accumulation 

Mono-cultures 

Biomass accumulation in the retentostat mono-cultures were modelled according 
to van Mastrigt et al. (2018b) using equation 7.2. 

𝐶𝐶𝑋𝑋(𝑙𝑙) = �𝐶𝐶𝑋𝑋,0 −
𝐷𝐷·�𝐶𝐶𝑆𝑆,𝑚𝑚𝑚𝑚−𝐶𝐶𝑆𝑆�·𝑌𝑌𝐴𝐴𝐴𝐴𝐴𝐴/𝑆𝑆 

𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴
� . 𝑚𝑚−𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴·𝑌𝑌𝑥𝑥/𝐴𝐴𝐴𝐴𝐴𝐴

𝑚𝑚𝑙𝑙𝑥𝑥 ·𝑡𝑡 + 𝐷𝐷·�𝐶𝐶𝑆𝑆,𝑚𝑚𝑚𝑚−𝐶𝐶𝑆𝑆�·𝑌𝑌𝐴𝐴𝐴𝐴𝐴𝐴/𝑆𝑆 
𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴

       (7.2) 

in which CX is the biomass concentration (gDW/kg), CX,0 is the initial biomass 
concentration (gDW/kg), D is the dilution rate (h-1), CS,in is the substrate 
concentration in the medium (14.6 mmol/kg lactose and 10 mmol/kg citrate), CS 
is the substrate concentration in the effluent, YATP/S is the ATP yield on substrate 
(mol ATP/CmolS), mATP is the maintenance coefficient (mol ATP.gDW-1.h-1), 
YX/ATPmax is the maximum biomass yield on ATP (gDW/mol ATP) and t is the time 
(h). The YATP/S was calculated based on the measured metabolite production. The 
YX/ATPmax was estimated in chemostat cultures with a dilution rate between 0.025 
and 0.4 h-1. The mATP was assumed to be linearly dependent on the biomass 
specific ATP production rate (qATP) with a maximum mATPmax (Eq. 7.3). 

𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑙𝑙 + 𝑏𝑏 ·  𝑞𝑞𝐴𝐴𝐴𝐴𝐴𝐴 𝑤𝑤𝑙𝑙𝑙𝑙ℎ 𝑚𝑚𝑎𝑎𝑡𝑡𝑎𝑎 ≤ 𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴
𝑚𝑚𝑎𝑎𝑚𝑚              (7.3) 

Input data for the modelling were online optical density measurements, which 
were converted to cell dry weight concentrations using a second-order polynomial 
relation. The variable parameters (a, b and mATPmax in equation 7.3) were 
optimised by minimising the sum of squared errors between the model and the 
data in 10 minute intervals using the solver add-in of Microsoft Excel.  

Co-cultures 

The optimised variable parameters of the mono-cultures were used in a co-culture 
model to predict the biomass accumulation of L. lactis and Lc. mesenteroides in 
the co-cultures. The co-culture model followed the mono-culture model with the 
addition that we assumed i) equal uptake kinetics of both species for lactose and 
citrate, in other words substrate consumption was divided over both species based 
on the biomass concentration and ii) no lysis of the species even when qATP < 
mATP. 
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Results 

Biomass accumulation in retentostat mono-cultures 

Lactococcus lactis FM03-V1 and Leuconostoc mesenteroides FM06 were grown 
anaerobically in four independent retentostat mono-cultures on a chemically 
defined medium containing both lactose and citrate. The biomass concentration 
was measured every 3 to 4 days and the growth rates were estimated. Moreover, 
we quantified the number of colony forming units by plating on LM17 or MRS and 
the culture viability by live/dead staining with SYTO 9 and propidium iodide. The 
retentostat cultures of L. lactis has previously been described (van Mastrigt et al., 
2018b). For L. lactis and Lc. mesenteroides the biomass concentration increased 
to 4.2 and 1.2 gDW/kg, respectively, which corresponded to an 8- and 6-fold 
increase (Fig. 7.1A). The higher biomass concentration of L. lactis indicates a 
lower maintenance requirement, i.e. less substrate required to maintain cells 
and/or a higher biomass yield on substrate. The growth rate of both species 
gradually decreased to less than 0.001 h-1, corresponding to doubling times of 
more than a month (Fig. 7.1B). The viability remained above 80% throughout all 
cultivations (Fig. 7.1C). Despite the observed increases in biomass, the plate 
counts hardly increased during the cultivations (Fig. 7.1D), indicating that a large 
fraction of the cells became viable but not culturable (VBNC). This was confirmed 
for Lc. mesenteroides by microscopic cell counting (Fig. 7.1E), which showed a 6-
fold increase similar to the observed increase in biomass concentration. This 
indicates that both species had very similar physiological responses towards near-
zero growth rates.  

Central metabolism 

The higher biomass concentration of L. lactis could be explained by the different 
metabolic pathways for lactose utilisation of both species. The homofermentative 
L. lactis uses the Embden-Meyerhof-Parnas (EMP) pathway producing 4 to 6 mol 
ATP per mol lactose when it produces lactate (homolactic fermentation) or 
formate, acetate and ethanol (mixed-acid fermentation), respectively. The 
heterofermentative Lc. mesenteroides uses the phosphoketolase pathway 
producing only 2 mol ATP per mol lactose and equimolar amounts of lactate and 
ethanol. By using the co-substrate citrate as alternative electron acceptor 
(Schmitt et al., 1990), 1 extra ATP can be produced per mol citrate by Lc. 
mesenteroides via acetate kinase. The main substrates (lactose and citrate) and 
products (lactate, ethanol, acetate, formate, acetoin, pyruvate) were quantified 
with HPLC to determine the amount of ATP that they theoretically gained from 
lactose and citrate metabolism (Fig. 7.2). 
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Figure 7.1: Growth of L. lactis FM03-V1 (blue) and Lc. mesenteroides FM06 (red) in 
retentostat mono-cultures. Squares, triangles, diamonds and circles represent four 
independent retentostat cultures. At time 0 a chemostat culture in steady state was switched 
to retentostat mode by insertion of a filter in the effluent line. A: Measured biomass 
concentrations. Data points represent the mean ± standard deviation of duplicate samples. 
B: Calculated growth rates based on the biomass concentrations. C: Viability determined 
using SYTO 9 and propidium iodide as fluorescent markers and fluorescent microscopy for 
visualisation. D: Plates counts of L. lactis and Lc. mesenteroides on LM17 and MRS, 
respectively. Data points represent the mean ± standard deviation. E: Microscopic cells 
counts using a counting chamber. 

L. lactis mainly produced lactate, acetate, ethanol and formate via a combination 
of homolactic and mixed-acid fermentation (ratio of approximately 60:40), which 
resulted in approximately 0.33 mol ATP per Cmol substrate (lactose and citrate). 
Lc. mesenteroides produced mainly lactate, ethanol and acetate resulting in a ATP 
yield of 0.18 mol ATP per Cmol substrate (lactose and citrate). This confirmed our 
hypothesis L. lactis metabolised the lactose and citrate more efficiently resulting 
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Figure 7.2: Metabolite production of L. lactis (A and B) and Lc. mesenteroides (C and D) in 
independent retentostat mono-cultures and the calculated ATP yield on substrate (E). At 
time 0 a chemostat culture in steady state was switched to retentostat mode by insertion of 
a filter in the effluent line. Electron-balances, which were calculated using the degree of 
reduction of the main substrate and products, were always between 94 and 106%. 
Metabolite production was normalised to 100%. A, B, C, D: Blue, red, green, purple, orange 
and black represent lactate, ethanol, acetate, formate, pyruvate and acetoin, respectively. 
E: The ATP yield on substrate (YATP/S) (lactose and citrate) of L. lactis FM03-V1 (blue) and 
Lc. mesenteroides FM06 (red) was calculated based on the metabolite production profiles 
and the known metabolism of L. lactis and Lc. mesenteroides. We assumed that 1 ATP was 
produced by uptake and conversion of citrate into pyruvate. Symbols represent independent 
retentostat cultivations. 

in higher biomass concentrations in retentostat cultures. Interestingly, acetate 
production by Lc. mesenteroides via acetate kinase was very limited (on average 
0.04 mmol/h) despite use of citrate. Possibly, acetate kinase was not very active 
due to the anaerobic conditions.  
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Modelling of retentostat mono-cultures 

Biomass accumulation in retentostat cultures was modelled according to a model 
described previously (van Mastrigt et al., 2018b), assuming i) a constant 
maximum biomass yield on ATP (YX/ATPmax) and ii) a maintenance coefficient (mATP) 
that was linearly dependent on the biomass specific ATP production rate (qATP). 
The YX/ATPmax and mATP of L. lactis and Lc. mesenteroides were determined in 
chemostat cultures at dilution rates between 0.025 and 0.4 h-1 (Fig. 7.3).  

L. lactis had a higher YX/ATPmax than Lc. mesenteroides (mean±SE; 15.94±0.42 
and 9.52±0.73 gDW/mol ATP) and a lower mATP (mean±SE; 2.43±0.35 and 
5.32±0.93 mmol ATP.gDW-1.h-1) contributing to the higher biomass 
concentrations in the retentostat cultures. The determined maximum biomass 
yields on ATP were included in the model and the biomass accumulation was fitted 
with the model (as described in the materials and methods).  

Good fits were obtained for retentostat cultures of both L. lactis and Lc. 
mesenteroides (root mean square error of 0.098, 0.028, 0.020 and 0.094 
gDW/kg, respectively) (Fig. 7.4). The model predicted that the maintenance 
coefficient of L. lactis and Lc. mesenteroides decreased approximately 7-fold at 
near-zero growth rates to 0.36 and 0.79 mmol ATP.gDW.-1.h-1, respectively 
(Suppl. Fig. S7.1). 

   

Figure 7.3: Relation between the specific growth rate and the biomass specific ATP 
production rate (qATP) in chemostat cultures of L. lactis (blue) and Lc. mesenteroides (red). 
The dotted lines represent regression lines used to determine the maximum biomass yield 
on ATP (YX/ATP

max) (1/slope) and the maintenance coefficient (mATP) (intercept with y-axis). 
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Figure 7.4: Model predictions of the biomass in retentostat mono-cultures of L. lactis (blue) 
and Lc. mesenteroides (red). At time 0 a chemostat culture in steady state was switched to 
retentostat mode by insertion of a filter in the effluent line. The solid lines represent the 
online optical density measurements that were converted to cell dry weights with a second-
order polynomial function. The dashed and dotted lines represent the model predictions.  

Biomass accumulation on retentostat co-cultures 

The models of the retentostat mono-cultures were combined to predict growth of 
L. lactis and Lc. mesenteroides in retentostat co-cultures. It was assumed that 
both species had similar substrate uptake kinetics, in other words that substrate 
was divided over both species depending on their biomass concentration. 
Moreover, it was assumed that cells did not lyse when the available substrate was 
less than their maintenance requirement. The model was compared with two 
independent retentostat co-cultures in which we determined i) the total cell dry 
weight and ii) the relative abundance of both species. The relatively abundance 
was determined using selective plates: LM17 for L. lactis and MRS supplemented 
with vancomycin for Lc. mesenteroides. Because we found an increase in viable 
but non culturable cells in retentostat mono-cultures of both L. lactis and Lc. 
mesenteroides, we also determined the relative abundance using qPCR with a 
propidium monoazide (PMA) treatment (Erkus et al., 2016) to specifically amplify 
DNA of viable cells. Relative abundances of selective plating and qPCR were very 
similar (Suppl. Fig. S7.2). Compared to Lc. mesenteroides, the relative abundance 
of L. lactis increased during the retentostat co-cultivations from a ratio of 
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Figure 7.5: Measured and predicted biomass accumulation of L. lactis (blue) and Lc. 
mesenteroides (red) in retentostat co-cultures. At time 0 chemostat cultures of L. lactis and 
Lc. mesenteroides were combined and switched to retentostat mode by insertion of a filter 
in the effluent line. The total cell dry weight concentration (green symbols) was multiplied 
with the fraction of both species, determined by plates counts on selective plates (Suppl. 
Fig. S2), to obtain the estimated biomass concentration of L. lactis and Lc. mesenteroides. 
Squares and circles represent measurements of two independent co-cultures. The lines 
represent the model predictions as explained in the materials and methods. 

approximately 2.5:1 to 100:1. Based on the total cell dry weight and selective 
plate counts, dry weights of L. lactis cells and Lc. mesenteroides in the retentostat 
co-cultures were calculated and compared with our model prediction (Fig. 7.5). 
The model predicted the biomass concentration of both species very well 
indicating that competition was mainly at the level of nutrient acquisition and no 
growth stimulation or additional inhibiting interactions were found. 

Aroma formation in retentostat mono- and co-cultures 

During the retentostat mono- and co-cultures, samples were taken to analyse the 
production of volatile organic compounds (VOCs) by headspace SPME GC-MS. In 
total 47 aroma compounds were considered produced after exclusion of medium-
associated compounds (see materials and methods). To get an overview of the 
differences between aroma production by L. lactis and Lc. mesenteroides, we 
performed a principal component analysis (PCA) using the aroma profiles of the 
mono-cultures (Fig. 7.6). 
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Figure 7.6: Principal component analysis (PCA) of aroma profiles produced in retentostat 
mono-cultures of L. lactis (blue) and Lc. mesenteroides (red). The green symbols represent 
aroma profiles in retentostat co-cultures calculated based on the PCA analysis of the mono-
cultures. Squares, triangles, diamonds and circles represent independent retentostat 
cultivations. The numbers near the symbols correspond to the time in the retentostat after 
inserting the filter in the effluent line. The x and y-axis correspond to principal components 
1 and 2, respectively, and the variance that they explained is given in parentheses. 

