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ABSTRACT

CONTINUOUS CULTIVATION METHODS maintain constant environmental conditions so
that cells grow in a strictly defined physiological state at a desired specific growth
rate (n). Chemostat, accelerostat (A-stat), and dilution stat (D-stat) experiments provide
quantitative steady state data useful for metabolic modeling. An A-stat experiment starts
as a chemostat, but after reaching steady state, a steady change of dilution rate (D) is
applied. D is changed slowly (0.01 h™2 - 0.005 h™?2), to allows cells to adapt to the chan-
ging conditions while maintaining a stable physiological state. This dissertation presents
a critical assessment of A-stat and D-stat cultivation techniques and contains recommend-
ations useful for all who practice continuous cultivation. We demonstrate the reprodu-
cibility of this cultivation technique in a series of glucose-limited A-stat experiments with
Escherichia coli K-12 MG1655 (Publication I and Publication II). Similar glucose-limited
experiments with Lactococcus lactis IL1403 (Publication III) show that A-stat data can be
directly compared with a series of chemostat experiments over the same range of p, in-
cluding transcriptome and proteome data, along with rates and profiles of product form-
ation and substrate utilization. However, choosing the rate of change of D (a4) in A-stat
experiments requires careful consideration. Smaller a4 values increase the residence
time in the fermenter which makes it more difficult to remove fermentation products
thus increasing the fermentation time. However, the rate of evolutionary adaptation
places a limit on the length of time continuous cultivation (e. g, A-stat) can be performed
(Ferenci, 2008). For . coli K-12 MG1655 we show that a4 should be around 0.01 h—2
to obtain a reliable comparison between the biomass and fermentation product yields,
as well as transcriptome and proteome results. Chemostat experiments with L. factis
IL1403 at 1 = 0.45 h™! compare well with A-stat experiments when a4 = 0.005 h™2. The
optimal choice of a, is thus species dependent. We observed hysteresis in culture char-
acteristics at the level of biomass yield, product yields and gene expression in a D-stat
experiment with 60 generations of L. factis (Publication IV), an effect likely caused by the
evolution of mutant strains. To test how long genetic homogeneity can be maintained in
changestat experiments we applied high throughput gene sequencing in short-term (20
generations) glucose-limited A-stat experiments with . cofi K-12 MG1655 (Publication V).
We sequenced samples from the A-stat experiment along with its stock culture made with
only 10 generations of cultivation from stab-agar colonies ordered from a stock culture
center. We did not detect any new mutations during the A-stat experiment, however, the
stock culture contained a significant amount of heterogeneity. 31% of the culture con-
tained different mutants, and all of these mutant populations were detected in the A-stat
samples. Thus, all mutations were already present in the stab-agar culture. Even if the
A-stat experiments had been initiated from single colonies, there would have been a large
chance of picking a mutant clone. This surprising heterogeneity shows the importance
of sequencing the genome of a culture at the start of a microbial physiology study, es-
pecially if phenotypic data from the experiment are to be used in comparisons between
different research groups or for metabolic modeling.
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KOKKUVOTE

SUBSTRAAT—LIMITEERITUD PIDEVKULTIVEERIMIST on kasutatud mikroorganismide fiisio-
loogia uurimiseks juba iile 60 aasta [1, 2]. Peamine pidevkultiveerimise (niiteks ke-
mostaat) eelis perioodilise kultiveerimise ees (batch) on tosiasi, et pidevkultiveerimisel
on voimalik hoida konstantseid keskkonnatingimusi ja sellest tulenevalt sundida rakke
kasvama soovitud kasvuerikiirusel. See voimaldab koguda metaboolseks mudeldamiseks
kvantitatiivseid andmeid steady state tingimustes. Kiirendusstaat (A-staat) voimaldab ko-
guda tihe eksperimendiga suurel hulgal kvantitatiivseid andmeid laias kasvuerikiiruste
vahemikus [3]. A-staatne eksperiment algab kemostaadiga, kuid pérast steady state’i
saavutamist rakendatakse sujuv ldbivoolukiiruse (D) muutus. Tavaliselt on lidbivoolu-
kiiruse muutus suhteliselt aeglane (a4 = 0.01 h=2 - 0.005 h™?), mis voimaldab rakku-
del kohaneda muutuvate tingimustega ja siilitada stabiilne fiisioloogiline seisund, mis
vastab steady state’le — quasi-steady state. Iseenesest moistetavalt on A-staadi meetodi
reprodutseeritavus kriitline faktor, mida tuleb valideerida. Probleemi uurimiseks viidi
labi gliitkoos-limiteeritud Escherichia coli K-12 MG1655 A-staatsed eksperimendid (Artik-
lid T ja II). Tulemused néitavad head reprodutseeritavust — katsetevahelised suhtelised
standardhilbed on enamikel juhtudel tunduvalt alla 10%. Sarnased tulemused saadi ka
glitkoos-limiteeritud Lactococcus lactis 1L1403 katsetes (Artikkel III). Lisaks selgus, et A-
staadi reprodutseeritavus on sarnane kemostaadiga, mis niitab, et muutuv labivoolukii-
rus ei pohjustanud suuremat katsetevahelist varieeruvust. Kéik see lubab meil jareldada,
et A-staat on hésti reprodutseeritav.

Jargmine kriitiline faktor A-staatsetes eksperimentides on ldbivoolukiiruse muutuse
valik (labivoolukiirendus, a,). Kuna labivoolukultiveerimisel toimub pidev suhteliselt
aeglane kultuuri lahjendamine, siis votab uue statsionaarse seisundi saavutamine kaua
aega, kui selleks tuleb eemaldada kasvu kdrvalproduktid, mis tekkisid varasematel kul-
tiveerimistingimustel. Sellest tulenevalt on selge, et mida aeglasemalt lahjenduskiirust
muudetakse, seda sarnasemad on quasi-steady state (A-staat) andmed steady state kemo-
staadiga. Samas, vaga aeglaste labivoolukiirenduste kasutamine muudab A-staadi eks-
perimendid vaga pikaks ning vdib toimuda kultuuri evolutsiooniline adapteerumine [4].
Jérelikult tuleb ldbivoolukiirendust A-staatsetes eksperimentides valida hoolikalt. Head
kokkulangevust A-staadi (a4 = 0.01 h™?) ja kemostaadi vahel tiheldati . coiK-12 MG1655
eksperimentides Yys, Oqce, 0c0,> Ocanr tasemel. On oluline markida, et esimest korda nai-
dati A-staadi ja kemostaadi sarnasust ka transkriptoomi ja proteoomi tasemel (Artikkel
). L. lactis IL1403 kemostaadi ja A-staadi (aq = 0.005 h™?) andmete (Yys, Yig, amino-
hapete tarbimised ja produktide saagised) vordlus kasvuerikiirusel 0.45 h™! niitas, et
A-staat ja kemostaat on viga sarnased (Artikkel III). Koik see lubab meil jareldada, et
labivoolukiirenduste ag = 0.01 h™2 - 0.005 h™2 kasutamine on sobilik, et saada E. cofi
K-12 MG1655 ja L. lactis IL1403 puhul steady state’le vastavaid andmeid. Samas, kuna
evolutsiooni kiirus on séltuv uuritavast liigist ning kasvukeskkonnast, tuleb iga liiki ja
keskkonnatingimusi valideerida eraldi.
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KOKKUVOTE

Kemostaadi meetod loodi algselt, et uurida evolutsiooni konstantsetes kasvutingimus-
tes ning on teada, et moningatel juhtudel vahetavad mutandid vélja algse tive [5, 6].
See toob kaasa kontrollimata faktori, mis vahendab kvantitatiivsete steady state andme-
te usaldusvaarsust. Hiistereesi néhtus ilmnes ka meie eksperimentides biomassi saagi-
ses, produktide erisaagistes ja geeni ekspressioonis suhteliselt pikkades (60 generatsioo-
ni) L. lactise D-staatsetes eksperimentides (Artikkel IV). Hiisterees on arvatavasti tingi-
tud mainitud paremini adapteerunud mutantide esilekerkimisest. See tekitab kiisimuse,
kui kaua on voimalik labivoolukultiveerimise eksperimente sooritada ilma geneetilise
heterogeensuse tekkimiseta? Nimetatud probleemile otsiti vastust uurides E. cofi K-12
MG1655 genoomi stabiilsust glitkoos-limiteeritud A-staatsetes katsetes (20 generatsioo-
ni) kasutades korge labilaskevdimega sekveneerimist (Artikkel V). Uuriti heterogeensuse
esinemist kahes A-staadi proovis ning alustus-kultuuris (stokk-kultuuris), millega eks-
perimente alustati. Heterogeensuse analiiiisi kdigus ei tuvastatud ithtegi mutatsiooni,
mis oleks tekkinud katse kéigus, mis lubab meil jareldada, et 20 generatsiooni pikku-
ne glitkoos-limiteeritud . cofi K-12 MG1655 A-staatne eksperiment on piisavalt lithike,
et viltida mutantsete tiivede esilekerkimist. Samas, alustus- kultuuri analiiiis voimaldas
tuvastada suhteliselt suure heterogeensuse, nimelt, 31% kultuurist olid erinevad mutan-
did, mis leidusid ka A-staadi proovides. On oluline markida, et uuritud alustus-kultuur
valmistati DSMZ kultuurikollektsioonist parit pistekiilvkolooniast ainult 10 generatsioo-
nilise perioodilise (batch) kultiveerimisega. See viitab, et ndhtud heterogeensus esines
juba kollektsioonist saadud kultuurikoloonias. Suhteliselt suur tidheldatud heterogeen-
sus viitab vajadusele sekveneerida uuritava titve genoom enne raku fiisioloogia uuringu
algust, eriti, kui saadud andmeid soovitakse kasutada laboritevahelistes vordlustes voi
metabolismi mudeldamiseks.
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CULTIVATION PARAMETERS
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CHEMICALS AND ENZYMES
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INTRODUCTION

MICROORGANISMS HAVE THE ABILITY TO ADOPT THEIR METABOLISM to best make use of

changes in environmental conditions. They do so by regulating gene and protein
expression, controlling enzymatic activity, and adjusting colony formation, among oth-
ers. Interpreting the influence of all of these effects is challenging, and environmental
conditions should be controlled as much as possible during cell physiology experiments.
Shake flask or microtiter plate batch cultivations are effective for relatively fast screening
of multiple environmental conditions for p., or cell yield, but have serious limitations
when quantitative data for metabolic modeling is desired. One reason for this is that
batch cultivation often results in rapidly changing conditions due to a rapid increase in
biomass and concurrent accumulation of metabolic by-products. Continuous cultivation
can be employed to alleviate this problem.

1.1 CONTINUOUS CULTIVATION

The core principle of continuous cultivation methods is that fresh medium is continu-
ously pumped into the bioreactor while spent medium with biomass and fermentation
products is pumped out. Several types of continuous cultivation methods have been de-
veloped, but the most widely used is the chemostat method [1, 2]. In chemostat, microor-
ganisms are cultivated under conditions of substrate limitation and the pumping rate
(F) of the growth limiting substrate defines the specific growth rate (). Under steady
state conditions, F divided with the culture volume (V), i.e. dilution rate (D), is equal
to p. Various growth limiting conditions can be utilized such as carbon and nitrogen
limitation, and numerous stable growth conditions can be established and maintained
[7-9].

Another type of continuous cultivation technique is auxostat where one growth para-
meter is kept constant by automatic adjustment of the dilution rate. The most well
known example of auxostat is turbidostat where the amount of biomass in the bioreactor
is kept constant [10]. In a turbidostat, cells are grown in an excess of substrates at max-
imal specific growth rate, and this method can be used for physiology studies in place of
batch cultivation. Several other continuous cultivation techniques have been developed,
including gradostat [11] and adaptastat [12].

Continuous cultivation makes it possible to define constant environmental conditions
that often allow cells to acquire and function in a state where the production and outflow
of metabolic products is steady. It is often assumed that the metabolic fluxes are constant
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in this state and the majority of cells are performing the same function. If one is inter-
ested in modeling this state, chemostat cultivation is a suitable method for obtaining
quantitative data. However, if one is interested in determining how the growth changes
over a range of steady states, chemostat cultivation lacks throughput; It takes a relatively
long time and numerous experiments to screen the growth rate dependent metabolism
of a microorganism. To overcome this drawback, changestat cultivation techniques were
developed.

1.1.1  Changestat cultivation

Changestat experiments begin their life as a chemostat experiment. After reaching
steady state, one environmental condition is steadily changed. The most commonly used
changestat method is accelerostat (A-stat) which allows one to measure multiple cellular
states in one experiment [3]. After reaching steady state, an A-stat experiment introduces
a steady change in D, termed acceleration of dilution (aq).

Another example of changestat cultivation is dilution rate stat (D-stat), where D is
kept constant and another environmental parameter, e.g4. temperature or pH, is slowly
changed [13]. In a D-stat experiment we observe hysteresis in culture characteristics at
the level of biomass yield, product yields, and gene expression in an experiment with 60
generations of Lactococcus lactis (Publication IV). We attributed this effect to the evolution
of mutant strains; An effect common to all forms of continuous cultivation where the
cells reproduce.

In principle, if steady state growing cells encounter a very slow change of an environ-
mental parameter, the cells should be able to adapt to changing conditions and maintain
a physiological state similar to steady state. We term this quasi-steady state. The con-
cordance between steady states, as measured in a chemostat, and quasi-steady states,
measured in changestat cultivation, depend on the rate of environmental change em-
ployed in the changestat experiment.

1.1.2  Choice of acceleration of dilution in A-stat cultivation

The choice of acceleration of dilution in A-stat depends on numerous factors; the main
factor is the nature (strain) of the microorganism studied, and peculiarities of its metabol-
ism. Generally, the faster the cells are able to react to changing environmental conditions,
more correspondence is seen between comparable A-stat and chemostat experiments. In-
deed, parameters like transcription and translation rates and also the degradation rates
of proteins play an important role in the adaptations that take place.

These parameters have been studied in yeast. Lately, Sun et af. used comparative
dynamic transcriptome analysis (cDTA) to determine transcription and mRNA degradation
rates. The authors found that the half life of mRNA in the medium was 12 minutes
for Saccharomyces cerevisiae and 59 minutes for Schizosaccharomyces pombe. In contrast to the
relatively short half lives of mRNA, proteins are much more stable [14]. Helbig et af. used
nitrogen-limited chemostats at a dilution rate of 0.1 h™! and a medium switch from *N
ammonium sulphate to >N containing salt. Both, 1*N and >N peptides of the biomass
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were quantified to determine the changing 1% peptide ratios induced by the label switch.
It was calculated that the protein half life for S. cerevisize was 10.8 h. It has been estimated
that the peptide elongation rate in S. cerevisize depends on the specific growth rate and
increases from 2.8 to 10 amino acid per second if the doubling time changes from 486 to
96 minutes [15]. Considering that an average protein molecule contains 300 amino acids
it takes 107 or 30 seconds, respectively, to synthesize an average protein molecule at the
doubling times mentioned. These times (107 or 30 seconds) are good indicators of how
long it takes to synthesize an average protein, and therefore to establish a new protein
expression pattern. From all the previously mentioned S. cerevisiae cellular parameters
it seems that the cells are able to regulate metabolism at the transcriptomic level rather
fast. The situation is different looking from the point of view of proteome synthesis and
degradation rates. A median protein half-life of 10.8 h indicates that for S. cerevisiae it
would take a rather long time to remove proteins that are no longer required.

