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a b s t r a c t

During food fermentation processes like cheese ripening, lactic acid bacteria (LAB) encounter long pe-
riods 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 for-
mation 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 coef-
ficient 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 ± 0.03mmol ATP.gDW�1.h�1). In the retentostat cultures, 62 different
volatile organic compounds were identified by HS SPME GC-MS. Changes in 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 conclu-
sion, retentostat cultivation offers a unique tool to study aroma formation by lactic acid bacteria under
industrially relevant growth conditions.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. 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
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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 tech-
nique 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 substrate availability per cell. Metabolic energy
is distributed to either growth or non-growth (maintenance) pro-
cesses (Pirt, 1965). When the maintenance energy coefficient is
assumed to be growth rate independent as proposed by Herbert
and Pirt (1965) the decreasing substrate availability leads to growth
rates approaching zero. Finally, all metabolic energy that can be
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derived from the substrate will be used for maintenance processes.
Retentostat cultivation has been used for studying the physi-

ology of some industrially relevant microorganisms, like Saccha-
romyces cerevisiae, Bacillus subtilis, Lactobacillus plantarum and
Lactococcus lactis (Boender et al., 2009; Ercan et al., 2013, 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, 2015b; Vos
et al., 2016). However, the effect of extremely slow growth on
aroma formation has never been studied using retentostat culti-
vation. Moreover, the study with L. lactis was performed with the
plant-associated L. lactis subsp. lactis KF147, while the main aroma
producers of 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 com-
pounds are responsible for aroma in fermented foods, such as al-
cohols, 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 for-
mation capacity of this bacterium.

2. Materials and methods

2.1. Strain and media

In this study Lactococcus lactis subsp. lactis biovar diacetylactis
FM03-V1 has been used, which has been isolated from 10-weeks-
old Samsø cheese (van Mastrigt et al., 2017). 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 10mL lactose-limited chemically-defined medium
(van Mastrigt et al., 2017) 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 ni-
trogen sources 0.5% (w/w) lactose, 10mM (NH4)3citrate and 1% (w/
w) Bacto-Tryptone and was prepared in 20 L batches. For chemostat
cultivations, the media contained either 0 or 10mM (NH4)3citrate.

2.2. 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 tempera-
ture was kept constant at 30 �C and the pH was controlled at 5.5 by
automatic addition of 5M NaOH. The headspace was flushed with
nitrogen gas at a rate of 0.1 L/min to maintain anaerobic conditions.
The optical density at 600 nmwas 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.

2.3. Retentostat cultivation

Independent retentostat cultivations were performed in bio-
reactors 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 rpmwas used. After a
steady-state had been achieved in chemostat cultivation at a dilu-
tion 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 10ml every 3e4 days.

2.4. Cell dry weight determination

The cell dry weight was determined as described by Van Mas-
trigt and co-workers (van Mastrigt et al., 2017). Briefly, 2 and 5mL
samplewas passed through a pre-weighted 0.2 mmmembrane filter
(Pall Corporation, USA) by a vacuum filtration unit. Subsequently,
the filter was dried at 80 �C for 48 h and weighted again on an
analytical balance.

2.5. Analysis of extracellular metabolites

Lactose, citrate, lactate, acetate, ethanol, formate, pyruvate and
acetoin were quantified by High Performance Liquid Chromatog-
raphy (HPLC) as described by Van Mastrigt and co-workers (van
Mastrigt et al., 2017).

2.6. Volatile organic compounds analysis

2.6.1. VOC detection by HS SPME GC-MS
To determine the volatile organic compounds (VOCs), 100 ml

sample was transferred to a 5ml GC vial. Samples were kept frozen
(�20 �C) until analysis by headspace solid phase microextraction
gas chromatography mass spectrometry (HS SPME GC-MS) (van
Rijswijck et al., 2017). Samples were defrosted and incubated for
5min at 60 �C with agitation. Subsequently, volatile organic com-
pounds were extracted from the samples for 20min at 60 �C using a
Solid Phase Microextraction fiber (85mm CAR/PDMS, Supelco,
USA). The compounds were desorbed from the fiber for 10min on a
Stabilwax®-DA-Crossband®-Carbowax®-polyethylene-glycol col-
umn (30m length, 0.25 mmID, 0.5 mm df). The settings on the gas
chromatograph were PTV Split-less mode 5min at 250 �C. Helium
was used as carrier gas at a constant flow of 1.5mL/min. The
temperature of the GC oven was initially 40 �C. After 2min, the
temperature was raised to 240 �C at a rate of 10 �C/min and kept at
240 �C for 5min. Mass spectral data was collected over a range of
m/z 33e250 in full scan mode with 3.0030 scans/second.