Aroma profiles of L. lactis and Lc. mesenteroides were clearly separated, indicating 
bigger differences in aroma production between the species than between the 
cultivations with the same species. A trend in time was visible for the L. lactis 
mono-cultures, indicating that aroma production changed at near-zero growth 
rates. Based on the PCA analysis of the mono-cultures, we calculated where the 
aroma profiles of the co-cultures were located in this PCA plot. Aroma profiles of 
the co-cultures were located in between the mono-cultures of L. lactis and Lc. 
mesenteroides, indicating that Lc. mesenteroides contributed to formation of 
aroma compounds despite its low abundance. Furthermore, the aroma profiles of 
the co-cultures showed a similar trend in time as the mono-cultures of L. lactis, 
suggesting that the same aroma compounds increased and decreased as in the 
mono-cultures of L. lactis.  

Comparison of the abundances of aroma compounds in mono-cultures revealed 
that 17 and 5 out of the 47 compounds were mainly produced at low growth rates 
by L. lactis and Lc. mesenteroides, respectively (at least 8-fold difference in 
maximum abundance between species) (Fig. 7.7).  
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Figure 7.7: Presence (black) and absence (white) of the aroma compounds in mono-
cultures of L. lactis and Lc. mesenteroides. 

All aroma compounds specific for L. lactis were found in the co-cultures, but the 
abundance of most fatty acid-related compounds was much lower in the co-
cultures compared to the mono-cultures of L. lactis (Fig. 7.8). This indicates that 
either Lc. mesenteroides affected the production of these compounds by L. lactis 
or these compounds were consumed by Lc. mesenteroides.  
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Because only 1% of the population in the co-cultures was Lc. mesenteroides, 
abundances of aroma compounds specific for Lc. mesenteroides were expected to 
be lower than in the mono-cultures. Indeed, only 2 out of 5 compounds specific 
for Lc. mesenteroides, i.e. two medium-chain alcohols, were present in the co-
cultures at similar levels as in the mono-cultures (Fig. 7.8). No additional unique 
compounds were produced in the co-cultures indicating that interaction between 
the species at the level of metabolic complementation and/or cross-feeding did 
not result in additional aroma compounds.  

Figure 7.8: Quantitative comparison of the abundance of species-specific aroma 
compounds in retentostat mono-cultures of L. lactis (blue) and Lc. mesenteroides (red) and 
in co-cultures (green). Symbols represent independent cultivations. Only compounds that 
were specifically produced by one of the species in the mono-cultures are shown.  
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Discussion 

Lactococcus lactis biovar diacetylactis and Leuconostoc spp. are considered to be 
the main aroma producers in mesophilic DL-type starter cultures to make Dutch-
type cheeses. During cheese ripening, these bacteria encounter long periods of 
extreme nutrient limitation severely reducing the growth rate. However, they can 
survive these periods while still contributing to flavour formation. In this study, 
aroma formation by L. lactis and Lc. mesenteroides was studied at near-zero 
growth rates using retentostat cultivation. Moreover, both species were grown in 
retentostat co-cultures because this could potentially increase the aroma 
complexity by metabolic complementation (Erkus et al., 2013) similar to found for 
co-cultivation of yeasts (van Rijswijck et al., 2017). 

In retentostat mono-cultures, the physiological response of both species towards 
the near-zero growth rates was similar. During 35 days of retentostat cultivation, 
the biomass concentration increased 8- and 6-fold for L. lactis and Lc. 
mesenteroides, respectively, while the growth rates decreased to less than 
0.001 h-1. The viability remained above 80% throughout the cultivations. 
However, a large fraction of the L. lactis and Lc. mesenteroides cells lost the 
viability to grow on agar plates. Dynamic modelling of the biomass accumulation 
showed that the maintenance requirements of both L. lactis and Lc. mesenteroides 
decreased 7-fold at near-zero growth rates compared to chemostat cultures. Most 
likely this was caused by a reduction in protein turnover, which is one of the major 
constituents of the maintenance requirements (Kempes et al., 2017, van Mastrigt 
et al., 2018b). In contrast, previous studies revealed that the maintenance 
requirement of L. lactis KF147, isolated from the nutrient-poor plant environment, 
did not decrease at near zero-growth rates (Ercan et al., 2013). Both strains used 
in the current study were directly isolated from the nutrient-rich dairy 
environment and therefore they might have evolved a similar response but a 
different response compared to the plant-derived L. lactis KF147. 

The dynamic models of the mono-cultures were used to predict the biomass 
accumulation of both species in a retentostat co-culture and this was verified in 
two independent co-cultures. The model predicted the biomass accumulation in 
the co-cultures surprisingly well, despite the simple assumptions of distribution of 
substrates (lactose and citrate) over the species based on their biomass 
concentration and no growth stimulation or inhibiting interactions. This showed 
that both species competed mainly at the level of nutrient uptake and not by, for 
instance, bacteriocin-induced killing or mutualistic cross-feeding such as with 
yoghurt cultures (Settachaimongkon et al., 2014). It has been suggested that 
Leuconostoc promotes the growth of citrate-positive Lactococcus strains in 
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fermented dairy products (Frantzen et al., 2017). However, no experimental 
support was given and such growth promotion could not be confirmed in this 
study.  

L. lactis increased its abundance relative to Lc. mesenteroides right from start and 
a ratio of approximately 100:1 was obtained at the end of the co-cultivations. This 
ratio corresponds well with ratios found in cheese (Erkus et al., 2013, Frantzen et 
al., 2017). The dominance of L. lactis can be explained by i) its more efficient 
metabolism (homofermentative versus heterofermentative), ii) its higher 
maximum biomass yield on ATP and iii) its lower maintenance requirements.  

To determine if co-cultivation could enhance the aroma complexity and to identify 
compounds that were specific for L. lactis and Lc. mesenteroides, aroma 
compounds were quantified in mono- and co-cultures by HS SPME GC-MS. 
Compounds that were specific for L. lactis include mainly medium- and long-chain 
fatty acids and their derived products (alcohols, aldehydes, methyl ketones and 
esters), acetoin and diacetyl. Since no fat or fatty acids were present in the 
medium, it can be concluded that the medium- and long-chain fatty acids were 
synthesised by the bacteria. Compounds specific for Lc. mesenteroides include 
small esters (ethyl lactate and ethyl acetate), 2-propanol, and two primary 
alcohols (1-decanol and 2-ethyl-1-hexanol). Ethanol, lactate and acetate were 
also abundant in mono-cultures of L. lactis, showing that the substrate specificities 
of the alcohol acyltransferases of Lc. mesenteroides FM06 and L. lactis FM03-V1 
differ, the former being more active on small acids. The specific production of 
2-propanol by Lc. mesenteroides contrasts with the decreased amount in 2-
propanol observed in cheese to which Lc. mesenteroides was added (Pedersen et 
al., 2016). 

Co-cultivation could result in increased aroma complexity as found for co-
cultivation of Saccharomyces cerevisiae and Cyberlindnera fabianii (van Rijswijck 
et al., 2017). In our study, specific Lc. mesenteroides aroma compounds were 
found in the co-cultures despite its low abundance (1%), showing that retentostat 
co-cultivation could increase the aroma complexity compared to mono-cultures as 
both bacteria were retained. However, co-cultures lacked unique additional 
compounds. This might be caused by the large difference in abundance, which 
resulted in many L. lactis cells with few compounds specific for Lc. mesenteroides 
and vice versa. The lack of unique compounds in co-cultures indicates that a 
similar aroma complexity can be obtained by combining two retentostat mono-
cultures. This would allow for better control of the ratio of the species-specific 
aroma compounds and therefore might be preferred. Moreover, compounds that 
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were only found in the mono-cultures of Lc. mesenteroides would be present in 
such a mixture as well contributing to the aroma complexity. 

In conclusion, it is possible to grow L. lactis and Lc. mesenteroides in retentostat 
co-cultures and both bacteria were retained and stayed viable throughout the 
cultivations. However, co-cultivation did not result in an increased aroma 
complexity, possibly due to the dominance of L. lactis. The dynamic models 
described in this study excellently predicted the biomass concentrations in the co-
cultures and could be a useful tool in selecting proper combinations of strains for 
retentostat co-cultivation. 
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Supplementary materials 

 

Supplementary Figure S7.1: Estimated maintenance coefficient mATP of L. lactis (blue) 
and Lc. mesenteroides (red) during retentostat mono-cultures. At time 0 a chemostat culture 
in steady state was switched to retentostat mode by insertion of a filter in the effluent line. 
The mATP was estimated by mathematical modelling as explained in the materials and 
methods. 
 

 

Supplementary Figure S7.2: Growth of L. lactis and Lc. mesenteroides in retentostat co-
cultures. At time 0 chemostat cultures of L. lactis and Lc. mesenteroides were combined and 
switched to retentostat mode by insertion of a filter in the effluent line. Squares and circles 
represent two independent retentostat co-cultures. A: Plates counts of L. lactis (blue) and 
Lc. mesenteroides (red) and both (green) on M17, MRS supplemented with vancomycin and 
MRS, respectively. B: Ratio of viable L. lactis and Lc. mesenteroides determined by plate 
counts (open) and by qPCR combined with a propidium monoazide (PMA) treatment (filled). 
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Abstract 

Lactic acid bacteria can carry multiple plasmids affecting their performance in 
dairy fermentations. The expression of plasmid-borne genes and the activity of 
the corresponding proteins are severely affected by changes in the numbers of 
plasmid copies. We studied the impact of growth rate on the dynamics of plasmid 
copy numbers at high growth rates in chemostat cultures and down to near-zero 
growth rates in retentostat cultures. Five plasmids of the dairy strain Lactococcus 
lactis FM03-V1 were selected, and these varied in size (3 to 39 kb), in replication 
mechanism (theta or rolling-circle) and in putative (dairy-associated) functions. 
The copy numbers ranged from 1.5 to 40.5 and the copy number of theta-type 
replicating plasmids was negatively correlated to the plasmid size. Despite the 
extremely wide range of growth rates (0.0003 h-1 to 0.6 h-1), the copy numbers 
of the five plasmids were stable and only slightly increased at near-zero growth 
rates, showing that the plasmid replication rate was strictly controlled. One low-
copy-number plasmid, carrying a large exopolysaccharide gene cluster, was 
segregationally unstable during retentostat cultivations, reflected in a complete 
loss of the plasmid in one of the retentostat cultures. The copy number of the five 
plasmids was also hardly affected by varying the pH value, nutrient limitation, or 
the presence of citrate (maximum 2.2-fold), signifying the stability in copy number 
of the plasmids.  
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Introduction 

The lactic acid bacterium Lactococcus lactis is extensively used as starter culture 
in dairy fermentations due to its high acidification rate and contribution to flavour 
and texture development in the fermented product. Important traits for the 
growth and survival in the milk environment are encoded by genes located on 
plasmids. This includes genes linked to lactose utilisation, casein hydrolysis, and 
bacteriophage and oxidative stress resistance (Górecki et al., 2011, Siezen et al., 
2005), as well as genes involved in flavour and texture formation (e.g. citrate 
uptake and exopolysaccharide production) (Kranenburg et al., 1997, van Mastrigt 
et al., 2018a). Plasmids are extrachromosomal DNA molecules which can be lost 
and acquired and which can be exchanged within the population. Because 
plasmids replicate independently from the chromosome, their copy numbers (i.e. 
the number of plasmids per chromosome) can widely vary depending on, for 
instance, their replication mechanism, environmental conditions, and the genetic 
background of the strain carrying the plasmid. This could severely affect the total 
expression level of the genes they carry and the activity of the corresponding 
proteins.  

Lactic acid bacteria encounter a wide variety of environmental conditions during 
industrial dairy processes, such as cheese production. pH values range from 
approximately 7 to 4. Lactose is abundant in milk, but scarce during cheese 
ripening, and abundances of other nutrients, such as citrate, will change as well. 
This leads to high growth rates at the start of the fermentations, while growth 
rates severely reduce during cheese ripening. Because the plasmids carry 
essential functions for growth in milk, plasmids should be segregationally stable. 
Moreover, a constant plasmid copy number under a wide variety of conditions 
might be preferred for delivering a constant and predictable quality of the 
fermented product 

The dairy isolate L. lactis FM03-V1 harbours 11 plasmids carrying genes encoding 
functions such as lactose and citrate utilisation, oligopeptide uptake, ion transport, 
bacteriophage resistance, heavy metal transport, stress resistance and 
polysaccharide production (Chapter 3). Of these 11 plasmids, there is one rolling-
circle replicating plasmid (pLd3) and 10 theta-type replicating plasmids.  

In this study, the copy number of five plasmids of L. lactis FM03-V1 was monitored 
as a function of different environmental parameters relevant in cheese 
manufacturing including growth rate (0.6 to 0.0003 h-1), pH (7 and 5.5), nutrient 
limitation (lactose or amino acid limitation) and the presence of citrate (0 or 10 
mM).  
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Materials and methods 

Strain and growth medium 

For chemostat and retentostat cultivations, Lactococcus lactis subsp. lactis biovar 
diacetylactis FM03-V1 (van Mastrigt et al., 2018a) was pre-cultured as previously 
described (van Mastrigt et al., 2018b). The chemically defined media that were 
used for all cultivations contained 0.5% or 2% (w/w) lactose, 0 or 10 mM 
(NH4)3citrate, 0.1 or 1% Bacto-tryptone (van Mastrigt et al., 2018a) and were 
prepared in 20 L batches. The effect of growth rate was studied in a chemically 
defined medium containing 0.5% lactose, 10 mM (NH4)3citrate and 1% Bacto-
tryptone. 