In Escherichia coli it has been shown that the mRNA half-life varies between 2.1 to 6
minutes in various mutants at doubling times between 73-85 minutes [16]. These are
considerably faster mRNA degradation rates than those observed in S. cerevisiae. In con-
trast, the mRNA synthesis rate was around 10 mRNAs per cell and per cell cycle time, a
value around 5 times smaller compared with S. cerevisize. This is expected if we take
into account that ‘. cofi cells are considerably smaller and have less total RNA in the cell
compared with yeast. It has been shown that the peptide elongation rate in . cofi also
depends on the specific growth rate, as in . cerevisiae, but increases faster from 13 to 20
amino acids per second between doubling times of 100 min and 24 min [17]. Protein
half-lives of . coli were recently determined in our laboratory with median values of 3
h (unpublished data). Similar to mRNA half-lives, the protein half-lives were considerably
shorter in E. coli compared with . cerevisiae. The latter indicates that E. cofi is likely able
to regulate its metabolism faster that . cerevisiae and, therefore, it may be possible to ap-
ply a faster dilution rate increase in A-stat experiments to maintain quasi-steady growth
of E. colli.

It seems that to achieve similar cellular protein concentrations in chemostat and A-stat
experiments depends on how rapidly and how much cells need to regulate protein ex-
pression as the dilution rate is changed. Moreover, it seems that removal of proteins
is the slowest process in adaptation. Therefore, it is important to know by how much
protein expression is adjusted when dilution rate is changed. Unfortunately, relatively
few experiments have been performed in chemostat with proteome analysis at various
dilution rates. Mehmeti studied the proteome of Enterococcus faecalis in chemostat at dilu-
tion rates 0.05 h™?1, 0.15 h™!, and 0.4 h™! [18]. It was found that expression of only a
few proteins changing by around two times if dilution rate was increased from 0.05 h™!
to 0.15 h™!. Similarly, Dressaire et af. investigated the proteome of L. lactis at dilution
rates of 0.09 h™', 0.24 h™!, and 0.47 h™! [19]. It was found that only six proteins out
of 173 had expression levels more than two times higher as dilution rates increased from
0.09 h™! t0 0.24 h~!. When dilution rate increases from 0.09 h™! to 0.47 h™!, 25 out
of 173 proteins had expression levels more than two times higher [19]. In E. cofi it was
found that expression of more proteins change between dilution rates 0.4 h—! and 0.5
h™! than between 0.4 h~! and 0.1 h™!, illustrating that more profound changes occur
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at higher dilution rates in this organism [20]. The latter study found that the protein
expression increases by around 2 times when dilution rate is increased by 0.1 h™!.

Glucose pulse experiments have revealed important information regarding the adapt-
ation of cells in changing environments. Sunya et al. applied glucose pulses of different
intensities in steady-state E. coli chemostat experiments at a dilution rate of 0.15 h™1.
They observed a very rapid increase in specific growth rate. Firstly, the specific growth
rate reached its maximum in batch cultivation within 15 seconds. Secondly, the specific
growth rate stabilized at a value about 70% from its maximum 90 seconds after the gluc-
ose pulse [21]. Similar behavior was also observed by Taymaz-Nikerel et af. at a dilution
rate of 0.1 h™! in . coli glucose pulse experiments [22]. Furthermore, . cofi has the abil-
ity to react to sudden increases in glucose availability, and this is specific growth rate
dependent [23]. Taken together, glucose pulse experiments with . cofi show that these
cells have the ability to increase growth rate very rapidly. This suggests that enzyme
concentrations may not be tightly regulated at many growth rates.

1.1.3 Comparing the cellular state in A-stat and chemostat experiments

The most accurate way of comparing A-stat and chemostat experiments is direct compar-
ison of quantitative data acquired from both methods. The choice of acceleration of di-
lution and A-stat concordance with chemostat has been studied before. Van der Sluis et af.
studied glucose-limited cultures of Zygosaccharomyces rouxii CBS 4021 in A-stat cultivation
with aq values of 0.1, 0.01 and 0.001 h—2 and compared various cultivation parameters
measured in these experiments (glucose, biomass, and ethanol concentrations, specific
growth rate, yield of biomass on glucose) with the same parameters measured in chemo-
stat experiments [24]. Models were used to analyze the differences between the two data
sets collected in A-stat and chemostat experiments and the authors concluded that 0.001
h™2 was the only acceleration of dilution that allowed for direct comparison. Unfortu-
nately, poor reproducibility of biomass and ethanol concentrations at a dilution rate 0.1
h™! between different experiments reduces the reliability of the cultivation experiments.

In another study, various . cerevisiae strains (CBS8066, BAY.17, X2180 and CEN.PK122)
were cultivated in glucose-limited accelerostat cultures with an acceleration of dilution
of 0.01 h™2 and displayed differences in the dilution rate at the onset of aerobic fer-
mentation when ethanol production begins (Dca) [25] It was noted that the D.isical
values determined from the accelerostat experiments did not match with chemostat ex-
periments, with the exception being strain CBS8066. It was also reported that deviations
in Diica values in the replicate experiments was less than 5% [25]. The differences ob-
served in the behavior of the strains was likely caused by the higher ability of strain
CBS8066 to adapt to changing environments because the same acceleration of dilution
was applied in all strains.

Relatively good agreement of glucose-limited accelerostat and chemostat cultures was
found in experiments with the yeast Hanseniaspora guilliermondiiNCYC 2380 despite the use
of a relatively high acceleration of dilution (0.02 h™—2) [26]. It was observed that ethanol
first appeared in the bioreactor at a dilution rate of 0.27 h™! in accelerostat, while in
chemostat, ethanol first appeared at 0.25 h™!. The most significant difference between
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A-stat and chemostat experiments in this study was the significantly higher acetate con-
centration in accelerostat culture. This is likely caused by applying too rapid aq.

Accelerostat cultures with different acceleration of dilution values and chemostat
cultures of the microalgae Dunaliella tertiolecta CCAP 19/6B were studied under light-
limited conditions. Various acceleration of dilution values, 0.00809, 0.001, 0.00107, 0.0001,
0.00016, 0.00029 and 0.00001 h—2 were tested [27, 28] and concordance with chemostat
was observed in measurements of biomass and chlorophyll concentration, average light
intensity inside the reactor, and absorption coefficient. It was concluded that the fastest
possible acceleration of dilution that resulted in data comparable with chemostat culture
is 0.00029 h™2. One might note that slow acceleration of dilution values were applied in
these microalgae studies. This illustrates that one of the key factors in cultivation is the
ability of cells to adapt to changing environments. It is clear that adaptation mechanisms
and rates are species dependent, and may also vary between strains [25].

Besides the studies involving eukaryotic species, A-stat and chemostat cultivation has
also been compared in bacterial studies. In glucose-limited continuous cultivation of
E. coli K-12 W3350, large differences were found in the specific growth rate when acet-
ate production starts (peisca) and when culture wash-out occurs (pmax) comparing A-stat
experiments (ag = 0.015 h~?) and chemostat experiments. In chemostat, peiica Was
found to be around 0.3 h™! and wmy 0.38 h™1, while in accelerostat these  values
were 0.47 and 0.57 h™1, respectively [3]. These experiments illustrate that the method
of increasing the growth rate is important in determining the response of the culture.
Abrupt changes of the dilution rates in chemostat could lead to the overflow of acetate
at lower growth rates in comparison with A-stat cultivation. In contrast, good concord-
ance between A-stat (aq = 0.01 h™2) and chemostat cultivation results were observed in
fructose-limited experiments with Corynebacterium glutamicum ATCC 13745, with compar-
able biomass concentrations, residual concentrations of demeton-S-methyl (pesticide),
and ., values [29].

Considering all of these experiments, it is clear that the choice of acceleration of dilu-
tion depends on both the cultivation conditions and species under investigation. There-
fore, one must validate each cultivation condition and organism separately. It is clear
that a slower acceleration of dilution provides more similar quantitative data when com-
paring A-stat and chemostat cultivation data. However, applying slow acceleration of
dilution results in relatively long experiments, where culture adaptation due to genome
mutations often occurs.

1.1.4 Genome stability of E. coli in continuous culture

Quantitative data collected from continuous cultivation methods is often used for meta-
bolic modeling. Because DNA sequences encode the metabolic network of the cell, it is es-
sential to know if and when the genomes of cells are changing during these experiments.
In fact, chemostat experiments were initially introduced to study evolution and selection
in a constant environment. Fitter clones are known to rapidly arise in some cases [5, 6],
introducing an uncontrolled dynamic factor that reduces the quantitative reliability of
the steady state data collected in chemostat and other cultivation experiments. There-
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fore, to avoid genetic heterogeneity interfering with the interpretation of steady state
physiology measurements, it is important to check the stability of the genome of the
cells being cultured by monitoring the entire genetic homogeneity of population over
time.

Flaws in stock culture handling are one possible source of genetic heterogeneity in cell
physiology studies. Indeed, heterogeneity in stab agar cultures has been reported dur-
ing long-term storage of Z. coli K-12 W3110 at room temperature [30-32]. Considerably
fewer mutations are expected when cell cultures are stored in a frozen state where no
metabolic activity is possible. Nevertheless, genetic differences including loss of genes
and variation in growth phenotype on various carbon sources have been detected in .
coliK-12 MG1655 strains acquired from different stock centers and laboratories [33]. Fur-
thermore, variation in motility has been observed between E. cofi K-12 strain derivatives
(including MG1655) where an increase motility was found to be caused by insertion se-
quence (IS)-mediated activation of fihD, a regulator of flagellar gene transcription [34].
Presumably, periodic sub-culturing steps can contribute to this heterogeneity.

Genetic heterogeneity may also arise during continuous cultivation experiments as
the result of spontaneous mutations. Information about which genes are possible tar-
gets for beneficial mutations is available from continuous cultivation experiments that
are much longer than “routine” cell physiology studies. Long-term evolution of E. coli
under glucose-limited chemostat cultivation has been studied quite intensively during
the last decade [4, 35]. As one might expect, mutations that increase glucose trans-
port are common in glucose-limited chemostat experiments [5, 36-38]. Namely, muta-
tions in mgID (a DNA-binding transcriptional dual regulator) and mgl operator resulting
in higher gene expression of mgIBAC (galactose ABC transporter) has been found in aer-
obic cultures growing on glucose [39, 40]. Under the same conditions, mutations in
mlc (a DNA-binding transcriptional repressor) and malT (a DNA-binding transcriptional
activator) were also observed [40]. These mutations up-regulate ptsG (the glucose spe-
cific phosphotransferase system permease), lamB (the maltose high-affinity receptor) and
malKFGE (the maltose ABC transporter) [39, 40]. Because there is more than one mutation
which could lead to increased glucose transport, multiple lineages with different muta-
tions typically arise and compete during prolonged chemostat experiments and often
there is not a single dominant genotype [39, 40]. Long-term evolution in glucose-limited
chemostats can also result in the formation of a stable consortia of acetate-utilizing spe-
cialists that coexist with the main population [41]. Another important fact is that . cofi’s
capacity to diversify is specific growth rate dependent; Considerably higher mutational
heterogeneity was found at a dilution rate of 0.1 h™! compared to 0.6 h—! [42].

These phenomena are observed in prolonged continuous cultivation experiments ex-
ceeding the number of generations necessary for cell physiology studies by at least one
order of magnitude. Therefore, for studying cell physiology using continuous cultures, it
is important to find out how long a genetically uniform culture can be maintained. Gen-
erally, pumping through five working volumes in a chemostat experiment is assumed to
be enough to reach steady state (50 h and 7 generations at D = 0.1 h™!). The mainten-
ance of actual steady state has been questioned due to how rapidly fitter clones may arise
[4]. Indeed, mutations in the stress-induced sigma factor rpoS have been detected in Z.
coli K-12 BW2952 cultures growing in glucose-limited chemostat experiments at D = 0.1
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h™! after only 24-72 h (3-10 generations) of cultivation [43]. On the other hand, the ap-
pearance of rpoS mutations is strain dependent. For example, no mutations were detected
in an E. coliK-12 MG1655 strain within 96 h (14 generations) of cultivation at D = 0.1 h™!
[44]. The fact that different . cofi K-12 strains acquire rpoS mutations at different rates
under similar cultivation conditions [44] makes it difficult to generalize about how long
a genetically uniform culture of ‘. coli K-12 MG1655 could be maintained. Moreover, it is
plausible that the latter strain acquires mutations other than rpoS during glucose-limited
continuous cultivation experiments.

To assess the genetic stability of a strain and monitor possible genetic heterogeneities
that might evolve during a cell physiology study in continuous culture, a method capable
of detecting all mutations should be used. Recent advances in DNA sequencing techno-
logies [45] have made it possible to routinely determine the full genome sequences of
microorganisms and to generate high-coverage data sets for analysing genetic diversity
within communities. For example, it was possible to monitor the frequencies of . cofi
sub-populations that evolved during a long-term batch transfer experiment with 50 times
genome coverage [46].

Similarly to the concordance between A-stat and chemostat it seems that the mechan-
isms that induce genetic changes are also strain dependent. Therefore, high through-
put (HT) DNA sequencing was applied in this dissertation to examine the stability of the
genome and characterize genetic heterogeneity during a short-term continuous cultiva-
tion experiment (A-stat, 20 generations of continuous cultivation) of . coli K-12 MG1655.
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AIMS OF THIS DISSERTATION

! I ‘HE AIM OF THIS STUDY is to investigate the phenomena that may interfere with quant-
itative steady state analysis of E. coli K-12 and L. factis IL1403 using continuous ac-
celerostat (A-stat) cultivation. The following two main topics were investigated:

I Investigation into the reproducibility of A-stat cultivation data, including a critical
evaluation and comparison with data collected in chemostat cultivation experi-
ments at the same specific growth rates.

II Investigation into the source of genetic heterogeneity that is observed in continu-
ous cultivation. This involves using HT sequencing to verify genetic stability in
A-stat cultivation experiments.
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MATERIALS AND METHODS

MORE DETAILED DESCRIPTIONS OF THE materials and methods applied are available in
the publications. The following sections are provided to make this material more
accessible.

3.1 STRAINS USED

I E. coli K-12 MG1655 (A-, F-, rph-1, Fnr+; Deutsche Sammlung von Mikroorgan-
ismen und Zellkulturen (DSMZ), DSM No.18039) was used in Publication II and
Publication V.

II E. coli K-12 MG1655 strain (A-, F-, rph-1, Fnr+; Statens Serum Institute (SSI), Ref-
erence number: C 438-01) was used in Publication I and Publication V.

II L. lactis subsp. lactis IL1403 was kindly provided by Dr. Ogier from INRA (Jouy-en-
Josas, France) and used in Publication IIT and Publication IV.

3.2 MEDIA AND CULTIVATION CONDITIONS
321 E.coiK-12

Defined minimal medium with 10 g-L™! (Publication I) and 4.5 g-L ! (Publication II
and Publication V) a-(D)-glucose, temperature 37°C, pH 7 and aerobic conditions were
used in all experiments. In all A-stat experiments with . coli K-12, ag = 0.01 h™2 was
used after the chemostat stabilization phase. The chemostat phases were carried out at
different dilution rates: 0.3 h™! in Publication I, 0.1 h™! and 0.2 h™! in Publication II
and Publication V.

3.2.2 L. lactis subsp. lactis IL 1403

In Publication IIT and Publication IV we used chemically defined media (CDM) with 3.5
g-L7land 5 g-L ™! of a-(D)-glucose, respectfully. In addition, the medium used in Public-
ation III contained 70% GIBCOTMF-12 Nutrient Mixture (Invitrogen Corporation, Carls-
bad, CA) and 30% modified CDM with a composition matching the one used in Public-
ation IV. In addition to glucose the CDM used in Publication IV contained amino acids,
vitamins, minerals and nitrogen-bases. Cultivation experiments were carried out under
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anaerobic conditions (N2-environment) with an agitation speed of 300 rpm at 34°C and
pH 6.4. In all A-stat experiments with L. factis IL1403, an acceleration of dilution of 0.005
h—2 was applied after the stabilization phase in chemostat at D = 0.1 h™! (Publication
III). In D-stat experiments, dilution rate was constantly 0.2 h™! and different ramps of pH
and/or temperature were applied (see Publication IV for details).