2.6.2. 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 pro-
files with the profiles in NIST. One quantifying peak (in general the
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highest m/z peak per compound) was used per compound for
quantification, while 1 or 2 confirming peaks were used for
confirmation.

2.6.3. 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 effect 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 square 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).

2.6.4. 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 pre-
dicted by EPIWEB 4.1 software.

2.7. 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 ml culture was incubated
with 3.34 mM green fluorescent SYTO9 and 20 mM red fluorescent
propidium iodide for 10min at room temperature in the dark. A
fluorescentmicroscopewas used for visualisation and estimation of
the number of green and red cells. In addition, appropriate di-
lutions of the culture in peptone physiological salt solution were
plated in duplicate on LM17 plates for quantification of colony
forming units (CFUs).

2.8. Scanning electron microscopy

The morphology of the cells was analysed by scanning electron
microscopy (SEM). Samples were centrifuged (17000�g for 1min),
washed with peptone physiological salt solution (PPS) and resus-
pended in PPS. A droplet of the suspension was placed onto poly-L-
lysine coated coverslips (Corning BioCoat, USA) and allowed to
stand for 1 h at room temperature. After rinsing in phosphate
buffered saline (PBS), the samples were fixed in 3% glutaraldehyde
in buffer for 1 h. This was followed by further rinsing and post-
fixing in 1% osmium tetroxide in buffer for 1 h. Subsequently, the
samples were dehydrated in a graded series of ethanol followed by
critical point drying with CO2 (Leica EM CPD300, Leica Micro-
systems, 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).

2.9. Protein content

The protein content has been 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 14mL
fresh medium and incubated for 3 h at 30 �C. When the optical
density at 600 nm reached 0.5e0.6, 5mLwas used to determine the
cell dry weight according to the previous described protocol. The
remaining sample was centrifuged (6000�g, 5min) and washed
three times with 1mL 0.85% NaCl. The sample was resuspended in
1mL demineralised water and transferred to a lysis matrix tube
(Matrix B, 0.1mm silica spheres, Bio-Rad). The suspension was
bead-beated in six cycles of 30 s beating (6.0m/s; Bio-Rad Fastprep-
24) and 5min cooling on ice. Subsequently, tubes were centrifuged
(17000�g for 20 s) 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 deter-
mined as described before. Due to the high biomass concentration
only 0.5mL sample was used. The cells were washed three times
with 1ml 0.85% NaCl and resuspended in 1mL demineralised wa-
ter. 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 determined for three independent
batch cultures and two independent retentostat cultures were
analysed in triplicate.

2.10. 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:

CXðtÞ ¼
 
CX;0 �

D:
�
CS;in � CS

�
$YATP=S

mATP

!
:e�mATP$Ymax

x=ATP$t

þ D:
�
CS;in � CS

�
$YATP=S

mATP
(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 (14.6mmol/kg
lactose and 10mmol/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/ATP

max 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 with equation (2):



YATP=S ¼
Rlactate þ Rethanol þ Rpyruvate þ 2$Racetoin þ 2$Racetate þ 2$Rcitrate

�ð12$Rlactose þ 6$RcitrateÞ
(2)
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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 1mol citrate and its conversion to pyruvate gener-
ated 1mol ATP.

Input data for the modelling were the online optical density
measurements, whichwere first converted into biomass dry weight
concentrations using a second-order polynomial relation
(Suppl. Fig. S1).

For fitting the data to equation (1), two different models were
used: i) both YX/ATP

max and mATP were constant and fitted and ii) YX/ATP
max

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 mATP

max (equation (3)).

mATP ¼ aþ b $ qATP with matp � mmax
ATP (3)

For this model, a, b and mATP
max were fitted. Because qATP and the

growth rate are related to each other, both models are equivalent
when mATP�mATP

max (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. 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.
3. Results

3.1. 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 inde-
pendent 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 3e4 days (Fig. 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
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Fig. 1. Growth of L. lactis FM03-V1 during retentostat cultivation. Circles and squares
chemostat culture in steady-state was switched to retentostat mode by insertion of a
average± standard deviation of duplicate samples. Right: Calculated specific growth rates b
doubling time of more than one month. The culture viability was
determined using SYTO9 and propidium iodide (PI) as fluores-
cent markers combined with fluorescent microscopy. The pop-
ulation was divided into two subpopulations based on the
staining characteristics: i) strong green and weak red fluores-
cence 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. 2). To determine the number of cells that remain culturable
during the cultivations, serial dilutions were plated on LM17
plates. The plate counts hardly increased during the cultivations
(Fig. 2), while the biomass concentrations increased 8-fold
(Fig. 1). 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. S2). 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. 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. S3).
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 t¼ 0
and t¼ 37 in Fig. 3).