Chemostat and retentostat cultivations  

Chemostat and retentostat cultivations were performed in duplicate as previously 
described (van Mastrigt et al., 2018b). For the chemostat cultivations, the bacteria 
were grown at dilution rates between 0.05 and 0.6 h-1. The stirring speed was set 
at 300 rpm, the temperature was kept constant at 30°C, and the pH was controlled 
at 5.5 or 7 by the automatic addition of 5 M NaOH. The headspace was flushed 
with nitrogen gas at a rate of 0.1 L/min to maintain anaerobic conditions. Samples 
were taken after reaching steady-state conditions, which were considered to be 
achieved after a minimum of five volume changes at which the optical density 
remained constant. Conditions for the retentostat cultivations were the same as 
for the chemostat cultivations, except that a stirring speed of 400 rpm was used 
and the pH was set always at 5.5. After a steady state was achieved in a chemostat 
cultivation at a dilution rate of 0.025 h-1, retentostat cultivation was initiated by 
the insertion of a sterilisable polyethersulfone cross-flow filter (Spectrum 
laboratories, USA) in the effluent. 

Plasmid copy number determination 

The plasmid copy numbers were determined in two steps: i) DNA extraction 
followed by ii) quantitative PCR (qPCR) analysis. DNA was extracted using the 
DNeasy Blood and Tissue kit (Qiagen, Germany) as previously described (van 
Mastrigt et al., 2018a). Subsequently, chromosomal and plasmid DNA were 
quantified with qPCR using specific primer sets (Table 8.1).
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The PCRs took place in 20 µl reaction mixtures containing 10 µl iQ SYBR® Green 
Supermix (Bio-Rad, USA), 2 µl purified DNA, 1 µM forward primer, and 1 µM 
reverse primer. The reactions started with an initial denaturation step at 95°C for 
5 minutes followed by 39 cycles of 95°C for 30 seconds and 64°C for 30 seconds 
and finalised with a melting curve in which the temperature was raised from 65 
to 95°C in steps of 0.5°C every 5 seconds to check for nonspecific amplification. 
The fluorescence of SYBR green was monitored, indicating the amount of double-
stranded DNA (dsDNA). The threshold cycles in the qPCR were determined by 
regression using the Bio-Rad software CFX manager 3.1, which corrects for small 
differences in PCR efficiencies. DNA extractions were performed in duplicate and 
triplicate for chemostat and retentostat samples, respectively. Chromosomal and 
plasmid DNAs of each DNA extraction were quantified in triplicate and averaged 
for statistical analysis.  

The plasmid copy number (PCN) was calculated from the threshold cycles for 
chromosomal (Ctc) and plasmid (Ctp) DNA using equation 8.1: 

 𝑃𝑃𝑃𝑃𝑃𝑃 = 2𝐶𝐶𝐶𝐶𝑐𝑐−𝐶𝐶𝐶𝐶𝑝𝑝           (8.1) 

in which an efficiency of 2 was used because the threshold cycles were determined 
by regression, which already corrects for slightly lower or higher efficiencies. 

Statistical analysis 

To determine the effects of variables (growth rate and environmental conditions) 
on the plasmid copy numbers, statistical analyses were performed with R using 
the nlme package (Pinheiro et al., 2016). Linear mixed-effects models (Zuur et 
al., 2009) were fitted to the data to correct for the nested structure of the data: 
different conditions were analysed within the same cultivation and at least three 
DNA extractions were performed on the same sample. Therefore, DNA extraction 
nested within cultivation was used as a random categorical variable. For the fixed 
explanatory variables either growth rate or pH, citrate, nutrient limitation, and 
their interactions were used. For retentostat cultivations, the growth rate was log 
transformed to make samples taken at high and low growth rates equally 
important. The determined plasmid copy numbers significantly correlated to the 
threshold cycle of the chromosome, which is a measure of how much chromosomal 
DNA was extracted. Therefore, the threshold cycle of the chromosome was added 
as a fixed explanatory variable to all models to correct for small changes in the 
amount of extracted DNA. First, a linear mixed-effects model (LME) with all fixed 
explanatory variables was compared with a generalised least squares model (GLS) 
by restricted maximum likelihood estimation (REML) to see if the LME was a better 
model, indicating that cells had more similar plasmid copy numbers within 
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cultivations than between cultivations. Subsequently, the fixed explanatory 
variables of the LME containing all explanatory variables were optimised by a 
repetitive process of fitting a full model, dropping all allowable terms in turn, 
comparing the models with the maximum likelihood, dropping the least significant 
term, and repeating the whole process until all terms were significant (P value 
<0.05) (Zuur et al., 2009). The growth rate was never dropped as fixed factor. 
Finally, the final model was made by REML, and residual errors in final models 
were checked for homogeneity.  

Results 

The copy numbers were monitored for five plasmids of the dairy strain Lactococcus 
lactis FM03-V1. These five plasmids were chosen because they differ greatly in 
size (3.3 to 39.6 kb), have two replication types (1 rolling-circle and 4 theta-type) 
and differ in putative encoded functions (Table 8.2). Plasmid pLd8 carrying a 
lactose operon was not included in the analysis because the cultures were lactose-
limited with this disaccharide acting as the main carbon and energy source. This 
affects the stability of plasmid pLd8 as indicated by the loss of this plasmid only 
during growth in M17 supplemented with glucose (Chapter 3), which confirmed 
previous studies showing that the ability to ferment lactose was only maintained 
during propagation in the presence of lactose or galactose (McKay et al., 1972, 
Okulitch and Eagles, 1936). The dynamics in the plasmid copy numbers were 
analysed in two separate experiments varying either the growth rate or the 
environmental conditions (pH, nutrient limitation, presence of citrate). The effect 
of the growth rate on the plasmid copy numbers was studied using chemostat and 
retentostat cultures to cover an extremely wide range of growth rates (0.0003 to 
0.6 h-1). To study the effect of environmental conditions, L. lactis was grown in 
chemostat cultivations at a constant growth rate (0.135 h-1). Because retentostat 
cultivation involves continuous filtration of the broth, a chemically defined medium 
was used in all experiments. This medium contained lactose, citrate and Bacto-
tryptone (hydrolysed casein proteins) to represent the main energy, carbon and 
nitrogen sources in milk. All cultivations were performed in duplicate. 

Table 8.2: Characteristics of the plasmids in L. lactis FM03-V1 used in this study. RCR: 
Rolling-circle replication. 

Plasmid Accession 
numbers 

Size 
(kb) 

Replication 
type 

Putative functions 

pLd1 CP020605.1 8.3 Theta Citrate uptake 
pLd3 CP020607.1 4.0 RCR Unknown 
pLd9 MF150537.1 15.3 Theta Phage defence / D-lactate dehydrogenase 
pLd10 MG813924.1 39.6 Theta Exopolysaccharide production 
pLd12 MG813926.1 3.3 Theta Restriction-modification system 
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Effect of growth rate 

L. lactis FM03-V1 was grown in chemostat cultures at high growth rates (0.05 to 
0.6 h-1) and in retentostat cultures at extremely low growth rates (0.0003 to 
0.025 h-1). Despite the near-zero growth rates, the bacteria remained viable 
(>80%) as determined by live/dead staining with SYTO 9 and propidium iodide 
(van Mastrigt et al., 2018b). Linear mixed-effects modelling was used to analyse 
the effect of growth rate on the copy numbers of five plasmids. To correct for 
small differences in the amount of extracted DNA, which affects the plasmid 
extraction efficiency (data not shown), the threshold cycle of the chromosome 
was added as a fixed explanatory variable in the model. The plasmid copy 
numbers in the retentostat cultivations were analysed using a log transformation 
of the growth rate. During chemostat and retentostat cultivations, the plasmid 
copy numbers were not significantly affected or were only slightly affected with 
those of plasmids pLd1 (citrate uptake), pLd3 (rolling-circle) and pLd9 
(bacteriophage resistance) increasing 1.7-, 3.5- and 1.6-fold at near-zero growth 
rates, respectively (Fig. 8.1, Table 8.3).  

Notably, the largest plasmid, pLd10 (39.6 kb), was completely lost in retentostat 
culture 1, and its copy number was significantly decreased in retentostat culture 
2 compared to that in chemostat cultures (4.5-fold). This shows that plasmid 
pLd10 was segregationally unstable at low growth rates, and the decreased copy 
number might be caused by the loss of the plasmid in a portion of the population. 
In general, the copy numbers of theta-type replicating plasmids were negatively 
correlated with the plasmid size (R2 = 0.921; Fig. 8.2) suggesting that bigger 
theta-type plasmids are less stable due to their lower copy number. Extrapolation 
of the linear relation between the size and copy number of theta-type replicating 
plasmids to the remaining six plasmids of L. lactis FM03-V1 gives a total plasmid 
content of 1.74 Mb, which is 72% of the amount of chromosomal DNA (2.43 Mb). 
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Figure 8.1: Copy numbers of five plasmids of L. lactis FM03-V1 in retentostat (left) and 
chemostat cultures (right). Red, black, blue and green represent independent retentostat 
cultures 1 and 2 and chemostat cultures 3 and 4, respectively. Every point represents the 
average plasmid copy number per DNA extraction calculated based on triplicate qPCR 
measurements. These plasmid copy numbers were corrected for slight changes in the 
amount of DNA extracted, which significantly affected the copy number measurement of 
most plasmids (Table 8.2). The dashed lines represent predictions calculated from linear 
mixed-effects model as explained in the materials and methods.  
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Figure 8.2: Correlation between the copy number and the size of the plasmids. Filled circles: 
theta-type replicating plasmids; open circles: rolling-circle replicating plasmid. Plasmid copy 
numbers were calculated at a growth rate of 0.2 h-1 based on the obtained model for 
chemostat cultivations.  

Effect of environmental conditions 

To study the effects of pH, nutrient limitation and the presence of citrate in the 
medium on plasmid copy numbers, L. lactis FM03-V1 was grown in chemostat 
cultures at a constant growth rate (0.135 h-1) at pH 5.5 and 7, with and without 
supplementation of citrate and under lactose and amino acid limitation. These 
environmental parameters were chosen to represent dairy environments during 
fermentation: milk contains approximately 10 mM citrate (Garnsworthy et al., 
2006); milk is acidified from approximately pH 7 to 5 (Fox and McSweeney, 2017) 
by lactic acid bacteria and amino acids or lactose might be limiting depending on 
the lactose uptake kinetics and the proteolytic capacity of the starter culture. 
Linear mixed-effects models were used to determine the effect of each parameter 
on the copy number of each plasmid. The copy numbers of plasmids pLd1 (citrate 
uptake) and pLd10 (EPS production) were significantly lower at low pH (2.0- and 
1.9-fold, respectively), while the copy number of plasmid pLd3 (rolling-circle) was 
lower under amino acid limitation (2.2-fold) (Fig. 8.3, Table 8.4). The copy 
numbers of the remaining two plasmids were not significantly affected under any 
of the tested conditions.
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Figure 8.3: Copy numbers of five plasmids of L. lactis FM03-V1 during chemostat cultivation 
at a constant growth rate (0.135 h-1) at different conditions: pH 5.5 or 7, under lactose or 
amino acid limitation, and with (+) or without (-) supplementation of citrate. Boxplots were 
made with the average plasmid copy numbers per DNA extraction, which were calculated 
based on triplicate qPCR measurements. These plasmid copy numbers were corrected for 
slight changes in the amount of DNA extracted, which significantly affected the copy number 
measurements of most plasmids (Table 8.3). Triangles represent the predictions of linear 
mixed-effects models as explained in the materials and methods. P values of significant 
effects are indicated in the plots. 
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Discussion 

To assess the dynamics in the copy numbers of five plasmids, Lactococcus lactis 
FM03-V1 was grown in environments that reflect the conditions encountered 
during dairy fermentations. The copy numbers of plasmids were studied at near-
zero growth rates using retentostat cultivation. Differences in plasmid copy 
numbers were limited (<4-fold) compared to the extremely wide range of growth 
rates (>1000-fold). This shows that the replication rate of the plasmids is strictly 
coupled to the growth rate. It has been demonstrated that the plasmid replication 
rate is controlled by negative regulatory systems responding to fluctuations in the 
copy number as extensively reviewed by del Solar et al. (1998) and Chattoraj 
(2000). More specifically, these systems respond to fluctuations in plasmid 
concentrations. Because the cell volume slightly increases at near-zero growth 
rates (van Mastrigt et al., 2018b), a constant plasmid concentration implies a 
slightly higher number of plasmids per cell in bigger cells. Since these bigger cells 
still contain only one chromosomal copy, increased cell volumes could explain the 
increased copy numbers of plasmids pLd1, pLd3 and pLd9 at near-zero growth 
rates.  

Despite the strict regulation of the plasmid copy numbers, plasmids can still be 
lost under specific conditions as illustrated by the complete loss of plasmid pLd10 
in retentostat culture 1 and the significantly decreased apparent copy number in 
retentostat culture 2, which might be caused by the loss of the plasmid in a portion 
of the population. This plasmid carries a large eps gene cluster. Exopolysaccharide 
(EPS) production is an expensive process in terms of energy usage and we 
speculate that the extreme energy limitation in retentostat cultivation might have 
selected for cells that did not produce EPS due to loss of plasmid pLd10. The 
energy advantage of cells that have lost plasmid pLd10 enabled these cells to 
grow at lower substrate availabilities resulting in the dominance of these cells in 
the retentostat cultures.  

The mode of replication has been suggested to be a major factor in the 
segregational stability of plasmids in L. lactis, with theta-type replication plasmids 
being more stable (Kiewiet et al., 1993). In this study, a theta-type replicating 
plasmid (pLd10) was lost in one of the retentostat cultivations, while the rolling-
circle replicating plasmid was maintained. Plasmid pLd10 has a relatively low copy 
number compared to those of the other plasmids, which increases its chance to 
be lost during cell division. We found that the copy number of theta-type 
replicating plasmids was negatively correlated to the plasmid size. A similar 
relation was also found for plasmids of Bacillus thuringiensis YBT-1520 (Zhong et 
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al., 2011) and suggests a lower stability for larger plasmids due to their lower 
copy number. 