3.3 ANALYTICAL METHODS

Glucose and organic acids in the culture media were measured using high pressure li-
quid chromatography (Alliance 2795 system, Waters Corp., Milford, MA), using a BioRad
HPX-87H column (Hercules, CA) with isocratic elution of 5 mM H,SO, at a flow rate of
0.6 mL-min~! and at 35°C. A refractive index detector (model 2414; Waters Corp.) was
used for quantification of the compounds (Publication I through Publication V). Amino
acid concentrations were determined with an amino acid analyzer (Acquity UPLC®; Wa-
ters Corp.) with AccQ-Taq Ultra (Waters Corp.) column according to the manufacturer’s
instructions (Publication III).

34 GENE EXPRESSION PROFILING

Agilent’s DNA microarrays were designed in eArray web portal in 8 X 15K format con-
taining 3 and 7 probes per target on E. cofi K-12 and L. lactis microarray, respectively
(https://earray.chem.agilent.com/earray/). Target sequences were downloaded
from KEGG. For both microorganisms, RNA degradation was halted and total RNA extrac-
ted with RNeasy Protect Bacteria Mini Kit (Qiagen, Valencia, CA). cDNA was synthesized
with Superscript III (Invitrogen, Carlsbad, CA) and labeled indirectly with Cy3 (CyTM3
Mono Reactive Dye Pack, Amersham, Buckinghamshire, UK) or Cy5 (CyTM5 Mono Re-
active Dye Pack, Amersham). Hybridization, slide washing and scanning was performed
using standard Agilent’s reagents and hardware (www.chem.agilent.com), (see Public-
ation II and Publication III). DNA microarray data is also available at NCBI Gene Expres-
sion Omnibus (GEO) (Reference series: GSE23920 (E. cofi) and GSE26536 (L. lactis)).

3.5 SIMULATION OF A-sTAT AND CHEMOSTAT DATA

The difference between A-stat and chemostat was simulated with an example involving
acetate concentration in bioreactor. The following constants were used in calculations:
biomass yield, Yy = 0.4 gDCW.géécose; culture volume, V = 0.3 L and concentration of

glucose in medium, S, = 4.5 g~L*1. Initial dilution rate, D, was 0.3 h™! and acetate
production normalized to biomass (Ogeetate) Was 0.0 mmol-gpy. Starting from the 6%
hour of simulation, the dilution rate was increased to 0.0001666 h—! per minute that
corresponds to an acceleration of dilution of 0.01 h™2 until a dilution rate of 0.5 h™!
after which the dilution rate was kept constant for five culture volumes (10 h). O,cetate
was also increased linearly concurrently with the dilution rate increase, but with an
increase of 0.0018 mmol-gp, min—! until a dilution rate of 0.5 h~!. The increase of
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3.5 SIMULATION OF A-STAT AND CHEMOSTAT DATA

Oacetate Was chosen to reach a similar Opcerare Value at D = 0.5 h™! as in real chemostat
experiments with . cofi K-12. Parameters were calculated using the following equations:

The consumption rate of glucose, Iyucose (ggluwse-h_l):

V-D

I ucose — TAAA o 3.1
¢ 1000 - s, (3.1)

The biomass production rate, I, ( gpcw-h™?):
Ik = Yxs . Igluccse (32)

The rate of acetate input, Icetate (mmol-min™!):

IX
Lacetate = Oacetate * @ (33)

The concentration of acetate in A-stat culture, Cacetare (mmol-L™1) ;was calculated with an
interval of one minute as follows:

D
Cacetateo + Lacetate — Cacetateg 60
Cacetate = Vv s (34)

where Cicetate, 1S the initial acetate concentration or the concentration one minute before
Cacetate Was calculated.

The acetate concentration in chemostat simulations was calculated as follows:
Cace(ate - Oacetate N Yxs ° So (35)

for the same dilution rates as in A-stat calculations. The difference between the chemostat
and A-stat data was calculated by subtracting the acetate concentration in the chemostat
from those in A-stat.

Protein concentration in the cells was calculated in a similar manor as the acetate con-
centration described above. Instead of O,cetate; Oprotein (Oprotein = 1.7 - 10" molecules- g;clw)
was used and chosen to correspond to the concentration of the average protein in 1 L
of culture (DCW = 1.8 gpcy L™ 1). The concentration of an average protein was acquired
from a study performed in our lab (unpublished data). Initial dilution rates were 0.1
h™!, 0.3 h™! or 0.5 h™!. When an increase in dilution rate of 0.0001666 h—! per min
(aq = 0.01 hfz) was applied, Oproein decreased by either 2 times, 5 times or 10 times
for all noted initial dilution rates. The concentration of protein in A-stat culture, Cpotein
(molecules-L. ™), was calculated with an interval of one minute as follows:

D +Kprotein
Chrotein +1 rotein — Cprotein, *
_ P o p p o 60
Cprotein - v 7 (36)
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where Cprotein,, is the initial protein concentration or the concentration one minute before

Cprotein Was calculated, Ipein is the number of protein molecules synthesized per minute
In(2)
average protein half-life in hours )-

and kprowein stands for protein degradation rate (kprotein =

Protein concentration in chemostat was calculated as follows:
Cprotein = Oprotein * Yis * So (37)

for the same dilution rates as in A-stat calculations. Relative absolute deviation was calcu-
lated from protein concentrations in A-stat and chemostat and the number of minutes it
takes the value to decrease lower than 5% was determined. Using the number of minutes
and an increase in dilution rate of 0.0001666 h™! per min it was calculated that the
corresponding dilution rate value in A-stat is similar to that obtained in chemostat (AD,

h=1).
3.6 MUTATION ANALYSIS (PUBLICATION 1V)

3.6.1 Genomic DNA extraction

An aliquot of lyophilised stock culture (4.2 x 106 cells) and two whole-population samples
(not single colonies) acquired at D = 0.11 h™! (8.4 x 10° cells) and 0.48 h™—! (3.0 x 10°
cells) from one A-stat experiment were chosen for DNA extraction and subsequent HT
DNA sequencing analysis. Genomic DNA for re-sequencing and mutation validation was
extracted using the RTP Bacteria DNA Mini Kit (Invitek) following the manufacturer’s
protocol.

3.6.2 Illumina whole genome re-sequencing

Whole genome re-sequencing was performed by GATC Biotech AG using an Illumina
Genome Analyzer II instrument. A single-end library was prepared from each genomic
DNA sample and sequenced using the manufacturer’s standard protocols. FASTQ read
files were generated by Sequence Control Software (version 2.6) with Real Time Analysis
(version 1.6.32) and the GA pipeline (version 1.5.1). Raw read data has been deposited in
the NCBI Sequence Read Archive (SRA) (SRP006176).

3.6.3 Genome sequence data analysis

Sequencing reads were compared with the Z. cofi K-12 MG1655 reference genome (Gen-
Bank accession no. U00096.2) using the breseq analysis pipeline (version 1.00rc7). The
source code for breseq is freely available online (http://barricklab.org/twiki/bin/
view/Lab/ToolsBacterialGenomeResequencing). The online documentation describes
the methods used to predict consensus point mutations, small indels, large deletions and
new sequence junctions. Predictions of base substitutions and single-base indels that
were polymorphic in the population (present only in some individuals) were performed

32


http://www.ncbi.nlm.nih.gov/sra/
http://barricklab.org/twiki/bin/view/Lab/ToolsBacterialGenomeResequencing
http://barricklab.org/twiki/bin/view/Lab/ToolsBacterialGenomeResequencing

3.6 MUTATION ANALYSIS (PUBLICATION IV)

as detailed in the breseq documentation. Specifically, breseq was run with strict re-
quirements for polymorphism prediction: only reads with alignments to the reference
genome that spanned their entire sequence were considered, aligned bases with Phred
quality scores of < 30 were ignored, and only predictions supported by E values < 10™*
were accepted. The empirical per-base error model employed by breseq was found to
underestimate the rates of indel sequencing errors in homopolymer repeats. Therefore,
we chose to exclude putative low-frequency sub-populations with indels in reference
sequence homopolymer repeats of six or more bases after manual examination. IS5 in-
sertions were predicted as polymorphic by counting how many reads matched the two
new sequence junctions associated with insertion of a new copy of this sequence (one at
each end) versus the sequence junction in the original genome.

3.6.4 Mutation validation with Sanger sequencing

Predicted mutations were validated by performing PCR followed by Sanger sequencing.
Sanger sequencing was performed by the Estonian Biocentre using an Applied Biosys-
tems 3730x1 DNA analyser and the BigDye Terminator v3.1 Cycle Sequencing kit (Applied
Biosystems). The PCR mixture contained 2.5 pl 10x PCR buffer [KCI, (NH,),SO, and 20
mM MgCl,], 2 ul of each deoxynucleotide triphosphate (2.5 mM), 0.1 pl DreamTaq DNA
polymerase (5 U ul!) (all obtained from Fermentas), 2 pl of each primer (10 uM) (Micro-
synth) (Supplementary Table S2 of Publication V), template DNA (50 ng or single colony)
and diethylpyrocarbonate (DEPC)-treated water up to a total volume of 25 pl. The PCR
thermoprofile consisted of an initial denaturing temperature of 95°C for 2 minutes, fol-
lowed by 30 amplification cycles: denaturation at 95°C for 30 s, primer annealing for
30 s at the temperature specified in Supplementary Table S2 of Publication V, exten-
sion at 72°C for 1 minute per kb of product, followed by a final extension period of 10
min at 72°C. Agarose gel electrophoresis [1% ' agarose] of the PCR product was carried
out, and bands were visualized using ethidium bromide (0.2 pg-ml—!). A GeneJET PCR
Purification kit (Fermentas) was used for purification of PCR products prior to Sanger se-
quencing. Subpopulations with base substitutions were confirmed by Sanger sequencing
PCR products from mixed population samples. Mixed signal peaks in chromatograms at
genome positions corresponding to betA (choline dehydrogenase), cspH/cspG (stress pro-
tein, member of the CspA family/cold-shock protein), glyA (serine hydroxymethyltrans-
ferase) and dppD (ATP-binding component of the dipeptide ABC transporter) mutations
were found in population samples but not in negative control samples that did not con-
tain the sub-population. Low-scoring putative single-nucleotide polymorphisms (SNPs)
in allD (ureidoglycolate dehydrogenase) and recB (exonuclease V, beta subunit) were re-
jected using this approach. For yahE (predicted protein), this validation procedure was
inconclusive. Therefore, PCR products generated from 23 single colonies were combined
in groups of three or four for subsequent sequence determination and chromatogram
analysis as stated above. IS-related mutations: AhD/uspC (subunit of flagella regulator
(FInD2C2)/universal stress protein) and yadL (gene of predicted chaperone-usher fimbrial
operon), were validated by screening colonies isolated from the stock culture for PCR
product length differences.
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RESULTS AND DISCUSSION

THE PROCESSES THAT OCCUR in cellular systems together form a complicated dynamic
system with a large number of interacting components. In addition, cells adjust
their metabolism to environmental conditions. Because of these adjustments, it is often
important to control the environmental conditions under which cells are grown, and
if possible, perform the cell physiology studies in parallel experiments. The specific
growth rate is an important parameter that is often controlled by controlling access
to a substrate limiting media component or other required resource such as light in
the case of photoautotrophs. Control of specific growth rate is often readily achieved
in chemostat and A-stat cultivation. Chemostat cultivation has now been practiced for
over 60 years [1, 2], and A-stat for over 17 years [3]. Despite this length of time, A-stat
cultivation has not been validated extensively. This dissertation is a critical evaluation
of the factors that determine the accuracy and quality of quantitative data acquired using
A-stat cultivation.

4.1 EXPERIMENTS WITH Escherichia coli K-12

Reproducibility is self-evidently a critical characteristic of cultivation methods, and re-
quires careful study. Reproducible values of . and peica (see Figure 1) as well as Yy,
(biomass yield per consumed glucose) were investigated (see Table 1).

Table 1 — Reproducibility of the three glucose-limited accelerostat experiments
with Z. cofi K- 12 MG1655 (Publication I). RSD is the relative standard deviation.
Starred values (x) were calculated as an average in the range of dilution rates D =
0.3 - 0.5 h™! of three biological replicates.

Hmax Meritical Yis
—1 —1 —1
h h 8oew Eglucose

Average 048 034 0.48*
RSD (%) 3.2 3.4 5.4
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Figure 1 - Typical glucose-limited accelerostat experiment with . cofi K-12. Red
circles indicate accelerostat specific characteristics. D is the dilution rate, h—1; n
is the specific growth rate, h™!; X, is the amount of biomass in bioreactor, gpcw;
S~ is the residual glucose concentration, mmol-L™1; Qco, is the specific CO, pro-
duction rate, mmol-g; .

In order to test if data obtained from A-stat experiments is reproducible, we analyzed
another glucose-limited accelerostat data-set with . coiK-12 MG1655. In contrast to the
data summarized in Publication I (see Table 1) upgraded fermentation system allowed us
analyze additional parameters, including specific productions of cAMP, acetate and CO,
(Ocamps Oacetates and Oco,). Table 2 shows relative standard deviations from three A-stat
experiments. It should be noted that the relatively high RSD for O,ccae Was caused by
differences in low acetate concentrations at the start of acetate overflow.

Table 2 — Reproducibility of the three glucose-limited accelerostat experiments
with E. cofi K- 12 MG1655 (Publication II). Because every A-stat experiment starts
as a chemostat, RSD of the chemostat experiments at a dilution rate or 0.1 h™! are
presented. The average of relative standard deviations of three replicates are shown
in all cases. RSD is the relative standard deviation. ND*, acetate is not excreted at a
dilution rate of 0.11 h—!

u RSD of Oco, RSD Of Ocamp  RSD Of Yys  RSD Of Ojcetate
h™! % % % %
0.11 - 0.47 5.6 9.1 2.0 28
chemostat (0.11) 4.5 10.3 3.5 ND*
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For instance, the RSD was 6.3% if only acetate concentrations over 2 mM are included. The
fact that every A-stat starts as a chemostat allowed us also to obtain data on chemostat
reproducibility. As seen from Table 2 the RSDs of the chemostat data were similar to
those from the A-stat experiments. The latter indicated that the continuous increase of
dilution rate in A-stat experiments did not change the reproducibility. Furthermore, A-stat
is also reproducible at the proteome level (see Figure 2). Pearson correlation coefficients
(R) between A-stat samples were between 0.95 — 0.97, and is comparable to the chemostat
sample correlation of 0.99.
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Figure 2 — Comparison of E. cofi K-12 MG1655 absolute proteome data (copies per
cell) of replicate A-stat and chemostat experiments (unpublished data). Blue dots
represent chemsotat and red ones A-stat data. Correlation of chemostat biological
replicates is similar with A-stat. R is the Pearson correlation coefficient, D is the
dilution rate, h™1.
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4.2 EXPERIMENTS WITH L. [actis

Table 3 summarizes the results of a study of how reproducible the following parameters
are in accelerostat experiments of L. factisIL1403: Yy, Y1, (produced lactate per consumed
glucose), T ucose (specific consumption of glucose), 144 (total amount of amino acids con-
sumed per dry biomass) and Oy, (specific production of lactate). The RSD values were,
with one exception better, than 5%, and similar to Z. cofi K-12 MG1655 experiments, RSD
of the main physiological parameters in chemostat are comparable with those determ-
ined in A-stat.