3.2. 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 con-
verted into production rates using the effluent rate and compared
with the consumption rates of lactose and citrate to determine how
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Fig. 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 mm.
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substrate was distributed over the various metabolic pathways of
L. lactis (Fig. 4). During the first 10 days of retentostat cultivation,
lactate production via lactate dehydrogenase relatively increased
from approximately 50% to 60e70%, while acetate and ethanol
production via acetyl-CoA forming reactions decreased from 40-
50%e30%. This distribution remained constant during the rest of
the cultivations. During retentostat cultivation 2, acetoin produc-
tion decreased from 11% to approximately 2%. In contrast, in
retentostat cultivation 1 only 2% of the substratewas 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 de-
hydrogenase (PDH) was active despite the anaerobic conditions.
3.3. Maintenance requirements

The maximum biomass yield on ATP (YX/ATP
max ) and the mainte-

nance 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. (1)). Two
models were used: i) both YX/ATP

max and mATP were constant and fitted
and ii) YX/ATP

max was constant and estimated from chemostat culti-
vations, while mATP was fitted and linearly-dependent on the
biomass specific ATP production rate (qATP) with a maximummATP

max.
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Table 1
Obtained values for maximum specific biomass yield on ATP (YX/ATP

max ) and maintenance coefficient (mATP) by fitting of chemostat and retentostat cultivations.
The YX/ATP

max and mATP for the chemostat cultivations were determined in four independent chemostat cultivations (two with 0 and two with 10mM citrate as co-
substrate). In both retentostat cultivations citrate was used as co-substrate. For model 2 the same YX/ATP

max as found in the chemostat cultivation was used. For the
maintenance coefficient in model 2, the start and end value during the fermentations are given. The square root of the mean squared error was used to compare
how good the models fitted the data. The estimated biomass concentration in the chemostat phase was calculated using equation (4).

Cultivation YX/ATP
max

(gDW/mol
ATP)

mATP

(mmolATP.gDW�1.h�1)

ffiffiffiffiffiffiffiffiffiffi
MSE

p

(gDW/
kg)

Estimated biomass concentration in
chemostat
(D¼ 0.025 h�1)
(gDW/kg)

Chemostata 0mM
citrate

14.89± 0.61 1.15± 0.63 e e

10mM
citrate

15.94± 0.42 2.43± 0.35 e e

Retentostat Model 1: YX/ATP
max and mATP constant fitted parameter 1 2.9 0.19 0.030 0.23

2 3.9 0.22 0.111 0.27
Model 2: YX/ATP

max as in chemostat, mATP qATP-dependent
fitted parameter

1 15.9 2.11/0.39 0.028 0.53
2 15.9 1.30/0.33 0.098 0.62

a YX/ATP
max and mATP are �1/slope ± standard error and the intercept ± standard error in a plot of the biomass specific ATP production rate versus the growth rate, respectively

(Fig. 5).
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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/ATP
max and mATP. The biomass concentration in the chemostat was

estimated using equation (4) (derivation in Supplement B).

Cx;chemostat ¼
D*
�
Cs;in � Cs;out

�
$YATP=S

D
Ymax
x=ATP

þmATP
(4)

Bothmodels fitted the biomass accumulation verywell, but only
for model 2 the obtained YX/ATP

max and mATP could also predict the
biomass concentration in the chemostat phase (~0.6 gDW/kg)
(Table 1 and Suppl. Fig. S4). Moreover, model 1 predicted a 4 times
lower YX/ATP

max during retentostat cultivation compared to chemostat
cultivation, which is unlikely because the YX/ATP

max is assumed to be a
constant growth parameter when using the same medium and
environmental conditions. In contrast, model 2 assumed the same
YX/ATP
max as in chemostat cultivations and predicted that the mainte-

nance requirement gradually decreased and approached a mini-
mum of 0.36± 0.03mmol 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 phys-
iological 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/ATP

max and mATP (Fig. 5). This shows that these estimates are
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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.
3.4. 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�19m3 (sphere with a
diameter of 1 mm) it is expected that protein repair andmaintaining
trans-membrane proton gradients are the major constituents of
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, 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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One way for a cell to minimise its energy need for protein repair
is to decrease its protein content. The protein content was deter-
mined at the end of the retentostat cultivations and compared with
the protein content of exponential growing cells. The protein con-
tent 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).

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). 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.
3.5. 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. Com-
parison of peak areas of each compound in retentostat samples and
medium samples, revealed that 56 compounds were higher in
concentration in the 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, pyr-
azines, and other compounds (Suppl. Table S1, Fig. 7). The com-
pounds 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, ben-
zeneacetyladehyde, 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 com-
pounds (3-methyl-2-butenal, 2,3-dimethylpyrazine, 2,5-
dimethylpyrazine, 3-methyl-1-hexanol). All of these compounds
increased in time (Fig. 8), which suggests that production of these
compounds increases in cells that are growing very slowly.