The amount of chromosomal DNA in the extraction could affect the plasmid 
extraction efficiency and thereby plasmid copy number measurement. Therefore, 
the threshold cycle of the chromosomal DNA was included as fixed explanatory 
variable in the linear mixed-effects models to correct for small changes in the 
amount of extracted DNA. This variable appeared to be significant in most 
analyses (Tables 8.2 and 8.3) and improved the reliability of the results. This 
demonstrates that to obtain reliable results with the described copy number 
determination method, standardisation of the amount of cells in the DNA 
extraction and/or correction for small changes in the amount of extracted DNA, 
as implemented in the current study, is required.  

In addition to the effect of growth rate on the plasmid copy number, we analysed 
the effects of several environmental parameters, which commonly change during 
dairy fermentations: pH, nutrient limitation and the presence of citrate. In 
general, their effects on the plasmid copy numbers were very small (maximum 
2.2-fold), signifying the stability of the plasmid copy numbers. Comparisons of the 
plasmid copy numbers in the chemostat cultures at different dilution rates (Fig. 
8.1) and under different environmental conditions (Fig. 8.3) showed that the 
determined copy numbers in the latter chemostat cultures were approximately 2-
fold lower. This can be explained by the slightly larger amount of chromosomal 
DNA that was extracted on average in these samples (chromosomal threshold 
cycle of 12.5 to 15 compared to 15 to 17) because we only corrected for the 
amount of chromosomal DNA within experiments, i.e. conditions analysed in the 
same linear mixed-effects model, and not between experiments. This 
demonstrates the importance of standardisation of the amount of cells in the DNA 
extraction for comparisons between experiments. 

The copy number of plasmid pLd1 carrying the citQRP operon required for citrate 
uptake decreased 2.0-fold at low pH, while the nutrient limitation and the 
presence of citrate did not have a significant effect. In contrast, earlier studies 
(van Mastrigt et al., 2018a) revealed a slight increase (1.4-fold) in the copy 
number of plasmid pLd1 at pH 5.5 compared to that at pH 7. This discrepancy 
shows that such small differences in plasmid copy number (<5 plasmid copies) 
cannot be reproducibly found with the applied technique and should be considered 
not significant. This is signified by the relatively small changes compared to the 
increase in citrate utilisation rate at low pH in the presence of citrate, which can 
mount up to 65-fold (van Mastrigt et al., 2018a).  
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In conclusion, plasmid copy numbers were remarkably stable under different 
environmental conditions relevant for cheese manufacturing, which leads to a 
constant and predictable product quality in industrial processes. 
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Abstract 

The partial cell recycling chemostat is a modification of the chemostat in which 
cells are partially fed back into the bioreactor making it possible to use dilution 
rates higher than the growth rate. This results in higher biomass concentrations 
and increased process rates, which is especially useful for dilute or insoluble 
substrates and to prevent product inhibition. For the first time, we show that this 
system could also be used to produce compounds that are formed at near-zero 
growth rates, such as many aroma compounds typical for ripened cheese. In this 
study, Lactococcus lactis FM03-V2 was cultivated in a partial cell recycling 
chemostat at growth rates between 0.0025 and 0.025 h-1. Detailed analysis of 
aroma compounds produced by L. lactis FM03-V2 revealed that levels of particular 
compounds were clearly affected by the growth rate within the studied range 
demonstrating that we can steer the aroma production by changing the growth 
rate. With this approach, we also experimentally validated that the maintenance 
coefficient of this dairy strain decreased at near-zero growth rates (6.4-fold). An 
exponential decreasing maintenance coefficient was included in the growth model 
and this enabled accurate prediction of biomass accumulation in the partial cell 
recycling chemostat. This study demonstrates the potential of partial cell recycling 
chemostat both as aroma production system at near-zero growth rates and as 
unique research tool. 
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Introduction 

The partial cell recycling chemostat, also called chemostat with feedback, was first 
presented by Herbert (Herbert, 1961) and first experiments with this technique 
have been published by Pirt and Kurowski (Pirt and Kurowski, 1970). This system 
is a modification of the chemostat, in which biomass is partially recycled by means 
of centrifugation, filtration or gravity sedimentation (Pirt and Kurowski, 1970). 
Thereby, dilution rates higher than the growth rate can be used resulting in higher 
biomass concentrations and increased process rates. In particular, this can be 
useful for fermentations with dilute or insoluble substrates or in the presence of 
inhibitory substances (Bibal et al., 1991, Bull and Young, 1981, Pirt, 1975).   

With the advances in membrane technology, it is now possible to have two 
effluents, one with complete biomass retention and one without biomass retention 
enhancing the applicability of this system. In this situation, the ratio of the flow 
rate of the cell-free permeate over the total effluent flow, called the recycle ratio 
R, together with the dilution rate D determines the growth rate µ: 

µ = (1 − 𝑅𝑅) · 𝐷𝐷 ≤ 𝐷𝐷          (9.1) 

When R = 0, there is no cell recycling and the system is a conventional chemostat 
in which the growth rate μ equals the dilution rate. When R = 1, there is complete 
cell recycling, the growth rate approaches 0 and there is no steady state possible.  

Because both the dilution rate and recycle ratio can be controlled, the growth rate 
can be controlled even at extremely low growth rates that would cause 
homogeneity problems in conventional chemostat cultures. This feature shows 
two new applications of the partial cell recycling chemostat that are yet 
unexplored: i) studying microbes at near-zero growth rates in true steady states 
and ii) production of metabolites typical for near-zero growth rates, such as aroma 
compounds formed during cheese ripening.  

In the last decade, the effect of near-zero growth rates on the physiology of 
several microbes has been studied using retentostat cultivation, which uses 
complete cell recycling and therefore never leads to a true steady state (Boender 
et al., 2009, Ercan et al., 2013, Goffin et al., 2010, Overkamp et al., 2015, Panikov 
et al., 2015, van Mastrigt et al., 2018a). Moreover, the growth rate quickly 
decreases to <0.005 h-1 in retentostat cultures, making it impossible to properly 
study growth rates between approximately 0.005 and 0.025 h-1 using retentostat 
cultures. Recently, dynamic modelling of retentostat cultures revealed a 7-fold 
reduction in the maintenance requirement of Lactococcus lactis FM03-V1 after 35 
days of cultivation (van Mastrigt et al., 2018a). Moreover, formation of particular 
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aroma compounds increased during the cultivations resembling aroma formation 
during cheese ripening. 

In this study, the dairy L. lactis FM03-V2 was grown in partial cell cycling 
chemostat cultures at low growth rates (0.0025 – 0.025 h-1) to determine if the 
changes in maintenance requirement and aroma formation were caused by the 
low growth rates. Moreover, additional applications of the partial cell recycling 
chemostat are discussed. 

Materials and methods 

Strain and medium 

In this study Lactococcus lactis subsp. lactis FM03-V2 was used, which is a single 
colony isolate of L. lactis FM03-V1 lacking plasmid pLd1 carrying the citQRP 
operon. For the continuous cultivation, bacteria were pre-cultured as previously 
described (van Mastrigt et al., 2018a). Briefly, a single colony from an M17 agar 
plate supplemented with 0.5% (w/v) lactose was cultured overnight at 30°C on 
lactose-limited chemically defined medium (van Mastrigt et al., 2018b). 
Subsequently, the culture was used to inoculate the bioreactor at 1% (v/v) 
inoculation level. For the continuous cultivation a chemically defined medium was 
used containing 0.5% (w/w) lactose, 10 mM (NH4)3citrate and 1% Bacto-tryptone 
as main carbon and nitrogen sources (van Mastrigt et al., 2018b). 

Partial cell recycling chemostat cultivation 

Bacteria were grown in partial cell recycling chemostat cultures at growth rates 
between 0.0025 and 0.025 h-1 in bioreactors with a working volume of 1 L 
(Multifors, Infors HT, Switzerland). A constant dilution rate of 0.025 h-1 was used 
and the growth rate was varied by changing the recycle ratio by removing part of 
the effluent via a polyethersulfone cross-flow filter (0.65 µm, Spectrum 
laboratories, USA). The temperature was kept constant at 30°C, the pH was 
controlled at 5.5 by automatic addition of 5 M NaOH and anaerobic conditions 
were maintained by flushing the headspace with nitrogen gas at a rate of 0.1 
L/min. The stirring speed was set at 400 rpm. The optical density at 600 nm was 
continuously monitored using an internal probe (Trucell2, Finesse, USA). Samples 
were taken after reaching steady state conditions, which were considered to be 
achieved when the online optical density did not change significantly for 
approximately 2 days. Rates of the feed, effluent and cell-free permeate were 
determined by continuously weighing the medium and waste vessels.  
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Biomass determination 

The cell dry weight was determined in triplicate as previously described (van 
Mastrigt et al., 2018b). Briefly, 3 mL samples was passed through a preweighted 
0.2 µm membrane filter (Pall Corporation, USA) by a vacuum filtration unit, dried 
at 80°C for 2 days and weighted again. 

Cell viability  

The viability of cells in the culture was determined by LIVE/DEAD Baclight Bacterial 
Viability kit (Molecular Probes Europe, The Netherlands). 100 µl culture was 
incubated with 3.34 µM green fluorescent SYTO 9 and 20 µM red fluorescent 
propidium iodide for 10 minutes at room temperature in the dark. A fluorescent 
microscope was used for visualisation and estimation of the number of green and 
red cells. 

Extracellular metabolites analysis 

Lactose, citrate, lactate, acetate, ethanol, formate, pyruvate and acetoin were 
quantified by High Performance Liquid Chromatography (HPLC) as previously 
described (van Mastrigt et al., 2018b).  

Volatile organic compounds analysis 

Volatile organic compounds were analysed by headspace solid phase 
microextraction gas chromatography mass spectrometry (HS SPME GC-MS) as 
previously described (van Mastrigt et al., 2018a). Aroma profiles were analysed 
with Chromeleon 7.2 software. The ICIS algorithm was used for peak integration 
and mass spectra of these peaks were compared with the NIST main library for 
identification. One quantifying peak (either the highest m/z peak per compound 
or a high m/z peak that was not present in overlapping compounds) was selected 
for quantification of the compound and 1 or 2 confirming peaks were used for 
confirmation. 

Modelling 

To estimate the maintenance coefficient during the partial cell recycling chemostat 
cultivation, biomass accumulation was modelled based on: i) mass balances of 
biomass and substrate (Eq. 9.2 and 9.3), ii) the Herbert-Pirt equation (Eq. 9.4) 
describing how substrate is divided over growth and maintenance, and iii) changes 
in metabolism resulting in different ATP yield on substrate (Eq. 9.5 and 9.6). In 
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these equations, Cx denotes biomass concentration in the reactor (gDW/kg), µ is 
the growth rate (h-1), F is the flow of medium (L/h), V is the volume (L), R is the 
recycle ratio, Cs,out is the substrate concentration in the reactor (no residual 
lactose), Cs,in is the substrate concentration in the medium (175.2 mCmol/L 
lactose), qs is the biomass specific substrate consumption rate (Cmol.gDW-1.h-1), 
t is the time (h), 𝑌𝑌𝑥𝑥/𝑠𝑠

𝑚𝑚𝑚𝑚𝑥𝑥 is the maximum biomass yield on substrate (gDW/CmolS), 

𝑌𝑌𝑥𝑥/𝐴𝐴𝐴𝐴𝐴𝐴
𝑚𝑚𝑚𝑚𝑥𝑥  is the maximum biomass yield on ATP (gDW/mol ATP), ms is the substrate-

related maintenance coefficient (CmolS.gDW-1.h-1), mATP is the energy-related 
maintenance coefficient (mol ATP.gDW-1.h-1) and YATP/s is the ATP yield on 
substrate (mol ATP/CmolS). 

𝑑𝑑𝐶𝐶𝑥𝑥
𝑑𝑑𝑑𝑑

= µ · 𝐶𝐶𝑥𝑥 −
𝐹𝐹
𝑉𝑉

(1 − 𝑅𝑅) · 𝐶𝐶𝑥𝑥                   (9.2) 

𝑑𝑑𝐶𝐶𝑠𝑠
𝑑𝑑𝑑𝑑

= 𝐹𝐹
𝑉𝑉
�𝐶𝐶𝑠𝑠,𝑖𝑖𝑖𝑖 − 𝐶𝐶𝑠𝑠� − 𝑞𝑞𝑠𝑠 · 𝐶𝐶𝑥𝑥         (9.3) 

𝑞𝑞𝑠𝑠 = µ
𝑌𝑌𝑥𝑥/𝑠𝑠
𝑚𝑚𝑚𝑚𝑥𝑥 + 𝑚𝑚𝑠𝑠           (9.4) 

𝑌𝑌𝑥𝑥/𝑠𝑠
𝑚𝑚𝑚𝑚𝑥𝑥 =  𝑌𝑌𝑥𝑥/𝐴𝐴𝐴𝐴𝐴𝐴

𝑚𝑚𝑚𝑚𝑥𝑥 · 𝑌𝑌𝐴𝐴𝐴𝐴𝐴𝐴/𝑠𝑠              (9.5) 

𝑚𝑚𝑠𝑠 = 𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴

𝑌𝑌𝐴𝐴𝐴𝐴𝐴𝐴/𝑠𝑠
                    (9.6) 

Because the lactose concentration in the bioreactor was much lower than the 
concentration in the medium and citrate was not consumed at all, a steady state 
can be assumed, i.e. dCs/dt = 0. After substitution of equation 9.4 in equation 
9.3, an expression for µ can be obtained, which can be substituted in equation 
9.2. Integration of this equation and substitution of 𝑌𝑌𝑥𝑥/𝑠𝑠

𝑚𝑚𝑚𝑚𝑥𝑥 and ms using equation 

9.5 and 9.6 leads to equation 9.7: 