A high correlation of both proteome and transcriptome data was also found (Figure
3 and Figure 4). Importantly, these figures show that the correlation of proteome and
transcriptome data in biological replicates is similar for A-stat and chemostat.
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Figure 3 — Correlation of L. factis IL1403 transcriptome data (log(2) of DNA mi-
croarray spot intensities). Blue dots represent chemsotat and red dots A-stat data.
Correlation of chemostat biological replicates is similar with A-stat (Publication III).
R is the Pearson correlation coefficient, D is the dilution rate, h—!
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Table 3 - Reproducibility of five glucose-limited accelerostat experiments with
L. lactis TL1403. The values of RSD of the chemostats at a dilution rate 0.1 h™!
are also presented in Publication III. Average of relative standard deviations of five
replicates are shown in all cases.

n RSD of Yy;  RSD of Yi;  RSD Of Igucose RSD Of Tya  RSD Of Olyerare
h! % % % % %
0.1-0.6 4.6 2.9 4.4 4.1 6.7
chemostat (0.1) 2.3 2.7 2.3 3.4 5.5
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Figure 4 — Correlation of L. factis IL1403 absolute proteome data (copies per cell)
of biological replicates of A-stat and chemostat [47]. Blue dots represent chemsotat
and red dots A-stat data. Correlation of chemostat biological replicates is similar
with A-stat. R is the Pearson correlation coefficient, D is the dilution rate, h—1.
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43 COMPARISON OF ACCELEROSTAT WITH CHEMOSTAT
(PuBLicaTIiON II AND PuBLIicATION III)

4.3.1 Comparison using ‘E. coli K-12

The choice of the acceleration of dilution is one of the main factors that may lead to
differences in quantitative data between accelerostat and chemostat cultivation experi-
ments. In chemostat, steady state is usually achieved by pumping through at least five
working volumes, which ensures that most of the fermentation products from previous
growth conditions not synthesized at the steady growth rate are diluted to trace levels.
Because it is unusual to apply such long dilutions in A-stat it is clear that concentrations
in A-stat experiments may differ from those performed in chemostat. The concordance
between A-stat and chemostat was validated in glucose-limited Z. cofi K-12 MG1655 ex-
periments. A relatively large difference between glucose-limited cultures of ‘. cofi K-12
W3350 in A-stat and chemostat was shown earlier [3], however, no such deviation of
quantitative data was observed in the current study (Figure 5). This figure shows that
specific products in glucose-limited A-stat and chemostat experiments were similar.
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Figure 5 — Comparison of A-stat and chemostat glucose-limited cultivations of £.
coliK-12 MG1655 at dilution rates: 0.24 h=1,0.30 h™',0.40 h™!,0.51 h™!. Red bars
indicate data from A-stat experiments and blue bars from chemostat experiments.
Error bars show standard deviations between three replicates. Note that CO, was
not determined in chemostat at D = 0.5 h™—!. Acetate was not detected at a dilution
rate of 0.24 h™! in A-stat and chemostat nor was cAMP found in A-stat at a dilution
rate of 0.5 h™1. Oco, is the specific production of CO,, mmol-ggclw; O cetate 18
the specific production of acetate, mmol-gpLy; Ocanp is the specific production of
cAMP, umol-ggclw; Yys is the biomass yield, gDCW'gg_llicos .
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4.3 COMPARISON OF ACCELEROSTAT WITH CHEMOSTAT

Although the specific production of acetate was similar in A-stat and chemostat experi-
ments, acetate concentrations were smaller in A-stat (see Figure 6). This can be explained
by the difference in the extent of dilution of the acetate in the cultures. To show the
differences in metabolite concentrations between A-stat and chemostat, we simulated the
concentration of acetate in the bioreactor. Figure 7 illustrates the situation for the case
where acceleration of dilution is 0.01 h™2 and mimics acetate accumulation in the biore-
actor while taking into consideration only dilution. The simulation starts at a dilution
rate of 0.3 h™! where acetate production is zero. When the dilution rate is increased,
acetate production starts and rises linearly with rising dilution rate in both in A-stat and
in chemostat until a dilution rate of 0.5 h™!. The simulated acetate concentration in
A-stat is around 0.4 - 0.5 mM lower than in chemostat (see Figure 7).
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Figure 6 — Comparison of A-stat and chemostat in glucose-limited cultivation of
E. coli K-12 MG1655 at dilution rates: 0.40 h™!, 0.51 h™!. Red bars indicate data
from A-stat and blue bars from chemostat experiments. Error bars show standard
deviations between three replicate A-stat experiments.
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Figure 7 — Simulation of the difference in the amount of acetate in the bioreactor
between A-stat and chemostat experiments. Yy, is constant during the simulation,
but Ogcetate is increasing linearly with rising dilution rate. Acceleration of dilution
in A-stat is 0.01 h—2. Note that for chemostat concentrations, the time on the x-axis
is not relevant; Every point on the figure stands for separate experiment. D is the
dilution rate, h™!. Cacetate is the concentration of acetate, mM
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RESULTS AND DISCUSSION

It is clear that concentration differences in A-stat and chemostat may reduce concord-
ance between A-stat and chemostat data. Acetate is known to have a negative effect on
bacterial growth [48] and therefore one could suspect that lower concentration in A-stat
may result in less stressed cells. That could cause differences in A-stat and chemostat
data. The influence of acetate to maximal specific growth rate has been studied before
and it has been shown that notable decrease is caused by 8 mM of acetate [49]. That
is significantly more than the acetate concentration difference calculated above (0.4-0.5
mM) and, therefore, it is likely that the effect of reduced acetate concentration on cells
metabolism is negligible.
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Figure 8 - Simulation of the difference in protein concentration in A-stat and che-
mostat when protein expression is suddenly decreased while dilution rate is in-
creased. Change of dilution rate (AD) shows how much dilution rate could increase
in A-stat until the protein concentration difference from chemostat is less than 5%.
Fold changes represent decreases in protein expression and dilution rates corres-
ponding to dilution rates where a decrease in protein expression was simulated. D
is the dilution rate, h™!.

Considering the discussion in Section 1.1.2 it appears that removal of proteins after
down-regulation is relatively slow process that could cause differences between A-stat
and chemostat. Therefore, we simulated of how long it takes for A-stat culture to reach
similar protein concentrations as chemostat when protein expression is suddenly de-
creasing during an increase in dilution rate. Decrease of protein concentration in cells
depends on a dilution effect that is caused by cell growth and protein degradation rate
(average protein half-life = 3 h, (unpublished data). Simulations were performed at dif-
ferent dilution rates to illustrate the more profound dilution effect at higher dilution
rates (see Figure 8). Self-evidently, the greater the protein expression decrease the more
time (larger AD) it takes in A-stat to reach chemostat protein concentrations, therefore,
different extents of protein expression changes were analyzed (see Figure 8). It should
be noted that A-stat protein concentration was considered similar to chemostat when the
calculated concentration difference was less than 5%. Figure 8 illustrates the results and
shows that in case of a 2 times protein expression decrease A-stat culture would have
about 0.04 h™! higher dilution rate when protein concentration reaches similar value
to chemostat. That shows that when protein expression decreases by 2 times at D = 0.1
h™!, protein concentrations in A-stat are higher between dilution rates 0.1 — 0.14 h™—!
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4.3 COMPARISON OF ACCELEROSTAT WITH CHEMOSTAT

compared to chemostat. The difference is greater when the protein expression decrease
is larger. It should be noted that at higher dilution rates the difference between A-stat and
chemostat is smaller due to the greater dilution effect.

The calculated results should be interpreted as general guidelines rather than exact
values because an average protein degradation rate is used in the simulations. Moreover,
the calculations consider a sudden specific growth rate dependent protein expression
decrease that occurs when the dilution rate is increased within only 0.00017 h™!. This
should be considered a worse case scenario because it is more likely that cells are not so
sensitive to specific growth rate. The latter is supported by the fact that . cofi is able to
increase its growth rate very rapidly when a glucose pulse is applied [21, 22]. When the
protein expression change is not so sudden, then protein concentration in A-stat would
be more similar to the change in chemostat.

43.1.1 Comparison at the transcriptome and proteome level

In addition to the previous analysis, the differences of A-stat and chemostat were also de-
termined at the transcriptome level at a dilution rate 0.51 h™! and 0.48 h™! in chemostat
and A-stat, respectively (Publication II). Figure 9 provides the results and shows that the
Pearson’s correlation coefficient for DNA microarray spot intensities is 0.95. The correl-
ation value is similar to the one obtained for technical replicates of transcriptomic data.
The latter indicated that the proportional distribution of mRNAs in A-stat and chemostat
cultures can be considered similar. One could suspect that the difference between A-stat
and chemostat at the proteome level is due to the relatively long half-lives of proteins.
However, that seems to be not the case, because correlation between protein expressions
determined from A-stat and chemostat at similar dilution rates was relatively high and
exceeded even the R value of corresponding differences in chemostats (see Figure 10).
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Figure 9 — Comparison of A-stat and chemostat at the transcriptome level. log(2)
DNA microarray spot intensities of A-stat at = 0.48 h™! and chemostat at p = 0.51
h™! experiments with E. coli K-12 MG1655 compared with the correlation of tech-
nical replicates (Publication II). Only values over 100 inensity units are reported.
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Figure 10 — Comparison of A-stat and chemostat at the proteome level. Absolute
proteome numbers (copies per cell) of A-stat at D = 0.48 h—! and chemostat at D =
0.50 h™! experiments with . cofi K-12 MG1655 compared with the correlation of
chemostat biological replicates (unpublished data).

43.2 Comparison using L. lactis 111403

From the data published so far, it could be expected that the concordance between A-stat
and chemostat may be species dependent. To test this we compared quantitative data
from glucose-limited A-stat and chemostat (D = 0.45 h™!) of L. factis IL1403. Note that
in the case of L. factis, a two times slower acceleration of dilution (0.005 h—2) was used
because of the experiments performed earlier [50]. Figure 11 summarizes the result of
this A-stat and chemostat comparison which shows remarkable similarity.

Considering all comparison experiments, we can say that the reproducibility of A-stat
experiments is comparable to that of chemostat experiments. In addition, it was shown
that carrying out the A-stat results are representative of steady state data if appropriate
acceleration of dilution values are used: aq = 0.01 h™2 in the case of E. cofi K-12 and
0.005 h™2 in the case of L. lactis IL1403. That was shown at the level of measured growth

parameters for both L. factis L1403 and E. coli K-12 and, importantly, the transcriptome
and proteome level for Z. cofi K-12.
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Figure 11 - Comparison of A-stat and chemostat in glucose-limited cultivation
of L. lactis IL1403 at D = 0.45 h™!. Red bars indicate data from A-stat and blue
bars from chemostat. Error bars show standard deviations between five replicates.
The symbols I and O refer to specific consumption and production and have units
of mmol-gpy, for the following: Iy, (L-Valine), Ig. (glucose), ILarg (L-Arginine),
Iala (L-Alanine), Iasn (L-Asparagine), Il (L-Glycine), Iy (L-Isoleucine), Ipey (L-
Leucine), ILys (L-Lysine), Ise; (L-Serine), Iy, (L-Threonine), Icys (L-Cysteine), Iy
(L-Glutamate), Iy;s (L-Histidine), Inet (L-Methionine), lom (L-Ornitine), Iy, (L-
Tryprophane), Iy, (L-Tyrosine), [as, (L-Aspartate), Ippe (L-Phenylalanine), Ipy, (L-
Proline), Ig), (L-Glutamine), Iy aoa (total amount of amino acids consumed per
biomass), Oporm (formiate), O ace (acetate), Oract (lactate), and Ogy, (ethanol). Yp 4
is the production of lactate per consumed glucose (mol-mol~!). Yy; is the biomass
yield (gpcw- g;&c ose)- CR s the carbon recovery (%). Note that negative consump-
tion indicates production.
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44 CULTURE ADAPTATION IN CHANGE-STAT CULTURES
(PuBLICATION IV AND PUBLICATION V)

4.4.1 Culture hysteresis in D-stat (Publication IV)

Glucose-limited cultures of L. factis IL1403 were studied in relatively long (around 60
generations) dilution rate (D-stat) experiments in Publication IV. pH or temperature was
smoothly changed symmetrically from optimum to stress conditions and back during
the experiments. It was expected that culture parameters, e.g. Yyxs and Ojyere Will follow
the parameter being changed (pH and/or temperature) and for the end of the experi-
ment initial Yy; and Opeae values will be restored. Looking at Figure 12 this is clearly
not the case. Both Y, and Oy acquired stable concentrations that are different from
their initial concentrations during the final chemostat phase; Hysteresis occurred during
the experiment. In case of D-stat with a pH change, hysteresis was also determined at
the gene expression level. The expression levels of certain arginine and citrate metabol-
ism genes changed during the first pH shift: arcA (arginine deiminase), arcC1 (carbamate
kinase), arcC2 (carbamate kinase), arcD1 (arginine-ornitine antiporter), argE (acetylornith-
ine deacetylase), argR (arginine catabolic regulator), citC (acetate-SH-citrate lyase ligase),
and citD (citrate lyase subunit gamma). However, instead of recovering their expression
after moving back to initial environmental conditions, these genes remained expressed at
the level attained during the first pH shift. This phenomena is likely caused by culture ad-
aptation that occurred because of applied stress conditions during this long fermentation
experiment. Interestingly, no difference in biomass yield and extracellular metabolome
was observed in chemostats with the same dilution rate. This observation of hysteresis
raises a question: How long can we run changestat experiments to avoid mutational
adaptation?

pH Yy Oy Gle T Y Oua  Glc
o | goew MM - how MM
Iocw Jgiucose mmol gpew ocw Jglucose mmol gpew
6.7|0.20| 150 |60 35(0.20 15060
6.4/0.16 120 |48 33(0.16 T 12048
OL t
6.1/0.12 90 (36 31/0.12 % 90 |36
5.8/0.08, 60 (24 29(0.08 60 (24
5.5|0.04 30 |12 27(0.04 30 [12
Gle
521 0 0 0
60 94 128 162 196 230 25 0 0 94 128 162 196 2;90 0
Time, h Time. h

Figure 12 — L. [actis IL1403 D-stat experiments with the change of pH or temper-
ature performed at D = 0.2 h™!. Glc is the glucose concentration in the biore-
actor (mM); OL, is the lactate yield based on biomass production (mmol-gpy);
T is the temperature (°C); Yys is the biomass yield based on glucose consumption

(80ew Bglucose)
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4.4.2 Investigation of possible evolution in A-stat culture
(Publication V)

The results obtained in Publication IV indicate that changestat cultivation lasting 60
generations may be too long to avoid culture adaptation. To characterize the situation
in shorter experiments, the genome stability and genetic heterogeneity of E. cofi K-12
MG1655 was studied during 20 generations of continuous cultivation in an A-stat exper-
iment. Figure 13 illustrates the time course of one A-stat experiment, and shows when
samples were collected for HT DNA sequencing.
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Figure 13 - Overview of an E. coli K-12 MG1655 A-stat experiment where samples
for HT DNA sequencing were taken. Red dots denote sampling points for HT DNA
sequencing: stock culture and two samples at dilution rates 0.11 h~! and 0.48
h~!. The numbers of generations between the sampling points were as follows:
stock culture and D = 0.11 h™! - 18 generations (including four generations of
continuous culture); D = 0.11 h™! and 0.48 h—! - 16 generations. The glucose
concentration remained below the detection limit (120 mg-L™!) until the maximal
specific growth rate was achieved. SC, stock culture; PC, pre-culture; DCW, biomass
dry cell weight per liter; D, dilution rate; O,cetate acetate production per gram dry
cell weight; CO,, carbon dioxide volumetric percentage in gas outflow. This A-stat
run is the same as reported in Publication II.