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-
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related compoundswere produced (Suppl. Table S1) and some even
increased during the cultivations (tridecanal, 1-tetradecanol, 1-
hexadecanol and decanoic acid, ethyl ester) (Fig. 8). These com-
pounds might originate from the turnover or degradation of
phospholipids of the cell membrane. Interestingly, these
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compoundswere hardly detected in cell-free samples inwhich cells
were removed by centrifugation (data not shown). This shows that
these compounds were associated with cells.

3.6. Partitioning of VOCs

To get further insight in the partitioning of compounds, we
compared the VOC profiles of complete samples (cells and extra-
cellular liquid) and cell-free samples (only extracellular liquid; cells
removed by centrifugation). Sixteen compounds were significantly
more abundant in the complete samples (Suppl. Fig. S5) indicating
that significant fractions of these compounds were located in the
cells. More hydrophobic compounds were relatively more abun-
dant in the cells (Fig. 9) suggesting that the hydrophobic com-
pounds predominantly accumulated in the cell membrane. Because
cells were retained in the retentostat cultivation, also these aromas
were retained, which explains why some fat-related compounds
increased in time (Fig. 8).

4. Discussion

4.1. 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 investi-
gated 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
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aroma formation during the retentostat cultivations revealing
changes in the secondarymetabolism of this bacteria upon extreme
calorie restriction.

During 37 days of retentostat cultivation, the biomass concen-
tration 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 main-
tenance costs. Decreasing maintenance costs during retentostat
cultivation has also been described for Pichia pastoris and Pseudo-
monas putida (Panikov et al., 2015; Rebnegger et al., 2016). After 37
days of retentostat cultivation, the estimated maintenance coeffi-
cient 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 organismswith a diameter of approximately 1 mm. Lahtvee
et al. (2014). measured protein turnover rates in L. lactis and
showed that protein turnover accounts for the highest mainte-
nance 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 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 yield 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 in combination with the high mainte-
nance 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 mi-
crobial growth due to low pH, high osmolarity and/or low nutrient
conditions and therefore the plant-isolated L. lactis KF147may have
evolved to these harsh environments by minimising its mainte-
nance 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 SYTO9 and propidium io-
dide. The increase in viable but non-culturable cells (VBNC) has also
been observed for Pseudomonas putida during retentostat cultiva-
tion 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 transcrip-
tional activity (Desfoss�es-Foucault et al., 2013; Ruggirello et al.,
2014, 2016). The 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, 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, 1993),
but apparently a small activity remained under anaerobic condi-
tions. The highest flux through PDH was 0.26mmol.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 relative abundant
because all other metabolic fluxes are also very low in retentostat
cultivation. This allows relatively lowmetabolic fluxes to contribute
significantly to the overall metabolism during retentostat
cultivation.

4.2. 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 S1). 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 com-
pounds in cheese (Yvon and Rijnen, 2001). In the retentostat cul-
tivations in total 12 amino acid degradation products were
identified, which could originate from degradation of phenylala-
nine, tyrosine, threonine, methionine, leucine and isoleucine. The
abundance of some of these products increased significantly in
time (benzaldehyde, benzeneacetaldehyde, 3-(methylthio)propa-
nal and acetophenone) indicating that production of these com-
pounds 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 a-keto acid
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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 and cheese (Curioni and
Bosset, 2002). 2-Heptanone has a blue cheese note and its forma-
tion 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 octa-
noic 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).
Acetoin might have been continuously produced, but further con-
verted 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
acetoinwas produced at the onset of the cultivation (Suppl. Fig. S6).

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 con-
centrations 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., 2004b).
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., 2004b; 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 respon-
sible for the ester formation (Liu et al., 2004a; 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, 2011) and yoghurt (Cheng,
2010). Based on metabolism of L. lactis, we speculate that this
compound is chemically produced from dimethylallyl pyrophos-
phate (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 cultiva-
tions. Pyrazines have an earthy, roasty odour and are important
contributors to cheese flavour, especially in Cheddar and Gruy�ere
(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 mem-
brane. Because cells were retained in the bioreactor, also these
hydrophobic compounds were largely retained and also accumu-
lated in time.In conclusion, this study shows that retentostat
cultivation is a unique tool to study microorganisms under indus-
trially relevant conditions of slow growth. Physiological responses
of L. lactis subsp. lactis biovar diacetylactis in the retentostat culti-
vations 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 similar-
ities 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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