𝐶𝐶𝑋𝑋(𝑡𝑡) = �𝐶𝐶𝑥𝑥,0 −
�𝐹𝐹𝑉𝑉·�𝐶𝐶𝑠𝑠,𝑖𝑖𝑖𝑖−𝐶𝐶𝑠𝑠�·𝑌𝑌𝑥𝑥/𝐴𝐴𝐴𝐴𝐴𝐴

𝑚𝑚𝑚𝑚𝑥𝑥 ·𝑌𝑌𝐴𝐴𝐴𝐴𝐴𝐴/𝑠𝑠 �

𝑌𝑌𝑥𝑥/𝐴𝐴𝐴𝐴𝐴𝐴
𝑚𝑚𝑚𝑚𝑥𝑥 ·𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴−(1−𝑅𝑅)·𝐹𝐹𝑉𝑉

� · 𝑒𝑒−�𝑌𝑌𝑥𝑥/𝐴𝐴𝐴𝐴𝐴𝐴
𝑚𝑚𝑚𝑚𝑥𝑥 ·𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴+(1−𝑅𝑅)·FV�·𝑑𝑑 + 

�𝐹𝐹𝑉𝑉·�𝐶𝐶𝑠𝑠,𝑖𝑖𝑖𝑖−𝐶𝐶𝑠𝑠�·𝑌𝑌𝑥𝑥/𝐴𝐴𝐴𝐴𝐴𝐴
𝑚𝑚𝑚𝑚𝑥𝑥 ·𝑌𝑌𝐴𝐴𝐴𝐴𝐴𝐴/𝑠𝑠 �

𝑌𝑌𝑥𝑥/𝐴𝐴𝐴𝐴𝐴𝐴
𝑚𝑚𝑚𝑚𝑥𝑥 ·𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴−(1−𝑅𝑅)·𝐹𝐹𝑉𝑉

      (9.7) 

Equation 9.7 was used to estimate the energy-related maintenance coefficient 
mATP in time by fitting the biomass accumulation, assuming a constant Yx/ATPmax of 
15.94 gDW/mol ATP, as determined for this strain in chemostat cultures at growth 
rates between 0.05 and 0.4 h-1 (van Mastrigt et al., 2018a). The YATP/s was 
estimated based on the measured metabolite production:  

𝑌𝑌𝐴𝐴𝐴𝐴𝐴𝐴/𝑆𝑆 =  𝑅𝑅𝑙𝑙𝑚𝑚𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙𝑙𝑙+𝑅𝑅𝑙𝑙𝑙𝑙ℎ𝑚𝑚𝑖𝑖𝑎𝑎𝑙𝑙+𝑅𝑅𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑚𝑚𝑙𝑙𝑙𝑙+ 2·𝑅𝑅𝑚𝑚𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑖𝑖𝑖𝑖+ 2·𝑅𝑅𝑚𝑚𝑙𝑙𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙𝑙𝑙
−(12·𝑅𝑅𝑙𝑙𝑚𝑚𝑙𝑙𝑙𝑙𝑎𝑎𝑠𝑠𝑙𝑙)                   (9.8) 

in which Ri is the production rate (mol/h) of compound i. Input data for the fitting 
were the online optical density measurements, which were first converted into 
biomass dry weight concentrations using a second-order polynomial relation 
(Suppl. Fig. S9.1).  
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For fitting the data to equation 9.7, two different models were used, both 
describing a maintenance coefficient that decreases at near-zero growth rates as 
found by van Mastrigt et al. (2018a): i) a model in which the maintenance starts 
to decrease at growth rates below a critical growth rate (µcirt) (Eq. 9.9) and ii) a 
model in which the maintenance coefficient gradually decreases towards near-
zero growth rates (Eq. 9.10). 

𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴 =  �   
𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴,𝑐𝑐ℎ𝑒𝑒                                  𝑖𝑖𝑖𝑖 µ ≥ µ𝑐𝑐𝑐𝑐𝑖𝑖𝑑𝑑
𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴,𝑐𝑐ℎ𝑒𝑒 − 𝑎𝑎 · (µ𝑐𝑐𝑐𝑐𝑖𝑖𝑑𝑑 − µ)  𝑖𝑖𝑖𝑖 µ < µ𝑐𝑐𝑐𝑐𝑖𝑖𝑑𝑑

    (9.9) 

𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴,𝑐𝑐ℎ𝑒𝑒 − 𝑏𝑏 · 𝑒𝑒−𝑐𝑐·µ                      (9.10) 

in which mATP,che denotes the mATP as found by extrapolation from chemostat 
cultures (2.43 mmol ATP.gDW-1.h-1), µcrit is the critical growth rate from where the 
maintenance coefficient starts to decrease and a, b and c are fitted parameters 
describing how fast the maintenance coefficient decreases. For both models, we 
minimised the sum of squared errors between the model and the input data by 
optimising either i) μcrit and a or ii) b and c. This was done using the solver add-
in of Excel with 10 minute intervals. 

Results 

Lactococcus lactis FM03-V2 was cultivated in a partial cell recycling chemostat 
bioreactor with a constant dilution rate (0.025 h-1) at various recycling ratios (0 
to 0.9) resulting in growth rates between 0.025 and 0.0025 h-1. The biomass 
concentration increased 3.4-fold at higher recycle ratios (Fig. 9.1). Throughout 
the cultivation, the viability remained high (>99%) as determined by live/dead 
staining with the fluorescent markers SYTO 9 and propidium iodide.  

 

Figure 9.1: Biomass concentration in steady states of a partial cell recycling chemostat 
culture at different recycle ratios. Error bars represent the standard deviation of technical 
triplicates. 
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Metabolism 

The main carbon sources (lactose and citrate) and the main fermentation products 
(lactate, acetate, ethanol, formate, acetoin and pyruvate) were quantified in all 
steady states at growth rates between 0.025 and 0.0025 h-1 using HPLC (Fig. 9.2). 
Residual lactose concentrations were below the detection limit, while citrate was 
not consumed throughout the cultivation because L. lactis FM03-V2 does not carry 
plasmid pLd1 carrying the citQRP operon required for citrate uptake. The lactose 
was converted mainly into lactate, acetate, formate, ethanol and pyruvate. At 
lower growth rates, lactate production increased (from 53% to 63%), while the 
formation of acetate, ethanol and formate decreased (from 47% to 36%). 
Furthermore, based on the production of acetate, ethanol and formate, it can be 
concluded that the pyruvate was converted into acetyl-CoA via both pyruvate 
formate lyase (PFL) and pyruvate dehydrogenase (PDH).  

Maintenance estimation 

Traditionally, the correlation between the biomass specific ATP production rate 
(qATP) and the growth rate (μ) in chemostat cultures is used to determine the 
maximum biomass specific yield on ATP (Yx/ATPmax) and the maintenance coefficient 
(mATP). However, this approach only takes into account growth rates above

  
Figure 9.2: Metabolite production by L. lactis FM03-V2 in a partial cell recycling chemostat 
culture as function of the growth rate. The distribution of pyruvate over four different 
metabolic reactions was normalized to 100%. Every colour corresponds to a particular 
reaction: lactate dehydrogenase (blue), pyruvate formate lyase (orange), pyruvate 
dehydrogenase (green), pyruvate efflux (purple). Reactions were normalized based on the 
production or consumption of 1 pyruvate or 1 acetyl-CoA. Squares represent the degree of 
reduction balance. Error bars represent the standard deviation of technical duplicates. 
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approximately 0.05 h-1 and therefore deviations at low growth rates will not be 
found. Based on dynamic modelling of retentostat cultures, it was found that the 
mATP of L. lactis FM03-V1 decreases 7-fold at near-zero growth rates (van Mastrigt 
et al., 2018a). We used the biomass concentrations and the metabolite production 
rates in the steady states of the partial cell recycling chemostat culture to calculate 
qATP, which was plotted against the growth rate (Fig. 9.3). We calculated the ATP 
production rate (RATP) using equation 9.11: 

𝑅𝑅𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑅𝑅𝑙𝑙𝑚𝑚𝑐𝑐𝑑𝑑𝑚𝑚𝑑𝑑𝑒𝑒 + 𝑅𝑅𝑒𝑒𝑑𝑑ℎ𝑚𝑚𝑖𝑖𝑎𝑎𝑙𝑙 + 𝑅𝑅𝑝𝑝𝑝𝑝𝑐𝑐𝑝𝑝𝑝𝑝𝑚𝑚𝑑𝑑𝑒𝑒 + 2 · 𝑅𝑅𝑚𝑚𝑐𝑐𝑒𝑒𝑑𝑑𝑎𝑎𝑖𝑖𝑖𝑖 + 2 · 𝑅𝑅𝑚𝑚𝑐𝑐𝑒𝑒𝑑𝑑𝑚𝑚𝑑𝑑𝑒𝑒         (9.11)  

in which Ri is the production rate of compound i. The qATP was significantly lower 
at near-zero growth rates than estimations based on extrapolations of chemostat 
cultures at growth rates between 0.05 and 0.4 h-1 (3.6-fold at 0.0025 h-1) 
confirming that the maintenance coefficient decreased at near-zero growth rates. 
Moreover, the extent of the decrease in the maintenance coefficient seemed to 
increase towards near-zero growth rates. To further study the relation between 
the maintenance and the growth rate, the biomass accumulation in the partial cell 
recycling chemostat was modelled assuming that the maintenance coefficient 
decreased either linearly or exponentially at low growth rates as explained in the 
materials and methods (Eq. 9.9 and 9.10). 

 

Figure 9.3: Relation between biomass specific ATP production rate (qATP) and the growth 
rate based on chemostat cultures (filled triangles) and partial cell recycling chemostat 
cultures (open squares). The dashed line is a linear regression line based on data from 
chemostat cultures that is traditionally used to estimate the maximum biomass yield on ATP 
(-1/slope) and the maintenance coefficient (intercept). The black line represent the model 
in which the maintenance exponentially decreased at low growth rates. The axis of the inset 
are the same as of the main figure. 
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Figure 9.4: Prediction of the biomass accumulation of the partial cell recycling chemostat 
based on a linearly decreasing (red) or an exponentially decreasing maintenance coefficient 
towards lower growth rates (blue). The black line represent the optical density 
measurements at 600 nm, which were converted to dry weight concentrations with a 
second-order polynomial function (Suppl. Fig. S9.1). 

The model with an exponential decreasing maintenance coefficient fitted the data 
slightly better (root mean squared error (RMSE) = 0.035 and 0.041 gDW/kg) (Fig. 
9.4). Moreover, in contrast to the linear model that predicts a sudden decrease, 
the exponential model predicts a gradual decrease in the maintenance 
requirements, which better reflects the microbial physiology. Therefore, the 
exponentially decreasing model is the preferred model. This model is in line with 
the traditional determination of the biomass yield and maintenance coefficient 
using conventional chemostat cultures (Fig. 9.3). Extrapolations of the traditional 
model with a constant maintenance coefficient and the new model with an 
exponentially decreasing maintenance coefficient showed that the maintenance 
coefficient decreases approximately 6.4-fold when the growth rate decreases to 
zero. 

Volatile organic compound production 

To identify changes in the metabolism resulting from the low growth rates, volatile 
organic compounds were analysed in the steady states by headspace solid phase 
microextraction gas chromatography mass spectrometry. To be able to estimate 
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the production rates, both complete and cell-free samples were analysed because 
it is known that particular compounds are predominantly located in the cell 
membrane due to their hydrophobic nature (van Mastrigt et al., 2018a). In total, 
27 compounds were identified in the samples. Based on the flow rates of the 
effluent (corresponding to the complete samples) and the permeate 
(corresponding to cell-free samples) combined with the determined abundances 
of the metabolites in both samples, we calculated the production rates of each 
compound (Fig. 9.5). In general, the production of ketones, fatty acids and long-
chain alcohols increased towards low growth rates (i.e. acetone, 2-butanone, 
butanoic acid, hexanoic acid and, octanoic acid, 1-tetradecanol and 
1-hexadecanol), while aldehydes, acetoin and pyrazines decreased (i.e. 
acetaldehyde, benzaldehyde, benzeneacetaldehyde, 2-butenal, 3-hydroxy-2-
butanone, trimethylpyrazine and 2,6-dimethylpyrazine). An increase of ketones 
and fatty acids at lower growth rates was also found for L. lactis FM03-V1 during 
retentostat cultivation (van Mastrigt et al., 2018a). 

Discussion 

Partial cell recycling chemostat cultivation was found to be a promising technique 
because higher biomass and metabolites production rates can be obtained 
compared to batch and chemostat cultures, in particular for diluted or insoluble 
substrates or to prevent product inhibition (Bibal et al., 1991, Bull and Young, 
1981). For the first time, we showed that this system could also be used to 
cultivate microorganisms in a constant chemical environment at very low growth 
rates to continuously produce metabolites typical for low growth rates and to study 
the physiology of the microorganisms.  

L. lactis FM03-V2 was cultivated at growth rates between 0.0025 and 0.025 h-1 in 
a partial cell recycling chemostat and secondary metabolite production was 
quantified with HS SPME GC-MS. In general, acids and ketones increased at lower 
growth rates, while aldehydes, acetoin and pyrazines decreased. Ketones and 
acids are groups that contain important aroma compounds in fermented dairy 
products, like cheese (Curioni and Bosset, 2002). Production of most of these 
compounds is related to the lipolytic activity of moulds, but our study shows that 
they can also be produced by L. lactis FM03-V2 at extremely low growth rates. 

During the cultivation, L. lactis converted lactose mainly into lactate, acetate, 
ethanol, formate and pyruvate. It is known that L. lactis shifts from homolactic 
fermentation at high growth rates to the more energy efficient mixed-acid 
fermentation (combination of acetate, formate and ethanol) at low growth rates 
(Goel et al., 2015, Thomas et al., 1979). This shift has also been observed for  
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variants of L. lactis FM03-V1 (Suppl. Fig. S2). However, lactate production by L. 
lactis FM03-V2 increased at near-zero growth rates in the partial cell recycling 
chemostat. Why L. lactis switches between homolactic and mixed-acid 
fermentation remains unclear until now and these observations could contribute 
to answering this question (Goel et al., 2015, Goel et al., 2012). 