443 Mismatches in different stock cultures from E. coli K-12 MG1655 reference
genome

Seven differences from the . cofi K-12 MG1655 reference genome (GenBank: U00096.2)
were found at 100% frequency in all three sequenced samples (Table 4). Most of these
consensus mutations were SNPs. In addition, two relatively large deletions were de-
tected. Firstly, an IS1 was deleted from the regulatory region near fIhD/uspC (FIhD,C,,
a DNA binding transcriptional dual regulator that controls gene expression of flagella
genes). Secondly, a 111 bp deletion from the repetitive sequence region between genes
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gltP (glutamate and aspartate dicarboxylate/amino acid:cation symporter) and yjcO (con-
served protein) was found. Mutations that improve glucose uptake, for instance in the
glucose phosphotransferase system ptsG, or the stress induced sigma factor rpoS, might
be expected during continuous cultivation based on results in similar chemostat envir-
onments [37-40, 43, 51]. However, we did not detect the appearance of either of these
mutations.

Table 4 - Consensus mutations in all HT DNA sequenced samples.

Related Genome Mutation Annotation  Function(s) of
gene(s) position related gene(s)
yIbE 547,694 A—G pseudogene  Predicted protein
yIbE 547,835 +G pseudogene  Predicted protein
AIkD,uspC ~ A1,976,527  1S1 deletion intergenic  Subunit of flagella regulator
-1,977,302 FIhD,C; universal stress protein
rriD 3,422,257 ATC — CAT noncoding 23S ribosomal RNA
- 3,422,259
ppiCyifo 3,957,957 C—>T intergenic  Peptidyl-prolyl cis-trans
isomerase C / conserved protein
gltPyjcO 4,294,291 T—C intergenic  Glutamate and aspartate DAACS

transporter / conserved protein
gltPyjcO  A4,294,305 A 111 bp intergenic  Glutamate and aspartate DAACS
- 4,294,415 transporter / conserved protein

Detection of mutations in all samples could point to errors in the reference genome se-
quence as well as problems of handling of cultures in stock centers. To address the latter
possibility, we sequenced these regions in an ‘£. cofi K-12 MG1655 strain that was ordered
from another stock center (SSI). The presence of identical mutations in MG1655 strains
with different origin would suggest errors in the reference genome whereas variation of
the mutations present in different stocks would indicate problems in strain handling. We
found that six out of seven mutations detected in the MG1655 strain obtained from the
DSMZ collection (see Table 4) were also present in the SSI strain. In addition, most of the
consensus mutations found in the current study have been reported before in HT DNA
sequencing studies of E. cofi K- 12 MG1655 strains acquired from other sources [52-54].
Together, these observations suggest that most of the differences observed (see Table 4)
were actually sequencing errors in the reference genome. On the other hand, our results
also demonstrate that the two E. coli K-12 MG1655 strains investigated were not exactly
the same in different stock centers (only the SSI strain had the IS1 insertion in the fInD
regulon). This observation highlights a problem that may arise during strain handling.
The population bottleneck caused by picking a single colony before sub-culturing is par-
ticularly prone to fixing a new mutation in the resultant sample.
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4.44 Evolution did not take place during A-stat cultivation

Next, we turned our attention to the dynamics of polymorphic mutations in the pop-
ulation, i.e. to the mutations present only in a subset of individuals. Using HT DNA
sequencing data with 111 times average genome coverage mutations present only in sub-
populations we predicted (see Table 5). Only a few of these appeared to be in more than
5% of the whole population by the end of the experiment. All predicted sub-populations
were smaller than 20% of the whole population (see Supplemental Table S1). A problem
in analysing sub-populations with low frequency using HT DNA sequencing data is that
one has to distinguish true sub-populations from false positives caused by sequencing
errors with nontrivial biases. Hence, additional validation with Sanger sequencing was
performed for high-scoring predictions (see Supplemental Table S1). Three high-scoring
sub-populations (betA, cspH/ espG, glyA) with a rising trend during the experiment were val-
idated from the sample taken at D = 0.48 h™!. Two of the three mutations (betA, cspH/ cspG)
were also detected in the stock culture (see Figure 14). The one sub-population that was
not detected with HT DNA sequencing in the stock culture, therefore, might have arose
during the experiment, was a SNP in glyA. However, the presence of a glyA population in
the stock culture was verified by colony screening (see below) proving that all of these
sub-populations were also present in the stock culture at detectable frequencies.

Table 5 — Mutations present in sub-populations in the HT DNA sequenced samples.
This table shows experimentally validated sub-populations. See Supplemental
Table S1 for complete information about all high-scoring sub-populations predicted
from the HT DNA sequencing data. Positions of IS5 insertions give the target site
nucleotides that were duplicated upon insertion of the new IS copy. Both new IS5
copies inserted in the forward (+) orientation in the genome.

Related ~ Genome Mutation Annotation  Function(s) of
gene(s) position related gene(s)
yadL 152,081 IS5 insertion  coding region  Gene of predicted chaperone-
- 152,084 usher fimbrial operon
betA 326,446 C—>T G9D Choline dehydrogenase
(GGT — GAT)
yahE 335,361 T—C F71F Predicted protein
(TTT — TTC)
cspH,cspG 1,050,465 T— A intergenic CspA-family member,

cold shock protein
flhD,uspC 1,977,510 IS5 insertion intergenic Subunit of flagella regulator

-1,977,513 FIhD,C, universal stress protein
glyA 2,683,035 G—A H165H Serine hydroxymethyl-
(CAC — CAT) transferase
dppD 3,701,283 G—=A L197L Dipeptide ABC transporter

(CTG — TTG) ATP-binding component.
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To further confirm that the detected heterogeneity did not arise during the cultivation
experiment or result from differences between stock culture aliquots, the occurrence of
sub-populations in two additional A-stat experiments (started from separate aliquots of
the same stock culture) was investigated. If the sub-population distribution at the end
of the A-stat experiments was reproducible, one could conclude that the discovered muta-
tions were the consequence of selection acting on existing variation, i. e. the set of muta-
tions already present in the stock culture at detectable levels. Indeed, it was found that
all sub-populations with SNPs that had a rising trend (betA, cspH/cspG, glyA) were present
in all three replicate A-stat experiments at similar frequencies. This observation further
supported the hypothesis that the previously mentioned sub-populations were already
present in the stock culture. Therefore, we conclude that the current 20-generation con-
tinuous cultivation duration of . cofi K-12 MG1655 in A-stat was short enough to avoid
the emergence of new sub-populations, making it suitable for studying cell physiology
and collecting quantitative data for metabolic modeling without interference from new
spontaneous mutations.

4.45 Heterogeneity of stock culture

After confirming that the stock culture was a mixed culture, we further investigated the
predicted sub-populations. The following sub-populations were predicted (frequencies
ranging between 6.5-17.0% in stock culture) and validated: dppD, allD, recB, yahE (see Sup-
plemental Table S1). It was found that the putative mutations in allD and recB with low
scores were false positives (data not shown) whereas high-scoring predictions in dppD
and yahE were genuine (data not shown). In addition, two IS-related mutations, namely,
IS5 insertions in the fhD regulon (IhD/uspC) and in yadL were detected in the HT DNA
sequencing data and were verified to have frequencies below 10% (data not shown).

We next investigated whether any of these mutations existed in combination in the
same cells. Four mutations had increasing allele frequencies during the experiment: betA,
espH/ espG, glyA and flhD/uspC. IS elements in the regulatory region of fnD that lead to
increased motility were common in . coli [34]. Therefore, we screened colonies acquired
from the stock culture used in the A-stat experiments for increased motility as described
by Baker and co-workers [34]. Out of the 42 investigated clones, four turned out to
be motile and contained the IS5 insertion described above (data not shown). All the
motile colonies were screened for betA, cspH/ cspG or glyA mutations. Two clones had the
betA and cspH/ cspG SNPs, and the other two contained the glyA mutation (data not shown).
Next, we hypothesised that mutations in yahE and yadL might also exist in the same sub-
population because the frequency of both alleles remained constant during the course of
the experiment (see Supplemental Table S1). Screening of stock culture clones revealed
that all but one clone isolated with the mutation in yahE also contained the IS5 insertion
in yadL.

The fact that the mutation in yahE was synonymous made it seem likely that the single
yahE mutant clone without yadL harboured additional mutations. Therefore, we tested it
for the presence of a yhdJ/yhdU (predicted methyltransferase / predicted membrane pro-
tein) mutation because it was the only predicted mutation with considerable reliability
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(high overall score, see Supplemental Table S1 legend for description) with a change in
allele frequency was similar to yahE in the A-stat experiment (see Supplemental Table S1).
It turned out that the yhd)/yhdU mutation was not present in the yahE clone (data not
shown). However, given its low frequency in the population, we cannot exclude the pos-
sibility that an undetected mutation may be present in this genetic background. After
resolving the genetic linkage between the most common mutations in the population, we
conclude that roughly 31% of our stock culture contained at least one mutation relative
to the majority genotype.

DyahE + yadL @ yahE OflhDluspC + glyA 0O dppD @ flhDluspC +betA + cspGlcspH OFounder

81 % 7.1 % 5.3 %
322025 | 2.4 % 18%
2%
9.2% 14.9 %
17.0 %
10.3 % 8% 0%
26% 69.1% o 65.9 %
5.1
’ 10.2 %
Stock culture D=0.11h" D=0.48h"

Figure 14 — Change of the population heterogeneity in an . cofiK-12 MG1655 A-stat
experiment. All the sub-populations shown here were verified with Sanger sequen-
cing. In stock culture, mutation in glyA was not detected with HT DNA sequencing,
therefore, the frequency for this sample was estimated from genome coverage at
a position where glyA mutation was detected in other samples. See Supplemental
Table S1 for abbreviations and details about mutations.

Our results showed that the current HT DNA sequencing technology was suitable and
even necessary for accurate sub-population analysis. We also demonstrated specifically
that £. cofi K-12 MG1655 has sufficient genome stability to be used in glucose-limited
A-stat experiments with duration of at least 20 generations of continuous cultivation for
studying cell physiology, while avoiding mutations from adaptive evolution that occur
during longer experiments. One has to be careful when receiving a strain from a culture
collection because the culture may contain a considerable amount of mutational hetero-
geneity. Colony purification followed by genome sequence determination is necessary
to be sure of a strain’s genotype.
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SUMMARY






CONCLUSIONS

I ; IVE CONCLUSIONS RESULT FROM THIS DOCTORAL WORK.

I It was shown that the data obtained in A-stat experiments, including biomass
yields, extracellular metabolomes as well as transcriptomes and proteomes in Pub-
lication I, Publication II, and Publication III are reproducible. In addition to highly
reproducible quantitative data it was also possible to detect metabolic switch
points, for example the start of acetate overflow, with relatively small deviations
between replicate experiments.

II A-stat data is steady state representative if appropriate acceleration of dilution val-
ues are used. It was confirmed in Publication I and Publication II that the re-
commended acceleration of dilution for Escherichia coli K-12 MG1655 is 0.01 h™2,
and in Publication III we found that for Lactococcus lactis IL1403 an appropriate
acceleration of dilution is 0.005 h™2. It was shown for the first time that the
transcriptome and proteome data obtained in A-stat and chemostat experiments
quantitatively coincide.

II It was shown in Publication V that no new sub-populations emerged during A-stat
experiments with Escherichia coli K-12 MG1655.

IV It was shown in Publication V that the genetic heterogeneity observed in a cultiv-
ated population of cells originated from stab agar culture received from a stock
collection (DSMZ).

V Current HT DNA sequencing methods are suitable to validate the genomic stabil-
ity of strains (or consortia), and this technique is recommended to be applied in
quantative cell physiology studies.
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Specific growth rate dependent gene expression changes of Escherichia coli K12 MG1655 were stud-
ied by microarray and real-time PCR analyses. The bacteria were cultivated on glucose limited minimal
medium using the accelerostat method (A-stat) where starting from steady state conditions (chemostat
culture) dilution rate is constantly increased. At specific growth rate (1) 0.47 h~1, E. coli had focused
its metabolism to glucose utilization by down-regulation of alternative substrate transporters expres-
sion compared to 4+ =0.3 h~'. It was found that acetic acid accumulation began at ;£ =0.34+0.01 h~! and
two acetate synthesis pathways - phosphotransacetylase-acetate kinase (pta-ackA) and pyruvate oxidase
(poxB) - contributed to the synthesis at the beginning of overflow metabolism, i.e. onset of acetate excre-
tion. On the other hand, poxB, pta and ackA expression patterns suggest that pyruvate oxidase may be the
only enzyme synthesizing acetate at ;= 0.47 h='. Loss of glucose and acetate co-utilization represented by
down-regulation of acs-yjcH-actP operon between specific growth rates 0.3-0.42 h~' and acetic acid accu-
mulation from £ =0.34+0.01h"" allows one to surmise that the acetate utilization operon expression
might play an important role in overflow metabolism.

Keywords:
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Accelerostat
Continuous culture
Escherichia coli
Overflow metabolism
Microarray

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

A continuous culture method chemostat was introduced in 1950
by Novick and Szilard (Novick and Szilard, 1950) and since then
it has been widely used for studying microorganisms in defined
(steady state) conditions at constant dilution rate which is equal to
specific growth rate (i) of cells. The presence of steady state is its
main and most important advantage over batch cultivation where
dependence of growth characteristics on specific growth rate is
hard to determine. Conducting experiments in batch cultures result
in complex data patterns reflecting uncontrolled changes of growth
conditions, which are often difficult or even impossible to interpret
(Hoskisson and Hobbs, 2005). It has been proposed that steady state
can be obtained in batch cultures in exponential phase while sub-
strate consumption by cells is maximal, however, within that time,
metabolite concentrations and pH are constantly changing and lat-
ter is known to affect gene expression (Richard and Foster, 2004,
2007; Rosenthal et al., 2008). For these reasons, chemostat is a bet-

* Corresponding author at: Mailing address: Tallinn University of Technology,
Department of Chemistry, Akadeemia tee 15, 12618, Tallinn, Estonia.
Tel.: +372 6204831; fax: +372 6202828.
E-mail address: raivo@kbfi.ee (R. Vilu).

0168-1656/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.jbiotec.2009.10.007

ter choice for studying bacterial physiology. On the other hand, to
obtain steady state in chemostat, five culture volumes of medium
are usually needed to be pumped through the reactor in fixed con-
ditions, making cultivation experiments time consuming and thus
limiting the number of specific growth rates to be studied. More-
over, chemostat culture is open to random mutations and therefore,
it is important to reduce the duration of experiment (Ferenci,
2008).

Accelerostat (A-stat) method was introduced to overcome the
problems associated with chemostat (Paalme and Vilu, 1993). A-
stat begins as chemostat: batch phase is followed by stabilization
of the culture at fixed specific growth rate to obtain steady state.
Subsequently, the dilution rate which equals specific growth rate is
changed with constant speed until the culture cannot keep up with
the rising dilution rate, resulting in wash-out. It has been shown
before that transition from acceleration phase to chemostat does
not result in a significant change in culture parameters if the cho-
sen changing rate of dilution rate is not too fast (Adamberg et al.,
2009). In the latter case, culture is in quasi-steady state which is
a physiological state of a microorganism where every point rep-
resents the corresponding steady state value. Great advantages of
A-stat are the possibilities to monitor bacterial growth in real time
to study physiology in a large variety of specific growth rates while
reducing the duration of experiment at the same time.
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Producing recombinant proteins and other biotechnologically
important substances has significantly increased in recent years.
Escherichia coliis often used as a production system due to its ability
to grow aerobically on glucose and reach high biomass concen-
trations. In addition to its relatively low cultivation cost, E. coli is
a Gram-negative bacterium which makes purification of products
relatively cheap. Generally, production yields are better at higher
specific growth rates, however, this is where the main problem in
aerobic E. coli cultivation on glucose arises - excretion of acetic acid
as the result of overflow. It is believed that acetate production, i.e.
overflow metabolism is caused by an imbalance between glucose
uptake and TCA cycle capacity resulting in pyruvate and acetyl-
CoA accumulation (Akesson et al., 1999; Farmer and Liao, 1997;
Wolfe, 2005). Acetate is known to reduce maximum growth rate
and inhibit protein production, moreover, it diverts carbon from
biomass formation (Nakano et al., 1997; Contiero et al.,2000; March
et al., 2002). For those reasons, many strategies have been devel-
oped to abolish acetate production (De Mey et al., 2007; Eiteman
and Altman, 2006; Wolfe, 2005).