Based on the metabolite production rates and the biomass concentration in the 
steady states of the partial cell recycling chemostat, we estimated the 
maintenance coefficient of L. lactis FM03-V2. The estimated maintenance 
coefficient decreased 6.4-fold at near-zero growth rates compared to high growth 
rate (>0.05 h-1), which corresponds well with predictions using dynamic modelling 
of retentostat cultures (7-fold) (van Mastrigt et al., 2018a). An exponentially 
decreasing maintenance coefficient was included in a dynamic growth model that 
excellently predicted the accumulation of biomass in the partial cell recycling 
chemostat supporting our hypothesis of an exponentially decreasing maintenance 
coefficient.  

This study demonstrates that partial cell recycling chemostat cultivation can be 
used to study microorganisms at extremely low growth rates in static conditions 
and has important advantages over retentostat cultivation with complete cell 
recycling. The growth rate can be controlled at values just above zero, which 
results in a higher viability (>99% instead of ~80%). Moreover, the partial cell 
recycling chemostat is more reproducible due to its time-independency and it is 
not affected by small disturbances by for instance sampling, clogging of the filter 
or changes in the feed rate. This makes the partial cell recycling chemostat more 
suitable for omics studies, such as transcriptomics, proteomics and metabolomics. 
Furthermore, it offers the unique opportunity to study the impact of cell density 
and quorum sensing-dependent behaviour at a constant growth rate under 
constant environmental conditions by only changing the feed rate and the recycle 
ratio. 

In conclusion, partial cell recycling chemostat cultivation is a unique cultivation 
technique that has both promising applications in biotechnological research, food 
production processes and in academic research. 

Acknowledgement 

This work was supported by Arla Foods (Aarhus, Denmark). 

 

  



Chapter 9 
 

198 
 

Supplementary materials 

 

Supplementary Figure S9.1: Relation between the optical density at 600 nm, measured 
continuously with an internal probe, and the biomass concentration. The solid line represents 
a second-order polynomial function and the dotted lines represent the 95% confidence 
interval.  

 

Supplementary Figure S9.2: L. lactis FM03-V1 shifted towards more mixed-acid 
fermentation at low growth rates in chemostat cultures. The distribution of pyruvate over 
four different metabolic reactions was normalised to 100%. Every colour corresponds to a 
particular reaction: lactate dehydrogenase (blue), pyruvate formate lyase (red), pyruvate 
dehydrogenase (green), pyruvate efflux (purple). Reactions were normalised based on the 
production or consumption of 1 pyruvate or 1 acetyl-CoA. Squares represent the degree of 
reduction balance. 
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General discussion 

Cheese ripening is a complex process in which the typical cheese characteristics, 
such as the flavour and texture, are formed by the action of numerous enzymes 
derived from the milk, the rennet, the starter bacteria and the non-starter bacteria 
(Fox et al., 2017). It is a slow process, and thus expensive, that can last from 
about two weeks, e.g. Mozzarella, to more than two years, e.g. Parmigiano-
Reggiano (McSweeney, 2004). Ripening costs include the need to keep the 
temperature low to prevent growth of spoilage and pathogenic microorganisms 
and, often, to control the relative humidity (McSweeney, 2007). Cheese ripening 
primarily involves the generation of precursors from carbohydrates, proteins and 
fats and their conversion into a wide range of compounds responsible for the 
flavour and texture of the cheese. While precursors can be formed by single 
enzymes, the subsequent aroma formation required intact cells and functional 
metabolic pathways (Smid and Kleerebezem, 2014). 

During cheese ripening, nutrients are limited. Most of the lactose, the main energy 
source in milk, has been discarded in the whey fraction or is already consumed by 
the bacteria during the early stages of cheese making. Therefore, lactic acid 
bacteria (LAB) encounter long periods of nutrient limitation during cheese ripening 
leading to severe reduction of the growth rate. Particular LAB, such as Lactococcus 
lactis biovar diacetylactis and Leuconostoc mesenteroides, survive these periods 
of extremely slow growth (Erkus et al., 2013), while still contributing to flavour 
formation in the fermented product. 

Such low nutrient availabilities are not only found in food fermentation processes, 
but are often found in natural environments, in which microorganisms generally 
live in a feast or famine existence due to variable availabilities of nutrient and 
energy sources (Koch, 1971, Morita, 1993). It has been suggested that energy 
limitation is the prevailing physiological state among microorganisms on Earth 
(Brock, 1971, Morita, 1997). The physiological state of these organisms is poorly 
represented in laboratory experiments with nutrient-rich batch cultures, in which 
metabolic rates are several orders of magnitude higher than in oligotrophic 
environments (Hoehler and Jorgensen, 2013). The high prevalence of slowly 
growing microorganisms in both food fermentation processes and natural 
environments demonstrates that its very relevant to study microorganisms that 
are hardly growing. 

In this study, dairy isolates of lactic acid bacteria were grown in retentostat 
cultures at near-zero growth rates to study their physiological, genetic and 
metabolic adaptations to these harsh conditions (Chapters 5, 6, 7 and 8). In the 
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following paragraphs, these adaptations will be mainly discussed from the 
perspective of the microbe and its long evolution in the dairy environment. 

Physiological adaptations 

In retentostat cultures of L. lactis biovar diacetylactis FM03-V1 and Lc. 
mesenteroides FM06 growth rates decreased to less than 0.001 h-1, corresponding 
to doubling times of more than a month (Chapter 6 and 7). Both strains showed 
very similar physiological responses towards the long periods of nutrient 
limitation, such as that a large fraction of the cells lost the ability to grow on 
plates, while remaining viable, i.e. have an intact cell membrane. These so-called 
viable but non-culturable (VBNC) cells have entered a dormant state, which is an 
important survival strategy against unfavourable environmental conditions. For 
instance, the fraction of dormant cells in soil samples can be more than 80% 
(Lennon and Jones, 2011). VBNC cells have large similarities with persisters, 
which are antibiotic tolerant but not growing, and can be formed stochastically 
owing to random fluctuations in gene expression or due to a wide range of 
stresses, such as starvation, growth-inhibiting temperatures, non-optimal salinity 
and stressful pH (Ayrapetyan et al., 2015, Maisonneuve et al., 2013). Our results 
demonstrate that near-zero growth rates induce the formation of VBNC cells. In 
Escherichia coli, near-zero growth rates coincide with increased levels of ppGpp 
(Arbige and Chesbro, 1982), which is thought to be the inducer of the VBNC state 
(Ayrapetyan et al., 2015). Theory predicts that the benefits of dormancy are 
greater in environments with low resource availability because of the lower costs 
of entering this state when the growth rates are low anyway (Gardner et al., 
2007). This is in line with the observed increase in VBNC cells during retentostat 
cultivations. Retentostat cultivation also induced a viable but non-culturable state 
in Pseudomonas putida (Panikov et al., 2015), indicating that this is a general 
phenomenon and not specific for the dairy isolates in this study. Finally, also 
during cheese ripening many L. lactis cells enter a VBNC state (Erkus et al., 2013, 
Erkus et al., 2016, Ruggirello et al., 2016), indicating that retentostat cultivation 
mimics the conditions during cheese ripening. 

Another physiological adaption of L. lactis biovar diacetylactis FM03-V1 and Lc. 
mesenteroides FM06 towards near-zero growth rates was the 7-fold decrease in 
the maintenance requirements, which was initially found using dynamic modelling 
of the biomass accumulation in retentostat cultures (Chapters 6 and 7) and later 
confirmed for L. lactis using a partial cell recycling chemostat cultivation at growth 
rates between 0.0025 and 0.025 h-1 (Chapter 9). This latter experiment showed 
that the maintenance costs could be well predicted with an exponentially 
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decreasing maintenance coefficient towards lower growth rates. Kempes et al. 
(2017) estimated that the protein turnover would be the main maintenance cost 
for L. lactis, which was confirmed by Lahtvee et al. (2014). Moreover, they showed 
that protein turnover rates decrease at lower growth rates in L. lactis, suggesting 
that the reduced maintenance requirements of both dairy isolates was due to a 
lower protein turnover rate. This is in line with the reduced expression of the 
translational machinery during retentostat cultivation in Bacillus subtilis and 
Saccharomyces cerevisiae (Boender et al., 2011, Overkamp et al., 2015).  

During retentostat cultivation of L. lactis KF147, expression of the yfiA, encoding 
the hibernation promotion factor (Franken et al., 2017, Puri et al., 2014), 
increased causing ribosome dimerisation (Fig. 10.1). The ribosome dimers are 
translationally inactive, and dimerisation protects ribosomal ribonucleic acids 
(rRNAs) against degradation by ribonucleases.  

 

Figure 10.1: Expression of genes related to protein turnover (e.g. protein synthesis, 
disaggregation, (re)folding, degradation) during retentostat cultivation of L. lactis KF147 
and subsequent starvation for 1 day. Colours represent the relative expression compared to 
the start of the retentostat (day 0) on a log2-scale. Transcriptomic data of retentostat 
cultures of L. lactis KF147 were taken from the NCBI Gene Expression Omnibus (GEO) (Ercan 
et al., 2015). 
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Interestingly, the gene clpB, encoding an ATP-dependent protein disaggregase 
belonging to the Hsp100 family of ATPases associated with diverse cellular 
activities (AAA+) (Parsell et al., 1994, Schirmer et al., 1996), was strongly 
induced (>10-fold) during retentostat cultivation of L. lactis KF147 (Fig. 10.1) and 
also genes encoding chaperones DnaK, DnaJ and GrpE that cooperate with ClpB 
in protein disaggregation (Zolkiewski, 1999) were highly induced (5 to 10-fold).In 
contrast, genes encoding the chaperone GroESL and proteases ClpC, ClpE and 
ClpP were not or less highly induced (<4-fold) (Fig. 10.1). The difference in 
relative expression was even more distinct after 1 day of starvation (>5-fold and 
<1.2-fold, respectively). The differences in expression patterns could be 
attributed to the transcriptional repressors regulating these genes. While genes 
groES, groEL, clpC, clpE, clpP are regulated by CtsR, the genes encoding 
chaperones DnaK, DnaJ and GrpE are regulated by HrcA (Sugimoto et al., 2008). 
Interestingly, in the clpB promoter region of L. lactis only an CtsR-box has been 
found, but the different expression pattern in the retentostat cultures compared 
to the other CtsR-regulated genes suggests that induction of clpB at near-zero 
growth rates was caused by another factor. Identifying this factor could help to 
further decipher the mechanisms by which L. lactis copes with extreme nutrient 
limitation.  

The mechanism of the protein disaggregation machinery was recently reviewed 
by Mogk et al. (2018). They suggested that after protein disaggregation, refolding 
is favoured over proteolysis saving cellular resources (Mogk et al., 2018). 
Moreover, they suggested that this system can become essential for cell growth 
upon heat-induced aggregation when central factors of transcription and 
translation machineries are depleted (Mogk et al., 2018). Retentostat studies with 
L. lactis KF147 showed that this system might also be essential at near-zero 
growth rates that caused repression of the translational machinery. Lowering the 
translational machinery while increasing protein disaggregation and refolding 
could be beneficial during long periods of nutrient limitation, but this bet-hedging 
technique could be disadvantageous in fluctuating environments that require 
synthesis of additional proteins (Fig 10.2). 

Interestingly, under normal growth conditions (μ > 0.05 h-1) the maintenance 
coefficient of dairy strains of L. lactis, including FM03-V1, is very high compared 
to that of the plant-associated L. lactis KF147, while the maximum yield of 
biomass on substrate is low (Chapter 6). Dairy strains have a long history of being 
propagated in the dairy environment through backslopping. Because lactose is 
abundant throughout this backslopping procedure, growth of the bacteria was 
most likely not energy-limited, but rather limited by the rate of the biosynthetic 
routes. Thereby, the dairy environment selected for fast growers, which in general 
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Figure 10.2: Putative model describing the management of protein turnover processes in 
Lactococcus lactis and the impact of the growth rate on these processes. The thickness of 
the arrows represents the conversion rates. Protein turnover is high at high growth rates 
and decreases at lower growth rates (Lahtvee et al., 2014). At near-zero growth rates, the 
strategy of the bacteria switches from the degradation and re-synthesis of misfolded 
proteins to disaggregation and refolding of misfolded proteins as indicated by the induction 
of the ClpB-DnaK system and the ribosome hibernation factor (Fig. 10.1). Thereby, valuable 
energy is saved. This response to energy limitation becomes even more evident during 
starvation conditions. 
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do not utilise the nutrients efficiently (high maintenance costs and low biomass 
yield). Surprisingly, the dairy isolates were able to adapt to long periods of 
nutrient limitation by becoming more energy efficient in terms of the decreased 
maintenance costs. Compared to the dairy environment, the plant environment is 
poor in nutrients and selected for efficient use of the nutrients as indicated by the 
energy-efficient L. lactis KF147 (Ercan et al., 2013).  

Genetic adaptations 

Whole genome sequencing of L. lactis FM03P and Lc. mesenteroides FM06 
revealed that both strains were adapted to the dairy environment mainly via the 
acquisition of plasmids (Chapters 2 and 3). Both strains harboured multiple 
plasmids involved in lactose uptake and utilisation, bacteriophage resistance, 
heavy metal resistance and cation uptake (Fig. 10.3). Moreover, plasmids on L. 
lactis FM03P carried genes involved in citrate uptake, peptide degradation, 
oligopeptide uptake, exopolysaccharide production and stress resistance. 
Additionally, several novel genes for L. lactis were found on plasmids of L. lactis 
FM03P, including genes encoding a putative type IIG restriction-modification 
system with similarity to the recently identified Class I DISARM system for 
bacteriophage defence and a putative peptidoglycan-binding protein with 
unknown function. While L. lactis FM03P carries a whole lactose operon encoding 
a lactose phosphotransferase system (PTS) and all enzymes of the tagatose-6-
phosphate pathway on one plasmid, Lc. mesenteroides carries genes encoding a 
lactose permease (lacS) and a β-galactosidase (lacLM) on two different plasmids 
and lactose is metabolised via the Leloir pathway by enzymes encoded on the 
chromosome. Genes or remnants thereof encoding a putative lactose permease 
and a β-galactosidase were also found on the chromosome of Lc. mesenteroides 
FM06. This suggests that acquisition of one of the plasmids, carrying either lacS 
or lacLM, could already have been beneficial for growth on lactose explaining the 
unusual arrangement.  

Because the plasmids carry important genes for growth and survival as well as for 
flavour formation (e.g. citQRP operon), the stability of the plasmids is crucial when 
employing these lactic acid bacteria in industrial processes. This was clearly 
demonstrated by the loss of plasmid pLd1 in the variant that was used for the 
partial cell recycling chemostat (Chapter 9). Due to the loss of this plasmid, which 
occurred most likely already during pre-culturing in LM17 broth, this variant was 
unable to utilise citrate affecting both growth and aroma production. This is the 
first time that the spontaneous loss of citrate plasmid, and thus loss of the 
diacetylactis phenotype, has been described, according to the best of our 
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Figure 10.3: Genetic maps of the plasmidomes of Lactococcus lactis FM03P (top) and 
Leuconostoc mesenteroides FM06 (bottom). Important dairy functions encoded by the 
plasmids are indicated. 
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knowledge. Several plasmids of L. lactis FM03P were spontaneously lost during 
propagation on M17 supplemented with lactose or chemically defined medium 
(Chapter 3), signifying their instability outside the dairy environment in the 
absence of a selection pressure. This showed that propagation in the laboratory 
should be drastically minimised when studying dairy isolates to avoid plasmid loss. 

This thesis described the first study of the effect of near-zero growth rates on 
copy numbers of five plasmids of L. lactis FM03-V1. In retentostat cultures, the 
copy numbers of these five plasmids were remarkably stable even at near-zero 
growth rates (Chapter 8). These observations show that plasmid copy numbers 
are strictly regulated, but plasmids can be lost during cell division. This implies 
that high copy number plasmids are segregationally more stable than low copy 
number plasmids. During retentostat cultivation, cell divisions are limited and 
therefore a lower chance of plasmid loss during prolonged incubation is predicted. 
However, the extreme energy limitation in retentostat cultivations could select for 
the loss of plasmids that have a large metabolic burden, as found for plasmid 
pLd10 carrying a large exopolysaccharide gene cluster (Chapter 8). This 
demonstrates that when retentostat cultivation would be applied in an industrial 
setting, plasmid loss during prolonged cultivation has to be taken into account. In 
particular, when important genes for the production process are located on 
plasmids as illustrated by loss of pLd1 abolishing citrate uptake and reducing the 
production of acetoin and diacetyl (Chapter 9). One solution would be to limit the 
cultivation time and/or to monitor the process performance or the plasmid content 
during the cultivation to detect plasmid loss. Another possible solution is to use a 
strain in which all relevant functions are encoded by genes located on the 
chromosome or use preferably non-gmo methods to obtain such a strain.  

Metabolic adaptations 

Metabolic adaptations of L. lactis and Lc. mesenteroides towards near-zero growth 
rates were studied by analysing the production of main metabolites (lactate, 
acetate, ethanol, formate and acetoin) and volatile secondary metabolites. It is 
known that the homofermentative L. lactis produces mainly lactate at high growth 
rates (homolactic fermentation) and this changes to production of acetate, ethanol 
and formate at low growth rates (mixed-acid fermentation) (Goel et al., 2015, 
Thomas et al., 1979). This shift might be the result of a trade-off between the 
metabolic or energetic efficiency of the pathways and the cost of synthesising the 
enzymes for the pathways (Molenaar et al., 2009). This shift was also found for 
L. lactis FM03-V1 in chemostat cultures at dilution rates between 0.025 and 0.6 
h-1 (Chapter 9). However, at low growth rates approximately 50% of the carbon 
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flux was still converted to lactate in contrast to other L. lactis strains that shift 
almost completely to mixed-acid fermentation (Goel et al., 2015). A sensitivity 
analysis performed on the mathematical model of Molenaar et al. (2009) suggests 
that this difference might be caused by different transport kinetics. Interestingly, 
lactate production slightly increased at even lower growth rates (<0.025 h-1) in a 
partial cell recycling chemostat culture (Chapter 9) and in retentostat cultures 
(Chapter 6), which could not be explained by the trade-off hypothesis. 

Using headspace solid phase microextraction gas chromatography mass 
spectrometry, we identified in total more than 100 volatile organic compounds 
(Chapters 5, 6, 7 and 9). Aroma production by slow-growing L. lactis cells differed 
from fast-growing cells and was more similar to aroma production during cheese 
ripening (Chapter 5). Several products of amino acid and fat catabolism increased 
during retentostat cultivation resembling biochemical reactions occurring in 
cheese. In the following sections, explanations for the increase in aroma formation 
at near-zero growth rates are discussed shedding light on the ecological role of 
aroma formation in lactic acid bacteria. 

Cell lysis is known to play an important role in aroma formation in cheese by 
delivering enzymes that generate the precursors for aroma formation from the 
proteins (Crow et al., 1995). However, the subsequent conversion into aroma 
compounds often requires intact cells and functional metabolic pathways (Smid 
and Kleerebezem, 2014). In the chemically defined media used for the retentostat 
cultivations, amino acids were supplied as small peptides, which can directly be 
taken up by the bacteria via their oligopeptides transporters and hydrolysed 
intracellular to amino acids. Therefore, cell lysis was not required to generate the 
precursors, i.e. hydrolyse the protein into peptides and amino acids, and was most 
likely not causing the observed changes in aroma formation in the retentostat 
cultures. 

Another explanation could be that genes involved in aroma formation were 
induced at the near-zero growth rates. To investigate this possibility, 
transcriptomic data of retentostat cultures of L. lactis KF147 were taken from the 
NCBI Gene Expression Omnibus (GEO) (Ercan et al., 2015) and the expression of 
genes involved in flavour formation were analysed. Unfortunately, only genes 
encoding an acyl-ACP thioesterase (ylfFG in L. lactis KF147) and fatty acid-CoA 
synthase (LLKF_1293 in L. lactis KF147) have been identified in L. lactis, which 
are both involved in fatty acid degradation but not necessarily in conversion of 
fatty acids in aroma compounds that requires acyl-CoA thioesterase (encoded by 
fadM in E.coli) (Yu et al., 2014). Therefore, only flavour formation from amino 
acids was analysed. An overview of flavour formation from amino acids by lactic 
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acid bacteria can be found in Chapter 1. The expression of genes that are expected 
to positively contribute to flavour formation from amino acids remained 
unchanged or decreased during the retentostat cultivations compared to the start 
of the cultivations (Fig 10.4A) and the expression of panE, encoding a protein 
catalysing the formation of hydroxyacids from a-keto acids thereby reducing 
flavour formation, was increased. This indicates that the increase of aroma 
production from amino acids at near-zero growth rates could not be explained by 
the induction of the genes involved in amino acid catabolism, although post-
transcriptional regulation cannot be ruled out. 

 

Figure 10.4: Expression of genes during retentostat cultivation of L. lactis KF147. A: Genes 
related flavour formation by amino acid catabolism of branched-chain amino acids, aromatic 
amino acids and methionine. B: Genes regulated by CodY. Colours represent the relative 
expression compared to the start of the retentostat (day 0) on a log2-scale. Transcriptomic 
data of retentostat cultures of L. lactis KF147 were taken from the NCBI Gene Expression 
Omnibus (GEO) (Ercan et al., 2015). 
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Another explanation of the increase in aroma formation from amino acids and 
fatty acids could be an increased intracellular concentration of these precursors 
driving the catabolism. Intracellular metabolite concentrations have never been 
measured in retentostat cultures, but because regulation by the transcriptional 
repressor CodY is dependent on the intracellular branched-chain amino acid 
(BCAA) pool (Guédon et al., 2001), transcriptome data could give some insight. 
During retentostat cultivation of L. lactis KF147, CodY-regulated genes (den 
Hengst et al., 2005) were repressed (Fig. 10.4B), suggesting indeed an increased 
intracellular BCAA concentration. Fatty acids are known to induce the β-oxidation 
system both in L. lactis (Li and Ma, 2013) and in E. coli (Campbell et al., 2003). 
Therefore, increased fatty acids concentrations would most likely result in 
increased aroma production from the fatty acids.  

The above considerations indicate that aroma production by L. lactis could be a 
mechanism to cope with high concentrations of branched-chain amino acids and 
fatty acids. Fatty acids are antimicrobial compounds that can inhibit microbial 
growth due to their amphipathic structure allowing them to interact with the cell 
membrane (Desbois and Smith, 2010). Thereby, they could creating transient 
pores and/or affect membrane-located processes, such as disruption of the 
electron transport chain, uncoupling of oxidative phosphorylation and inhibition of 
nutrient uptake (Desbois and Smith, 2010). The antimicrobial activity of fatty 
acids increases at low pH (pH<pKa) when most of the acid is in the undissociated 
form (Lawrence and Hawke, 1968, Lewis and Darnall, 1970). By conversion into 
methyl ketones and alcohols, this growth inhibition can be relieved as also 
suggested for fungi (Kinderlerer, 1993). Although branched-chain amino acids are 
not harmful in nature, at high concentrations they could be growth inhibiting due 
to their role in the regulation of nitrogen metabolism by the transcriptional 
repressor CodY (Chambellon and Yvon, 2003). Chambellon and Yvon showed that 
simultaneous inactivation of AraT and BcaT, which are the main aminotransferases 
in L. lactis with activity towards branched-chain amino acids, strongly reduced 
growth in milk. When milk was supplemented with isoleucine or a dipeptide 
containing isoleucine, growth of the double mutant was even further inhibited. 
The excess of isoleucine most likely caused CodY-mediated repression of the 
proteolytic system, which is required for supply of casein-derived amino acids and 
peptides to support maximal growth of L. lactis in milk. The wild-type L. lactis was 
not affected by the excess of isoleucine due to catabolism of the isoleucine 
relieving CodY repression demonstrating that amino acid catabolism can act as 
mechanism to cope with high concentrations of branched-chain amino acids.  

Aroma production as mechanism to cope with high concentrations of branched-
chain amino acids and fatty acids does not fully explain why aroma production 
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increases at near-zero growth rates during retentostat cultivation. During 
retentostat cultivation of L. lactis KF147, the consumption of amino acids 
decreased during the first 21 days (Ercan et al., 2015), reflecting the decreased 
requirement of amino acids for protein synthesis at near-zero growth rates. This 
was most likely caused by CodY-repression of the amino acid transporters due to 
increased intracellular concentrations of branched-chain amino acids. However 
after 21 days, the consumption of amino acids suddenly increased, while the 
bacteria still grew at near-zero growth rates. Most likely these amino acids were 
converted in their corresponding aroma compounds. This shift coincides with the 
increase in viable but non-culturable cells (Ercan et al., 2013), indicating that they 
are part of the same response. This is strengthened by the observation that amino 
acid metabolism increased in L. lactis in viable but non-culturable cells after 
carbohydrate starvation (Ganesan et al., 2006, Stuart et al., 1999). With this 
response, the bacteria changed their strategy to prevent growth inhibition by the 
branched-chain amino acids from limiting the uptake and/or synthesis of amino 
acids to enhancing degradation of amino acids into aroma compounds.  

In addition to its possible role as release valve for excess of branched-chain amino 
acids as described above, several other roles have been suggested for aroma 
production. These roles include redox balancing (Smit et al., 2005), detoxification 
(e.g. fatty acids are antimicrobial) (Kinderlerer, 1993), alkalisation of the 
intracellular pH (proton consumption in decarboxylation reactions), ATP 
generation (Chambellon et al., 2009, Ganesan et al., 2006) and providing 
essential compounds for sterol and branched-chain fatty acid synthesis (Oku and 
Kaneda, 1988). Moreover, the aroma compounds can act as growth-promotion or 
inhibition agents (Schmidt et al., 2015) or as communication signals between 
cells, between bacterial species or between inter kingdom species (bacteria, plant, 
fungi, host) (Audrain et al., 2015, Kai et al., 2009). Since dairy L. lactis strains 
are thought to have evolved from plant-associated strains (Cavanagh et al., 
2015), in particular the interactions with plants could be interesting to study. 
Retentostat cultures of Lactobacillus plantarum, in which indole compounds were 
produced, inhibited the development of radish roots demonstrating, that Lb. 
plantarum produces compounds at near-zero growth rates that interact with plant 
physiology (Goffin et al., 2010).  

Future perspectives 

This study demonstrates that the production of typical cheese aroma compounds 
by lactic acid bacteria increased at near-zero growth rates. Instead of milk, a 
chemically defined medium was used for retentostat cultivations because the 
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cultures were continuously filtered and milk would quickly clog the filter. In 
Chapter 6 we described the development of hydrolysed micellar casein isolate 
(MCI), which is a new milk-based medium that could be used for retentostat 
cultivation after a cross-flow filtration step. This medium better resembles milk 
and the use of hydrolysed MCI for retentostat cultures might further enhance 
production of cheese-like aroma compounds. Aroma formation in a milli-cheese 
model system was compared with retentostat cultures using the chemically 
defined medium and batch cultures using hydrolysed MCI (Chapter 6) revealing 
that fatty acids and their corresponding aroma compounds were 
underrepresented. Therefore, it could be interesting to add fatty acids in the 
chemically defined medium and hydrolysed MCI to enhance aroma formation 
during the retentostat cultivations. Fatty acids are known to induce the β-
oxidation system of L. lactis (Li and Ma, 2013) conceivably further boosting aroma 
formation and in particular the production of methyl ketones and secondary 
alcohols in these retentostat cultivations.  