Two main pathways are known synthesizing acetate. Acetyl-
CoA is converted into acetyl-P by phosphotransacetylase (pta)
through phosphotransacetylase-acetate kinase (pta-ackA) pathway
and acetate kinase (ackA) catalyzes the reaction from acetyl-P to
acetate. Alternatively, acetate can be synthesized directly from
pyruvate in the presence of pyruvate oxidase (poxB) (Phue and
Shiloach, 2004; Phue et al., 2005). Deletion of pta-ackA path-
way results in a significant reduction of acetate excretion, specific
growthrate and elevation in formate and lactate production (Chang
and Cronan, 1999; Contiero et al., 2000; Dittrich et al., 2005). poxB
disruption results in reduced biomass yield (Abdel-Hamid et al.,
2001). Despite the considerable amount of studies with geneti-
cally engineered E. coli strains, there is still no clear understanding
about the regulation of acetic acid synthesis pathways, making the
matter intriguing. As overflow metabolism is known to be specific
growth rate dependent, continuous monitoring of specific growth
rate effect on bacterial physiology should be made for gaining more
detailed insights into overflow metabolism regulation. The method
enabling the latter is A-stat.

The aim of this study was to characterize E. coli K12 MG1655
metabolism at various specific growth rates at transcriptional level
using A-stat cultivation method which has not been done before.
Additionally, accelerostat experiments gave an excellent opportu-
nity to precisely monitor the course of metabolism and directly
connect growth phenotype to gene expression data. Special atten-
tion was drawn for characterising acetate metabolism.

2. Materials and methods
2.1. Bacterial strain and culture medium

The E. coli K12 MG1655 strain used in the current study was
obtained from Statens Serum Institute, Denmark. Growth and
physiological characteristics were determined using a defined
medium with the composition as follows (gl~!): FeSO4-7H,0
0.005, MgS04-7H,0 0.5, MnSO4-5H,0 0.002, CaCl,-2H,0 0.005,
ZnS04-7H,0 0.002, CoSO4-7H,0 0.0006, CuSO4-5H,0 0.0005,
(NH4)sMo070,4-4H,0 0.0026 were dissolved in 50 ml 5M HCl; C-
source - a-(D)-glucose 10, N-source — NH4Cl 3.5 and buffer -
K;HPO,4 were autoclaved separately and mixed together after-
wards.

2.2. Accelerostat cultivation

The A-stat cultivation system consisted of 1.251 Biobun-
dle bioreactor (Applikon Biotechnology B.V., Schiedam, the
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Netherlands) controlled by an ADI 1030 biocontroller (Applikon
Biotechnology B.V.) and a cultivation control program “BioXpert
NT” (Applikon Biotechnology B.V.). The system was equipped with
pH, pO, and temperature sensors. Two variable speed pumps (feed-
ing and out-flow) were controlled using “BioXpert NT” control
software. The bioreactor was set on a balance whose output was
used as the control variable to ensure constant culture volume
(300 + 1 ml). Similarly, the inflow was controlled through measur-
ing the mass of the fresh culture medium.

Four cultivation experiments with accelerations — 0.01 h~2 or
0.005h~2 - were carried out at 37°C under aerobic conditions
with an agitation speed of 500 rpm. pH of the culture was con-
trolled using 5M NaOH and temperature with a heating blanket.
The growth characteristics of the bacteria in A-stat experiments
were calculated on the basis of OD, total volume of medium pumped
out from bioreactor (L) and organic acid concentrations in cul-
ture medium (mM). Formulas and cultivation system used were
as described in previous studies (Kasemets et al., 2003; Adamberg
et al., 2009).

2.3. Analytical methods

The concentrations of organic acids (lactate, acetate and for-
mate), ethanol and glucose in the culture medium were analyzed
by high pressure liquid chromatography (Alliance; Waters Corp.,
Milford, MA), using a BioRad HPX-87H column (Hercules, CA),
and isocratic elution at a flow rate of 0.6 mlmin~! with 0.005M
H,SO4 at temperature 35°C. Refractive index detector (model
2414; Waters Corp.) was used for detection and quantification
of the substances. The samples of culture medium (1.5 ml) were
centrifuged (14,000 x g, 4 min), supernatant was collected and ana-
lyzed directly or stored at —20°C before HPLC analyses. Data
processing was performed using Empower software (Waters Corp.).

Biomass concentration was measured gravimetrically: cen-
trifuging 10ml of culture, washing twice with physiological
solution, resuspending in dH,0, drying on aluminum plates at
100°C for 24 h and cooling down in a desiccator prior to weighing.

2.4. Gene expression profiling

The microarrays used in the study were obtained from KTH
Microarray Center (Stockholm, Sweden). E. coli Genome Oligo Set
Version 1.0 (Operon Biotechnologies Inc., Huntsville, AL) containing
4289 E. coli K12 open reading frames was used in the spotting pro-
cess. For microarray analyses, steady state chemostat culture of E.
coliK12 MG1655 was used as areference (i =0.3 h~1). Quasi-steady
state point at specific growth rate 0.47 + 0.02 h~! was compared to
the reference sample in triplicate biological parallels. Compared
samples were obtained from experiments carried out with 10g1~!
of glucose in medium.

RNA degradation was halted, total RNA extracted, cDNA syn-
thesized and labeled as described previously (Lahtvee et al., 2009),
with minor modifications: less concentrated lysozyme solution, no
proteinase K and 25 g of total RNA was used for cDNA synthesis.
Microarrays were incubated for 30 min at 42 °C in prehybridization
solution containing (per slide): 0.5 wg BSA, 12.5 ml 20x SSC, 0.5 ml
10% SDS. Slides were rinsed 10 times in MilliQ water, twice in 2-
propanol and dried with centrifugation. After purification of the
labeled cDNA, the hybridization solution (20x SSC 16.3 1, 100%
formamide 32.5 I, 10% SDS 0.65 .l, E. coli tRNA 1 pl (5 ng)) was
added, followed by hybridization for 35h at 42 °C.

2.5. Microarray data analysis

Microarray slides were scanned using an Affymetrix 428 Array
Scanner (Santa Clara, CA). Spot intensities and corresponding
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background signals were quantified with Genepix Pro (version
6; Axon Instruments [http://www.moleculardevices.com/pages/
software/gn_genepix_pro.html]). Spots which had signal-to-noise
ratio less than three were filtered. Further analysis was carried out
in R environment (version 2.6.1 [http://www.r-project.org/]) using
KTH package (KTH Microarray Center [http://www.biotech.kth.se/
molbio/microarray/dataanalysis/index.html]). Flagged spots and
background were extracted before “printTipLoess” normalization.
Data from the independent experiments were combined and
further analyzed with web based tool Marray (G-language Project
[http://www.g-language.org/data/marray/software/map2swf.
cgi]) that enables gene expression data visualization on KEGG path-
ways. Input data and instructions for Marray and Supplementary
Table S1 for gene expression measurement results can be found
at our homepage (http://tftak.eu/?id=68). DNA microarray data is
also available at NCBI Gene Expression Omnibus (Reference series:
GSE18183).

2.6. Real-time PCR assay

RNA was extracted and cDNA synthesized as described by
Lahtvee et al. (2009), except regular nucleotides were used
for cDNA synthesis. Real-time PCR reactions were carried out
using Roche LightCycler 2.0 (Basel, Switzerland) and Platinum
SYBR Green gPCR SuperMix-UDG (Invitrogen). Per one reac-
tion 5.25 wL 2x platinum SYBR Green qPCR SuperMix-UDG, 3 pL
primer mix (1.67 M), 0.5 L BSA and 2 nL cDNA (concentra-
tion ca 20 ng wL~1) were used. PCR conditions were set according
to the Platinum SYBR Green qPCR SuperMix-UDG manual. Gene
expression changes for acs, pta, ackA, poxB, sucC were derived
comparing samples from dilution rates of 0.36h~'; 0.42h~!;
0.45h~1; 0.47 h~! to the reference sample at dilution rate 0.3h~'.
All samples were normalized according to biomass and riboso-
mal RNA content. The changes in ribosomal RNA content were
estimated using gel electrophoresis. Equal volumes of total RNA
were loaded to 1% agarose gel and rRNA band intensities were
compared. As equal amounts of total RNA (25 ug) were used
as a starting material for cDNA synthesis, it was assumed that
higher rRNA amount lead to proportional reduction of mRNA
pool.

3. Results
3.1. A-stat growth characteristics and reproducibility

Three parallel experiments were carried out (with 10gL~! glu-
cose) where the culture was stabilized in chemostat at 0.3h~! and
after achieving steady state, dilution rate was smoothly changed
(increased) with acceleration of 0.01h~2 (Fig. 1). A-stat enabled
precise determination of E. coli K12 MG1655 growth parame-
ters - acetate overflow began at ©=0.34+0.01h"! and cells
had problems keeping up with rising dilution rate at specific
growth rate 0.48+0.02h~! (Fig. 1). Glucose started to accumu-
late in the culture medium simultaneously with the latter point.
Three characteristic cultivation points were chosen to validate
reproducibility: specific growth rate when acetate starts to accu-
mulate (£ =0.34+0.01h"1), specific growth rate when p started
lagging D (1=0.48+0.02h~!) and specific growth rate when
glucose started to accumulate (p=0.48+0.02h~'). The average
relative standard deviation of each of these three points in quasi-
steady state cultures was 3.3%. For further characterization of
the good reproducibility of A-stat experiments it was shown
that the average relative standard deviation of biomass yields
(Yxs [gg1]) was 5.4% in quasi-steady state conditions (data not
shown).
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Fig. 1. A-stat cultivation of E. coli K12 MG1655 with 10 g L™! of glucose as the limiting
substrate. Measurement rate for all parameters was dilution rate 0.01 h~"'. Solid line
represents dilution rate (h~"), dotted line - specific growth rate (h~!), dashed line -
biomass concentration (g1-'), dashed dot line - glucose concentration (mM), dashed
dot dot line - acetate concentration (mM).

3.2. Glucose repression in E. coli K12 MG1655

In microarray analysis quasi-steady state points at specific
growth rate 0.47 +£0.02h~! and the reference steady state points
at 0.30h~! were compared. According to the data, alterna-
tive substrate utilization and transport transcript expression
analysis revealed 3-20-fold reduction of genes associated with
the metabolism of maltose (malBEFKM), [-methylgalactoside
(MglABC), p-ribose (rbsABC), L-arabinose (araF), galactitol (gatABC),
N-acetyl glucosamine (nagE), acetate (actP, yjcH) and Cy4-
dicarboxylates (dctA). Glucose repression was also seen by
strong down-regulation of tnaA, cstA, aspA, dadX and ilvBN (see
Supplementary Table S1), observed as well by Oh and colleagues
(Oh et al., 2002).

3.3. Struggle against acetate stress

The major sugar transport system in E. coli is the phospho-
transferase system (PTS) enabling fast glucose transport. Latter
causes accumulation of pyruvate that may lead to acetate pro-
duction (Vemuri et al., 2006). Microarray data showed a times
decrease in the expression of glucose specific PTS gene ptsG at
higher growth rate while glucose consumption per biomass pro-
duced was constant. Reduced glucose uptake rate through PTS is
likely compensated by increase in alternative non-PTS transport.
We found 3- and 5-fold increase in galactose permease (galP) and
predicted transporter tsgA respectively, but a 2.5 times decrease
in glucokinase (glk) expression. Alternatively, pyruvate pool could
have been reduced by converting phosphoenolpyruvate to oxaloac-
etate by minor up-regulation (1.6 times) of phosphoenolpyruvate
carboxylase (ppc), 9-fold down-regulation of phosphoenolpyruvate
carboxykinase (pck) and down-regulation of pyruvate synthe-
sis from malate by NADP-dependent malic enzyme (maeB)
(Fig. 2).

Acetic acid effect on metabolism was also observed by three
fold up-regulation of acid stress genes hdeAB at p=0.47h-!
where extracellular acetate concentration was approximately
15mM. Similarly, around 2-fold elevation in gadW expression,
known activator of acid response genes, occurred (Tramonti et
al., 2008).
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Fig. 2. Central carbon metabolism gene expression changes at ;£ =0.30h"" vs.
0.47h~' in E. coli K12 MG1655 A-stat cultivation. Down-regulated genes are indi-
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3.4. Energy metabolism

Most of the energy for anabolic reactions during aerobic growth
of E. coli K12 on glucose is derived from NADH, FADH, gener-
ated in Krebs cycle and ATP which is synthesized via oxidative
phosphorylation. Microarray data showed that Krebs cycle operon
genes sdhCDAB, sucABCD and fumAC were averagely 2-fold down-
regulated at specific growth rate 0.47h-! compared to 0.3h~!
(Fig. 2). Expression of sucC (succinyl-CoA synthetase, 3 subunit)
was quantified as described above using real-time PCR assay
which confirmed the decrease of sucC at mRNA level (Fig. 3). In
oxidative phosphorylation, no significant changes in ATP synthase,
cytochrome c oxidase, cytochrome bd complex and NADH dehy-
drogenase I subunits encoding mRNA levels were monitored. At
the same time, a significant increase of ndh (NADH dehydrogenase
II, 3-fold), mqo (malate dehydrogenase, 9-fold), pyrD (dihydrooro-
tate oxidase, 2-fold) and poxB (pyruvate oxidase, 2-fold) expression
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Fig. 3. Gene expression changes in E. coli K12 MG1655 A-stat cultivation. ackA (W),
pta (A), poxB (#), acs (®) and sucC (x) - relative gene expression of acetate kinase,
phosphotransacetylase, pyruvate oxidase and acetyl-CoA synthase, respectively.
Dashed line represents specific acetate production per biomass (Yace; mmolg=').
Error bars represent standard deviations of three to five technical replicates.
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levels was observed at rising dilution rates (Supplementary Table
S1 and Fig. 2).

3.5. Acetate production

Two main pathways are known to synthesize acetate -
phosphotransacetylase-acetate kinase (pta-ackA) and pyruvate oxi-
dase (poxB). Microarray data revealed that pta and ackA had no
significant changes in mRNA expression levels between compared
specific growth rates, however the expression of poxB increased
around two times at higher specific growth rate (0.47 h—1). Concur-
rently, acetate utilization and transport operon genes acetyl-CoA
synthetase (acs), yjcH and actP were strongly repressed (>20
times) (Fig. 2). To confirm and further characterize the course of
acetate metabolism, pta, ackA, poxB and acs genes were validated
with real-time PCR (Fig. 3). The analysis confirmed microar-
ray data, moreover, it was revealed that pta-ackA pathway was
slightly induced in parallel with acetate accumulation and down-
regulated back to the pre-overflow metabolism level (1 =0.3h"1)
after acetate production had reached its near-maximum value
(1 =0.42h"1). In contrast, poxB expression increased and stayed
2-fold higher compared to chemostat at 0.3 h~! (Fig. 3).

4. Discussion

Modeling cell metabolism and creating strains of microor-
ganisms for production of various biotechnologically important
substances is a challenge for the 21st century. These goals can
be achieved exclusively if data about microorganism’s physiol-
ogy is acquired from controlled steady state conditions. Besides
well-known chemostat, accelerostat offers good quality data with
high reproducibility and complements chemostat in two aspects —
it enables to study dynamic response of cells, monitor metabolic
switch points corresponding to specific growth rate and empow-
ers the possibility to acquire (quasi-steady state) samples from
vast number of specific growth rate values during one continuous
experiment.