Another interesting technique to enhance aroma formation in retentostat cultures 
is the use of multiple strains and species in retentostat co-cultures. In this study, 
we investigated the feasibility of this method with two species of dairy lactic acid 
bacteria: L. lactis and Lc. mesenteroides (Chapter 7). Both species were retained 
and stayed viable in the co-cultures and the ratio of L. lactis and Lc. mesenteroides 
was stably maintained at 100:1 from approximately 1 week till the end of the 
cultivation. In Dutch-type cheeses made with these species, L. lactis is dominating 
at a similar ratio (Erkus et al., 2013, Frantzen et al., 2017). Despite representing 
the cheese microbial population, interactions between the species was limited, 
possibly due to this large difference in abundance. Different ratios could severely 
affect aroma formation and the interaction between species as demonstrated for 
co-cultures of Saccharomyces cerevisiae and Cyberlindera fabianii (van Rijswijck 
et al., 2017). In the future, the expected ratio of the species should be taken into 
account in the selection of strains and species for retentostat co-cultures, which 
can be predicted based on growth parameters obtained from retentostat mono-
cultures using the model described in Chapter 7. In addition, this model allows to 
predict the effect of the inoculation ratio (ratio at start of retentostat cultivation) 
on the final ratio during retentostat cultivations. The model revealed that by 
greatly increasing the relative abundance of Lc. mesenteroides FM06 compared to 
L. lactis FM03-V1 at the start of the retentostat (from 1:1 to 1,000:1), the relative 
abundance of Lc. mesenteroides FM06 could be slightly increased from 
approximately 1:35 to 1:10 (Fig. 10.5A). Moreover, the model revealed that when 
microorganisms have equal growth characteristics, the final ratio in the 
retentostat is equal to the inoculation ratio (Fig. 10.5B). These two examples 
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Figure 10.5: Predicted effect of the inoculation ratio (ratio at start) on the final ratio (ratio 
at end) during retentostat co-cultivation. A: Prediction for co-cultivation of L. lactis FM03-
V1 and Lc. mesenteroides FM06. Ratio is defined as L. lactis / Lc. mesenteroides B: Prediction 
for co-cultivation of two microorganisms with equal growth characteristics. 

indicate that the inoculation ratio can be varied to fine-tune the final ratio of the 
microorganisms and thereby to fine-tune aroma formation in retentostat co-
culture.  

Another interesting approach using retentostat co-cultures to enhance aroma 
formation is to combine lactic acid producing L. lactis spp. with propionibacteria, 
reflecting the community in Swiss-type cheese. Because the propionibacteria can 
consume the lactate and convert it into propionate generating energy, a more 
similar abundance of both bacterial species is expected. 

Although retentostat cultivation is a unique cultivation method to study 
microorganisms at near-zero growth rates, some considerations should be taken 
into account including the coupling of growth rate to the time in the bioreactor 
and the biomass concentration. With the partial cell recycling chemostat (Chapter 
9) growth rates can be controlled (also at near-zero growth rates) and are not 
coupled to the time in the reactor. Thereby, this system allows to study the effect 
of the growth rate and time in the bioreactor independently from each other to 
provide insight into questions such as when cells switch to a viable but non-
culturable state: below a certain nutrient availability or after a certain time with 
nutrient limitation. By changing the feed rate, the biomass concentration can be 
controlled in partial cell recycling chemostats to study for instance quorum 
sensing, which could affect production of volatile compounds (Kesarwani et al., 
2011). Furthermore, due to its time-independency, the partial cell recycling 
chemostat is more reproducible than retentostat cultivation because it is not 
affected by small disturbances by for instance sampling, clogging of the filter or 
changes in the feed rate. This makes it also more suitable for omics studies. The 
partial cell recycling chemostat also has advantages as production platform. Like 
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the retentostat, dilution rates can be higher than the maximum growth rate and 
high biomass concentrations can be obtained. Moreover, due to its time 
independency, production will be stable in time and cells will remain viable 
because the growth rates can be controlled as values just above zero (>99%, 
Chapter 9). Finally, to minimise the time to reach the steady state in the partial 
cell recycling chemostat, processes can start at a high feed rate to quickly produce 
biomass. When the biomass concentration approaches its desired value, the feed 
rate can be decreased to its corresponding value.  

In conclusion, the work described in this thesis demonstrates the importance of 
slowly growing bacteria for aroma formation and provides new opportunities for 
enhanced production of aroma compounds. Retentostat cultivation of the lactic 
acid bacteria revealed novel physiological, genetic and metabolic adaptations that 
increased their survival under extreme nutrient limitation, which helps to 
understand how microbes adapt in food fermentation processes as well as in 
natural environments in which nutrient are often scarce.  
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Summary 

Lactic acid bacteria (LAB) are extensively used for the production of fermented 
foods from both animal and plant origin, such as cheese, yoghurt, kimchi and 
sauerkraut. Their predominant function in these processes is to produce organic 
acids, mainly lactic acid, thereby lowering the pH, which contributes to the safety 
and shelf life of the product. Nowadays, many fermented foods are made using 
starter cultures for a consistently safe product of constant quality. In Dutch-type 
cheeses, the starter cultures consist of various strains of mainly two species: 
Lactococcus lactis and Leuconostoc mesenteroides. L. lactis subsp. cremoris and 
L. lactis subsp. lactis are considered to be the main acid producers that dominate 
during the early stages of cheese manufacturing when nutrients are abundant. 
During cheese ripening, nutrients are scarce and LAB encounter long periods of 
nutrient limitation leading to slow growth. In particular, L. lactis biovar 
diacetylactis and Lc. mesenteroides survive these periods of extreme nutrient 
limitation and still contribute to aroma formation. In this thesis, the dairy-isolated 
strains Lactococcus lactis biovar diacetylactis FM03P and Leuconostoc 
mesenteroides FM06 were studied focussing on the effect of near-zero growth 
rates on their quantitative physiology and aroma formation capacity. Moreover, 
possible strategies to enhance aroma formation at near-zero growth rates are 
described.  

The genomes of both lactic acid bacteria strains were sequenced, including the 
plasmids they harboured, (Chapter 2) revealing that their genomes carried clear 
signatures of adaptation to the dairy environment.  

The plasmids of L. lactis FM03P and the genes they carried were further 
characterised in Chapter 3. Plasmid-encoded functions that were identified include 
lactose utilisation, citrate uptake, oligopeptide uptake and peptide degradation, 
bacteriophage resistance, uptake of cations (magnesium and manganese), 
exopolysaccharide production, and stress resistance. Acquisition of the plasmids 
most likely facilitated the adaption of these strains to the dairy environment. 
Interestingly, some plasmids were already lost in a single propagation step, 
signifying their instability in the absence of a selection pressure and 
demonstrating that propagation should be minimised when studying dairy isolates 
of L. lactis. 

In L. lactis, citrate utilisation has been linked to the production of the important 
aroma compounds diacetyl and acetoin. In L. lactis biovar diacetylactis, the 
limiting step in citrate utilisation is the transport of citrate across the cell 
membrane, which is facilitated by the plasmid-encoded citrate permease (CitP). 
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Although it is known citP expression is induced at low pH, the effect of citrate is 
still under debate. Moreover, the role of the plasmid copy number (number of 
plasmid copies per chromosome) has never been taken into account. In Chapter 
4, we systematically analysed regulation of citrate utilisation by pH, nutrient 
limitation and presence of citrate at four different levels: i) plasmid copy number, 
ii) citP transcription, iii) citP mRNA processing and iv) citrate utilisation capacity. 
Induction of the citP gene at low pH was confirmed, but citP expression increased 
even more in the presence of citrate. In cells grown at low pH or under amino acid 
limitation, also the copy number of the citP-containing plasmid slightly increased. 
No significant effects on citP mRNA processing were found. Due to the increased 
citP expression, the citrate utilisation rate increased from approximately 1 to 
65 μmol.min-1.gDW-1 and also the production of acetoin increased significantly. 
This knowledge was used in other conditions to select conditions that improved 
citrate-driven flavour formation. 

In cheese manufacturing, aroma compounds are mainly formed by the bacteria in 
the ripening phase in which nutrients are limited resulting in severely reduced 
growth rates. To investigate if reduced nutrient availabilities and low growth rates 
are required for the formation of aroma compounds, L. lactis FM03-V1 was grown 
for 2 weeks in batch and retentostat cultures and in a milli-cheese model system. 
Subsequently, aroma compounds were analysed by headspace solid phase 
microextraction gas chromatography mass spectrometry (Chapter 5). While batch 
cultures were performed with milk, hydrolysed micellar casein isolate (MCI) and a 
chemically defined medium (CDM), retentostat cultures were only performed with 
CDM. Despite the use of CDM, aroma production in retentostat cultivations had 
the biggest qualitative overlap with aroma production in the milli-cheese model 
system demonstrating that low growth rates are required to produce cheese-
related compounds. In total, 52 known cheese compounds were produced in 
retentostat cultures. In cultures with CDM and MCI, free fatty acids and their 
corresponding degradation products were underrepresented compared to the 
milli-cheeses. Therefore, addition of free fatty acids to MCI and CDM might help 
to enhance flavour formation, thereby better resembling flavour formation in 
cheese. 

To further study the effect of near-zero growth rates on the aroma formation 
capacity and quantitative physiology, L. lactis FM03-V1 was grown for 5 weeks in 
retentostat cultures (Chapter 6). Growth rates decreased to less than 0.001 h-1, 
while the viability remained above 80%. Interestingly, a large fraction of the cells 
lost the ability to grow in M17 plates, indicating that they entered a viable but 
non-culturable state. Dynamic modelling revealed that the maintenance 
coefficient of this dairy strain decreased 7-fold at near-zero growth rates 
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compared to high growth rates. Most likely, the bacteria saved energy by limiting 
energy used for protein turnover. Changes in aroma formation in the retentostat 
culture resembled biochemical changes occurring during cheese ripening, such as 
amino acid and fatty acid catabolism. Analysis of complete and cell-free samples 
revealed that lipophilic compounds accumulated in the cells, most likely in the cell 
membranes.  

Starter cultures for cheese production often consist of multiple strains and species, 
which could result in a higher aroma complexity. To investigate if retentostat co-
cultures could further enhance aroma formation, L. lactis FM03-V1 and Lc. 
mesenteroides FM06 were grown in retentostat mono- and co-cultures (Chapter 
7). Both species had similar physiological responses to near-zero growth rates, 
including that a large fraction was viable but not culturable and that the 
maintenance coefficient decreased approximately 7-fold. However, L. lactis 
reached a higher biomass concentration in retentostat mono-cultures due to a 
higher ATP yield on substrate, a higher biomass yield on ATP and a lower 
maintenance requirement. A dynamic model was developed to predict biomass 
accumulation in retentostat co-cultures. This model predicted the biomass 
accumulation very well with L. lactis dominating in the retentostat co-cultures 
(ratio 100:1). Aroma compounds specific for both species were identified in 
retentostat mono-cultures. No additional unique aroma compounds were 
identified in the co-cultures, although 2 out of 5 compounds specific for Lc. 
mesenteroides were found in the co-cultures despite its low abundance. This 
indicates that a similar or even higher aroma complexity could be obtained by 
mixing two retentostat mono-cultures. 

Lactic acid bacteria can carry multiple plasmids affecting their performance in 
dairy fermentations. The expression of plasmid-borne genes and the activity of 
the corresponding proteins is severely affected by changes in the number of 
plasmid copies. Therefore, we analysed plasmid copy numbers in a wide variety 
of dairy-related conditions, including near-zero growth rates, typical for cheese 
ripening (Chapter 8). The copy numbers of theta-type replicating plasmids were 
negatively correlated with the size of the plasmids. Plasmid copy numbers were 
remarkably stable in the extremely wide range in growth rates (0.0003 h-1 to 
0.6 h-1), suggesting strict control of the plasmid copy number even at extreme 
nutrient restriction. Copy numbers were also hardly affected by varying the pH 
value, the nutrient limitation or the presence of citrate, signifying the stability in 
copy number of the plasmids.  

Although retentostat cultivation is a unique cultivation method to study 
microorganisms at near-zero growth rates, it has some disadvantages as 
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production platform in particular due to the time dependency. Partial cell recycling 
chemostats overcome this problem, while near-zero growth rates can still be 
obtained as demonstrated in Chapter 9. Using a partial cell recycling chemostat 
cultivation, the decreased maintenance requirement of L. lactis at near-zero 
growth rates was confirmed. Moreover, it was demonstrated that particular aroma 
compounds were affected by the growth rate with the studied range (0.0025 to 
0.025 h-1. Finally, the potential of partial cell recycling chemostat cultivation as 
production platform and as unique research tool are discussed. 

The results of the experimental chapters (Chapter 2-9) were further discussed in 
Chapter 10, including a comparison with transcriptomics data of retentostat 
cultures of the plant-associated L. lactis KF147. This showed that the decreased 
maintenance requirement at near-zero growth rates might be explained by 
switching from degradation and re-synthesis of misfolded proteins to 
disaggregation and refolding of misfolded proteins with the ClpB-DnaK system. 
The function of aroma formation in lactic acid bacteria was also discussed, in 
particular in relation to their possible role as release valve for the excess of 
branched-chain amino acids. 

In conclusion, this thesis described and revealed new physiological, genetic and 
metabolic adaptations of lactic acid bacteria to near-zero growth rates. This helps 
to understand how microbes adapt in food fermentation processes as well as in 
natural environments in which nutrients are often scarce. Moreover, this work 
demonstrates the importance of slow growth for the production of aroma 
compounds by lactic acid bacteria and provides new opportunities for enhanced 
production of aroma compounds. 
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