Whereas the glucose yield (Yge, mmol g~1) was constant
throughout the experiments, changes in glucose uptake genes
expression were observed. A decrease in ptsG expression at higher
glucose consumption rates was seen. ptsG encodes the glucose
specific phosphotransferase system (PTS) transporter, which is a
major glucose transporter in E. coli K12 (Becker et al., 2006). ptsG
expression has been studied previously in glucose limited chemo-
stat cultures at different specific growth rates by Seeto et al. (2004).
This study is in consonance with our data, showing lower ptsG
expression at higher specific growth rates. Glucose transport via
PTS generates pyruvate directly, since one mole of pyruvate is
produced per one mole of glucose taken up. That may lead to
accumulation of pyruvate and trigger the beginning of acetate
accumulation resulting in stress (Vemuri et al., 2006). Acid stress
response was confirmed on transcriptional level (up-regulation of
hdeAB, gadW). Therefore, it is beneficial for the bacteria to reduce
glucose transport through PTS, because it provides E. coli with an
opportunity to bypass some of the carbon “around” pyruvate. It
is known that over-expression of phosphoenolpyruvate carboxy-
lase (ppc), knockout of phosphoenolpyruvate carboxykinase (pck)
reduces acetate formation (Farmer and Liao, 1997; Yang et al.,
2003). As phosphoenolpyruvate is needed for the uptake of glu-
cose via PTS, conversion of PEP to oxaloacetate by ppc reduces the
available pool of PEP, resulting in a decrease of pyruvate accumu-
lation. Indeed, we observed up-regulation in ppc and a remarkable
decrease in pck mRNA levels at higher dilution rates. When PTS
transport is reduced, it is likely that E. coli K12 MG1655 consumes
some of glucose through an alternative non-PTS type transporter(s).
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One such glucose transport system is encoded by galP (galactose
permease). It has been shown that over-expression of galP and
glucokinase (glk) in PTS disruption mutant reduced acetate forma-
tion and increased recombinant protein production (DeAnda et al.,
2006; Wong et al., 2008). Gene expression analysis revealed a more
than 3-fold up-regulation of galP expression with rising dilution
rate. Another candidate for non-PTS glucose uptake could be the
putative transporter tsgA which expression increased more than
five times under catabolite repression conditions. However, expres-
sion of glucokinase (glk) catalyzing glucose phosphorylation was
down-regulated at higher specific growth rates (Supplementary
Table S1). Thus, alternative enzymes which are able to catalyze
glucose uptake and therewith reduce acetate production should
be present.

Considering microarray data about acetate metabolism in the
literature, it should be concluded that there is no clear explana-
tion about the synthesis routes from pyruvate to acetate, making
the data about acetate metabolism controversial (Ishii et al., 2007;
Vemuri et al.,, 2006). The main pathway for acetate synthesis at
higher specific growth rates can be through pta-ackA (Ishii et al.,
2007) or co-expression of ackA and poxB (Vemuri et al., 2006).
Phue and Shiloach found that in E. coli K12 batch culture pyru-
vate oxidase (poxB) is a major route for acetate synthesis (Phue and
Shiloach, 2004). Our study showed that at the beginning of overflow
metabolism (D=0.3440.01 h~!), pta-ackA pathway is induced, but
shifted down to D=0.3h~" level before wash-out of the culture
(D=0.48h~1). Concurrently, poxB expression increased approxi-
mately 2-fold (Fig. 3). poxB, pta and ackA expression patterns at
higher specific growth rates suggest that pyruvate oxidase may be
the only enzyme synthesizing acetate which is in concordance with
Phue and colleagues (Phue and Shiloach, 2004; Phue et al., 2005).
It is possible that poxB is favorable to balance NADH/NAD" ratio as
the maximal NADH throughput in respiratory chain is exhausted,
inhibiting additional NADH production via pyruvate dehydroge-
nase.

It has been shown by Vemuri and colleagues that excess NADH
production will eventually down-regulate TCA cycle. Similarly,
expression of respiratory chain components (NADH dehydroge-
nase I subunits, ATP synthase) encoding genes will be shifted down
as well (Vemuri et al., 2006). From our data, NADH accumulation
seems to be diminished by up-regulation of ndh that encodes alter-
native NADH dehydrogenase (complex II) (Bott and Niebisch, 2003)
and by reduction of TCA flux. The latter causes reduction of elec-
tron donation to quinone pool, but E. coli seems to compensate it
by enhancing the gene expressions of the enzymes mediating other
routes for electron transfer (mqo, pyrD and poxB).

Many genes that encode proteins responsible for utilization and
transport of substrates other than glucose were strongly repressed
at higher specific growth rates. This effect is known as carbon
catabolite repression (CCR), which is a metabolic response of the
bacteria to utilize the substrate that is most abundant and guar-
antees the fastest growth (comprehensive review by Gorke and
Stiilke, 2008). According to our results and data from the literature,
it can be concluded that at relatively low specific growth rates, E.
coli K12 MG1655 cells are ready for co-utilization of different sub-
strates without the need of gene expression changes (Franchini and
Egli, 2006; Ihssen and Egli, 2005; Lendenmann et al., 1996). Ability
to rapidly utilize more than one substrate at a time gives E. coli an
advantage in its natural environment. Since the competition in gas-
trointestinal tract for substrates is high, the bacteria that consume
nutrients the fastest might have a significant advantage.

When looking at co-utilization of growth substrates from a dif-
ferent prospective, it is intriguing that according to real-time PCR
data, down-regulation of acs occurs between dilution rates 0.3 h~!
and 0.42 h~! (Fig. 3). Therefore, it can be expected that the ability to
co-utilize glucose and acetate is lost between the mentioned dilu-

tion rates. Latter may have a significant influence to the beginning
and course of overflow metabolism since acetic acid accumula-
tion starts at dilution rate 0.34+0.01h~! according to our data.
However, the relationship between glucose repression and acetate-
glucose co-utilization is poorly studied. Therefore, we are currently
investigating the latter phenomenon using A-stat and dilution rate
stat (D-stat) (Lahtvee et al., 2009) with adding acetic acid smoothly
to the bioreactor while keeping the limiting substrate concentra-
tion constant.

A-stat is a cultivation method that enables real-time moni-
toring of culture parameters, e.g. culture optical density, oxygen
consumption and by-product formation during continuous change
of specific growth rate. Latter is especially important to charac-
terize metabolic phenomena, e.g. overflow metabolism. E. coli K12
MG1655 has been studied before at different specific growth rates
using chemostat and microarrays (Vemuri et al., 2006). Compar-
ing gene expression changes at similar specific growth rates in the
latter chemostat experiments and A-stat revealed that most of the
strategies that E. coli K12 MG1655 execute when coping with ris-
ing dilution rate are essentially the same in both cases. Therefore,
when studying bacterial metabolism at various specific growth
rates A-stat could be considered as an effective and reproducible
method for precise determination of switch points in metabolism
regulation, e.g. beginning of overflow metabolism, induction and
repression of specific genes, etc.
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Abstract

Background: The biotechnology industry has extensively exploited Escherichia coli for producing recombinant
proteins, biofuels etc. However, high growth rate aerobic E. coli cultivations are accompanied by acetate excretion
i.e. overflow metabolism which is harmful as it inhibits growth, diverts valuable carbon from biomass formation
and is detrimental for target product synthesis. Although overflow metabolism has been studied for decades, its
regulation mechanisms still remain unclear.

Results: In the current work, growth rate dependent acetate overflow metabolism of E. coli was continuously
monitored using advanced continuous cultivation methods (A-stat and D-stat). The first step in acetate overflow
switch (at p = 027 + 0.02 h™) is the repression of acetyl-CoA synthethase (Acs) activity triggered by carbon
catabolite repression resulting in decreased assimilation of acetate produced by phosphotransacetylase (Pta), and
disruption of the PTA-ACS node. This was indicated by acetate synthesis pathways PTA-ACKA and POXB
component expression down-regulation before the overflow switch at p = 027 + 0.02 h™ with concurrent 5-fold
stronger repression of acetate-consuming Acs. This in turn suggests insufficient Acs activity for consuming all the
acetate produced by Pta, leading to disruption of the acetate cycling process in PTA-ACS node where constant
acetyl phosphate or acetate regeneration is essential for £. coli chemotaxis, proteolysis, pathogenesis etc. regulation.
In addition, two-substrate A-stat and D-stat experiments showed that acetate consumption capability of E. coli
decreased drastically, just as Acs expression, before the start of overflow metabolism. The second step in overflow
switch is the sharp decline in cAMP production at p = 045 h™' leading to total Acs inhibition and fast
accumulation of acetate.

Conclusion: This study is an example of how a systems biology approach allowed to propose a new regulation
mechanism for overflow metabolism in E. coli shown by proteomic, transcriptomic and metabolomic levels
coupled to two-phase acetate accumulation: acetate overflow metabolism in £ coli is triggered by Acs down-
regulation resulting in decreased assimilation of acetic acid produced by Pta, and disruption of the PTA-ACS node.

Background

Escherichia coli has not only been the prime organism
for developing new molecular biology methods but also
for producing recombinant proteins, low molecular
weight compounds etc. in industrial biotechnology for
decades due to its low cost manufacturing and end-
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product purification and its ability to reach high cell
densities grown aerobically [1,2]. However, a major pro-
blem exists with aerobic E. coli cultivation on glucose at
high growth rates-formation and accumulation of con-
siderable amounts of acetic acid i.e. overflow metabo-
lism. In addition to being detrimental for target product
synthesis, accumulated acetate inhibits growth and
diverts valuable carbon from biomass formation [3,4].
The acetate synthesis and utilization pathways [5] can
be seen in Figure 1: acetate can be synthesized by

© 2010 Valgepea et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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Figure 1 Effect of specific growth rate on acetate synthesis and utilization pathways, selected TCA cycle and carbon catabolite
repressed gene and protein expression levels in E. coli A-stat experiments. PTA, phosphotransacetylase; ACKA, acetate kinase; ACS, acetyl-
CoA synthetase; POXB, pyruvate oxidase; PDHC, pyruvate dehydrogenase complex; TCA, tricarboxylic acid cycle; GS, glyoxylate shunt; Crp, cyclic
AMP receptor protein; Cra, catabolite repressor activator; Icd, isocitrate dehydrogenase; SucD, succinyl-CoA synthethase; SdhB, succinate
dehydrogenase; y, specific growth rate (h'). Thickness of red arrows denotes level of ACS and PTA-ACKA pathway repression (thick line
represents stronger repression). Protein data points are average of two independent experiments, error bars are not shown for better
visualization. Gene names are italicized. Refer to Additional file 2 for standard deviations and all the data.

phosphotransacetylase (PTA)/acetate kinase (ACKA) acid (TCA) cycle [9,10] and respiratory chain [7,11,12],
and by pyruvate oxidase (POXB). Acetic acid can be energy generation [5,13] or the necessity for coenzyme
metabolized to acetyl-CoA either by the PTA-ACKA A replenishment [14] have been proposed. In addition
pathway or by acetyl-CoA synthetase (ACS) through an  to bioprocess level approaches [1,15], various genetic
intermediate acetyl-AMP. The high affinity (K, of 200 modifications of the acetate synthesis pathways exten-
uM for acetic acid) ACS scavenges acetate at low con-  sively reviewed in De Mey et al. [15] have been made to
centrations whereas the low affinity PTA-ACKA path- minimize acetic acid production. For instance, it has
way (K, of 7-10 mM) is activated in the presence of been shown that deleting the main acetate synthesis
high acetate concentrations [6]. route PTA-ACKA results in a strong reduction (up to

The phenomenon of overflow metabolism has been  80%) of acetate excretion, maximum growth rate (ca
studied widely over the years and it is commonly 20%) and elevated levels of formate and lactate (ca 30-
believed to be caused by an imbalance between the fold) [4,16-18], whereas poxB disruption causes reduc-
fluxes of glucose uptake and those for energy produc- tion in biomass yield (ca 25%) and loss of aerobic
tion and biosynthesis [7,8]. Several explanations such as  growth efficiency of E. coli [19]. The latter indicates that
the saturation of catalytic activities in the tricarboxylic ~ acetate excretion cannot be simply excluded by

Publication II 84



Valgepea et al. BMC Systems Biology 2010, 4:166
http://www.biomedcentral.com/1752-0509/4/166

disrupting its synthesis routes without encountering
other unwanted effects. Unfortunately, no clear conclu-
sions could be drawn from batch experiments with an
acs knock-out strain [4]. It should be noted that studies
with E. coli genetically modified strains engineered to
diminish acetate production in batch cultures have not
fully succeeded in avoiding acetate accumulation
together with increasing target product production
yields and rates [15]. Additionally, these studies have
not allowed elucidating the mechanism of overflow
metabolism unequivocally [4,20,21].

Acetate overflow is a growth rate dependent phenom-
enon, but no study has specifically focused on growth
rate dependency of protein and gene expression regula-
tion, intra-and extracellular metabolite levels using also
metabolic modeling. Describing the physiology of an
organism on several ‘omic levels is the basis of systems
biology that facilitates better understanding of metabolic
regulation [22]. In this study, E. coli metabolism at pro-
teomic, transcriptomic and metabolomic levels was
investigated using continuous cultivation methods prior
to and after overflow metabolism was switched on.
Usually, chemostat cultures are used for steady state
metabolism analysis, however, we applied two changestat
cultivation techniques: accelerostat (A-stat) and dilution
rate stat (D-stat), see Methods section for details [23,24].
These cultivation methods were used as they provide
three advantages over chemostat. Firstly, these changestat
cultivation techniques precisely detect metabolically rele-
vant switch points (e.g. start of overflow metabolism,
maximum specific growth rate) and enable to monitor
the dynamic patterns of several metabolic physiological
responses simultaneously which could be left unnoticed
using chemostat. Secondly, it is possible to collect vast
amount of steady state comparable samples and by doing
so, save time. Thirdly, both A-stat and D-stat enable to
quantitatively study specific growth rate dependent co-
utilization of growth substrates. Latter advantage was
applied for investigating acetic acid consumption capabil-
ity of E. coli at various dilution rates in this study. Com-
bining changestat cultivation methods enables to study
metabolism responses of the same genotype at different
physiological states in detail without encountering the
possible metabolic artifacts accompanied when using
genetically modified strains.

Results obtained by studying specific growth rate
dependent changes in E. coli proteome, transcriptome
and metabolome in continuous cultures together with
metabolic modeling allowed us to propose a new theory
for acetate overflow: acetate excretion in E. coli is trig-
gered by carbon catabolite repression mediated down-
regulation of Acs resulting in decreased assimilation of
acetate produced by Pta, and disruption of the PTA-
ACS node.
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Results

E. coli metabolic switch points characterization

In all accelerostat (A-stat) cultivation experiments, after
the culture had been stabilized in chemostat at 0.10 h™*
to achieve steady state conditions, continuous increase
in dilution rate with acceleration rate (a) 0.01 h™ (0.01
h™ per hour) was started. Continuous change of specific
growth rate resulted in detecting several important
changes in E. coli metabolism as demonstrated in Figure
2. Firstly, in A-stat cultivations where glucose was the
only carbon source in the medium, acetic acid started to
accumulate (i.e. overflow metabolism switch) at p = 0.27
+0.02 h't (average + standard deviation) and a two-
phase acetate accumulation pattern was observed (dis-
cussed below; Figure 2). Cells reached maximum CO,
production and O, consumption at p = 0.46 + 0.02 h*
and metabolic fluctuations were observed at p = 0.49
0.03 h™* followed by washout of culture at u = 0.54
0.03 h™! (corresponding to maximum specific growth
rate at given conditions). The nature of these fluctua-
tions will be studied further and not covered in the cur-
rent publication. All A-stat results were reproduced
with relative standard deviation less than 10% with the
exception of acetate production per biomass (Ypac.)
(Table 1 and Figure S1 in Additional file 1).

+
+

Metabolomic responses to rising specific growth rate

A-stat cultivation enabled to study acetic acid accumula-
tion profile in detail with increasing specific growth rate.
Interestingly, a two-phase acetate accumulation pattern
was observed (Figure 2). Slow accumulation of acetic
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Figure 2 Increasing dilution rate dependent E. coli metabolism
characterization in one A-stat cultivation (a = 0.01 h™). D,
dilution rate (h); X, biomass concentration (g dry cellular weight
(DCW)/L); i, specific growth rate (h"); reos, specific CO, production
rate (mmol/g DCW h); OAC’, acetate concentration (mM); Glc,
glucose concentration (mM); cAMP, cyclic AMP concentration (UM).
Arrow indicates the start of overflow metabolism. Start of vertical
axes was chosen for better visualization.
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Table 1 A-stat and chemostat growth characteristics comparison and A-stat reproducibility over the studied specific

growth rate range for three independent experiments

u=024h" u=0:30h" u=040h" p=0.51h" u=0.10-047 h'
Chemostat A-stat Chemostat A-stat Chemostat A-stat Chemostat A-stat A-stat RSD, %
Yys® 044 040 + 0.01 046 041 £ 0.01 044 042 + 0.00 043 041 £ 0.01 20
YoA(,b NDE NDE 053 090 £ 032 1.70 156 £ 023 325 335+ 082 ND
Yeamp® 347 3.59 £ 039 325 355+032 2.70 2.17 £ 007 0.86 0.71¢ 91
Ycozd 27.56 3012 + 204 27.55 2719 £ 1.22 26.24 2386 + 141 ND 21.19 £ 0.19 56

A-stat values represent the average from three independent experiments and standard deviation follows the + sign. Chemostat values from one experiment.

NDE, not detected. ND, not determined. RSD, relative standard deviation.

“Biomass yield is given in g dry cell weight (DCW)/g glucose consumed (g DCW/g glucose).

PAcetic acid production per biomass is given in mmol acetic acid/g DCW.
“cAMP production per biomass is given in umol cAMP/g DCW.

dCarbon dioxide (CO,) production per biomass is given in mmol CO,/g DCW.
“Data from one A-stat experiment.

acid started at p = 0.27 + 0.02 h™* with concomitant
change in specific CO, production rate (Figure 2). Faster
accumulation of acetate was witnessed after cells had
reached maximum CO, production at ¢ = 0.46 + 0.02 h™".
Quite surprisingly, production of the important carbon
catabolite repression (CCR) signal molecule cAMP
(Ycamp) rose from steady state chemostat level 2.45 +
0.26 pmol/g dry cellular weight (DCW) (1 = 0.10 h™) to
3.55 + 0.32 umol/g DCW (u = 0.30 h™") after which it
sharply decreased to 1.30 + 0.44 pmol/g DCW at p = 0.45
h! (Figure S1 in Additional file 1). This abrupt decline
took place simultaneously with the faster acetate accumu-
lation profile described above (Figure 2 and Figure S1 in
Additional file 1). In addition, similar two-phase acetate
accumulation phenomenon was observed in a two-
substrate (glucose + acetic acid) A-stat during the decrease
of cAMP around specific growth rate 0.39 h™ (Figure S2 in
Additional file 1).

Significant fall in two of the measured pentose phos-
phate pathway intermediates ribose-5-phosphate (R5P)
and erythrose-4-phosphate (E4P) was detected with
increasing specific growth rate which could point to
possible limitation in RNA biosynthesis during growth
(Figure 3A). PTA-ACS node related compound nones-
terified acetyl-CoA (HS-CoA) level declined two-fold
simultaneously with cAMP after acetate started to
accumulate (Figure 3B). This indicates the possible
increase of other CoA containing compounds e.g. suc-
cinyl-CoA. Accumulation of TCA cycle intermediates
a-ketoglutarate and isocitrate (Figure 3B) with increas-
ing dilution rate could be associated with pyrimidine
deficiency and decrease of ATP expenditure in the
PTA-ACS cycle. Concurrently, intracellular concentra-
tions of fructose-1,6-bisphosphate (FBP) and glyceral-
dehyde-3-phosphate (GAP) from the upper part of
energy generating glycolysis increased 6- and 3-fold,
respectively (Figure 3C).
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Functional-genomic responses to rising specific growth
rate

The two main known pathways for acetate synthesis
phosphotransacetylase-acetate kinase (PTA-ACKA) and
pyruvate oxidase (POXB) were down-regulated, both
on gene and protein expression levels, from p = 0.20
h™' ie. before acetate overflow was switched on. At the
same time, there was a concurrent 10-fold repression
of the acetic acid utilization enzyme acetyl-CoA
synthetase (Acs). This substantial difference (5-fold)
between the acetate synthesis and assimilation path-
ways expression suggests that the synthesized acetic
acid cannot be fully assimilated with increasing growth
rates (Figure 1).

We observed the beginning of carbon catabolite
repression (CCR) induction prior to acetate accumula-
tion in parallel with Acs down-regulation. This was indi-
cated by down-regulation (3-fold on average) of CCR-
mediated components: alternative (to glucose) substrate
transport and utilization systems like galactose (MglAB),
maltose (MalBEFKM), galactitol (GatABC), L-arabinose
(AraF), D-ribose (RbsAB), C,-dicarboxylates (DctA) and
acetate (ActP, YjcH) (Figure 4C and Additional file 2).
Moreover, expression of transcription activator Crp
(cyclic AMP receptor protein which regulates the
expression of Acs transcribing acs-yjcH-actP operon)
and Cra (catabolite repressor activator; a global tran-
scriptional protein essential for acetic acid uptake [25])
were reduced 1.5 and 2 times, respectively, in like man-
ner to carbon catabolite repressed proteins mentioned
above (Figure 1). Simultaneously, components of the
gluconeogenesis pathway (Pck, MaeB, Pps) and glyoxy-
late shunt enzymes AceA, AceB (vital for acetate con-
sumption) were repressed with growth rate increase
(Figure 4B and Additional file 2). It should be empha-
sized that most of the TCA cycle gene and protein levels
were maintained or even increased up to p = 0.40 h™*
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followed by sudden repression simultaneous to achieving
maximum specific CO, production rate (u = 0.46 +
0.02 h'!, see above; Figure 1 Figure 2 and Figure 4A).
This may allude to no limitation at the TCA cycle level
around the specific growth rate where overflow metabo-
lism was switched on.

Acetic acid consumption capability studied by dilution
rate stat (D-stat) and two-substrate A-stat cultivations
The beginning of a strong decrease in acetate assimila-
tion enzyme Acs expression before overflow switch
point implies to a possible connection between acetate
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Figure 3 Dilution rate dependent intracellular metabolite patterns in one E. coli A-stat experiment. D, dilution rate (h). (A) Pentose
phosphate pathway metabolites. R5P, ribose-5-phosphate concentration (black diamond); E4P, erythrose-4-phosphate concentration (open circle).
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concentration (black diamond); GAP, glyceraldehyde-3-phosphate concentration (open circle).
~ J

assimilation capability and overflow metabolism of acet-
ate (Figure 1). Therefore, specific growth rate dependent
acetic acid consumption capabilities were investigated
using D-stat and two-substrate A-stat methods. It was
shown by D-stat experiments at various dilution rates
that more than a 12-fold reduction in acetate consump-
tion capability took place around overflow switch point,
and its total loss was detected between dilution rates
0.45 and 0.505 + 0.005 h! (Figure 5). Acetic acid con-
sumption and production was also studied in a single
experiment using two substrate (glucose + acetic acid)
A-stat cultivation (Figure S2 in Additional file 1) which
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Figure 5 Dilution rate dependent acetic acid consumption
capability in E. coli D-stat cultures. Ko, acetic acid
consumption per biomass (red triangle); OAC’, acetate concentration
in chemostat before the start of acetic acid supplemented medium
addition (violet circle); cAMP, cyclic AMP concentration (blue
square); Acs, acetyl-CoA synthetase protein dilution rate dependent
expression levels from A-stat (green diamond). Error bars represent
the standard deviation from two independent D-stat experiments.

demonstrated that acetic acid consumption started to
decrease at g = 0.25 h™* and was completely abolished at
i = 0.48 h™' which fits into the range of dilution rates
observed in D-stat.

A-stat comparison with chemostat

As could be seen from Table 1 major growth character-
istics such as biomass yield (Yxs), acetate (Yoac.), cyclic
AMP (Y amp) and carbon dioxide (Yco,) production per
biomass from A-stat and chemostat are all fully quanti-
tatively comparable. The latter results enable to use A-
stat data for quantitative modeling calculations. In addi-
tion, the two continuous cultivation methods were
examined at transcriptome level using DNA microar-
rays. Transcript spot intensities from quasi steady state
A-stat sample at y = 0.48 h™" and chemostat sample at
i = 0.51 h™' showed an excellent Pearson product-
moment correlation coefficient R = 0.964 (Figure S3 in
Additional file 1; Additional file 3). This indicates good
biological correlation between E. coli transcript profiles
at similar specific growth rates in chemostat and A-stat.
These results showed that our quasi steady state data
from A-stat and D-stat cultures are steady state
representative.

Proteome and transcriptome comparison

E. coli protein expression ratios for around 1600 pro-
teins were generated by comparing two biological repli-
cates at specific growth rates 0.20 + 0.01; 0.26; 0.30 +
0.01; 0.40 + 0.00; 0.49 + 0.01 h™" with sample at p =
0.10 + 0.01 h™' (chemostat point prior to the start of
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acceleration in A-stat) which produced Pearson correla-
tion coefficients for two biological replicates in the indi-
cated pairs of comparison in the range of R = 0.788-
0.917 (Figure S4 in Additional file 1).

DNA microarray analysis of 4,321 transcripts was con-
ducted with the Agilent platform using the samples
from one A-stat cultivation. Gene expression ratios
between specific growth rates 0.21; 0.26; 0.31; 0.36; 0.40;
0.48 h™ and p = 0.11 h™" (chemostat point prior to the
start of acceleration in A-stat) were calculated. Compari-
son of gene and protein expression changes (between
respective specific growth rates) revealed that compo-
nents of the PTA-ACS node were regulated at transcrip-
tional level as the absolute majority of the studied
transcripts and proteins indicated by the good correla-
tion between transcriptome and proteome expression
profiles (Figure 1 and Figure S5 in Additional file 1).

Most recent studies have either failed to find a signifi-
cant correlation between protein and mRNA abun-
dances or have observed only a weak correlation
(reviewed in [22]). It has been suggested that the main
reasons for uncoupling of mRNA and protein abun-
dances are protein regulation by post-translational mod-
ification, post-transcriptional regulation of protein
synthesis, differences in the half-lives of mRNA and pro-
teins, or possible functional requirement for protein
binding [22]. As the cells in these studies were mostly
cultured in non steady state condition, our steady state
data with very good correlation between transcriptome
and proteome implies that the physiological state of the
culture (steady state vs. non steady state) could be an
important factor in terms of mRNA and protein correla-
tion determination. Transcriptome and proteome data
are presented in Additional file 2 and at NCBI Gene
Expression Omnibus and PRIDE database (see Methods
for details), respectively.

Discussion

To gain better insights into the regulation of acetate
overflow metabolism in E. coli, we studied specific
growth rate dependent proteomic, transcriptomic and
metabolomic patterns combined with metabolic model-
ing using advanced continuous cultivation methods,
which has not been carried out before. Continuous
monitoring of the specific growth rate effect on E. coli
metabolism enabled us to precisely detect important
metabolic shift points, the most important being the
start of acetate overflow at u = 0.27 + 0.02 h™' (Figure
2), and changing patterns of a number of important
metabolites e.g. acetate, CAMP. Quite surprising was the
down-regulation of the known acetate synthesis path-
ways, PTA-ACKA and POXB expression before overflow
switch with increasing growth rate (Figure 1). A similar
pattern has been seen before in chemostat cultures
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but without emphasizing the possible physiological
consequences [26-28]. A 10-fold repression of the acetic
acid utilization enzyme acetyl-CoA synthetase (Acs)
expression was observed concurrently with the down-
regulation of the PTA-ACKA pathway indicating that
acetic acid synthesis might exceed its assimilation (Fig-
ure 1). Our two substrate A-stat and D-stat experiments
directly proved that acetate consumption capability of
E. coli is specific growth rate dependent as acetate con-
sumption started to decrease at g = 0.25 h™ (Figure S2
in Additional file 1) and acetate consumption capability
decreased 12-fold around overflow switch growth rate
w =027 + 0.02 h', respectively (Figure 5). In addition,
it was shown that activation of carbon catabolite repres-
sion (CCR) and repression of Acs take place simulta-
neously prior to the start of overflow metabolism
(Figure 1 Figure 4 and Figure 5). As a result, it is pro-
posed that acetate overflow metabolism in E. coli is trig-
gered by Acs down-regulation resulting in decreased
assimilation of acetic acid produced by Pta, and disrup-
tion of the PTA-ACS node.

We showed that Acs was concurrently down-regulated
five times more compared to the acetate synthesis path-
ways (Figure 1). In addition, the TCA cycle flux decrease
as shown by change in CO, production at overflow
switch growth rate indicates that carbon is not metabo-
lized by the TCA cycle after the start of acetate accumu-
lation with pre overflow switch rates (Figure 2 and
Additional file 4). The latter is caused because the
amount of acetyl-CoA entering the TCA cycle decreases
after carbon is lost into excreted acetate. Stronger
repression of the acetate consuming Acs in comparison
with acetate synthesizing PTA-ACKA together with a
decline in TCA cycle flux suggest disruption of acetic
acid cycling at the PTA-ACS node (Figure 1). While this
node may seem as a futile cycle, the fact is that numer-
ous metabolic tasks involving the intermediate mole-
cules of this cycle-acetyl phosphate (acetyl-P)
and acetyl-AMP-are essential for proper E. coli growth
(Figure 6). For instance, these molecules play a crucial
role in bacterial chemotaxis regulation in which flagellar
rotation is controlled by the activation level of the
response regulator CheY [29] through either phospho-
transfer from CheA [30,31] or acetyl-P [31,32], acetyla-
tion by acetyl-AMP [33,34] or co-regulation of both
mechanisms [29]. It has been also demonstrated that
acetyl-P synthesis is vital for EnvZ-independent regula-
tion of outer membrane porins [35], pathogenesis [36]
and regulation of several virulence factors [5]. Further-
more, it has been presented that acetyl-P interacts with
phosphate concentration regulators PhoB-PhoR [37] and
NRI protein which is part of a complex nitrogen sensing
system [38]. Acetyl-P is critical for efficient degradation
of unfolded or damaged proteins by ATP-dependent
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P-assimilation Virulence

PhoB-PhoR

Pathogenesis
OmpR, RssB, ResB, NtrC

ARDC, ompR
N-assimilation Protein degradation
Mizrahi e al.

Ac-CoA — Acetyl-P —— Acetate

AN

Survival in natural environments
and in starvation
Anfora et al., Shi and Kuzminov, Nystrom

Gene expression
Wolfe et al.
Chemotaxis
CheY

Flagella
OmpR, ResB

Figure 6 Acetyl-P as an important signal molecule. Ac-CoA,
acetyl-CoA; PTA, phosphotransacetylase; refer to text for other
abbreviations.

proteases [39]. Altogether, acetyl-P can influence the
regulation of almost 100 other genes [40]. Finally, pta
and/or ackA mutations were shown to affect repair-defi-
cient E. coli mutants [41] and a pta mutant has been
reported to be impaired in its ability to survive during
glucose starvation, while the ackA mutant survived as
well as the parent strain [42]. It is important to note
that the only known pathway in E. coli for acetyl-P
synthesis is the PTA-ACKA [5,31]. Taking all the pre-
vious into account, we conclude that acetyl-P as well as
acetyl-AMP are essential for cellular growth of E. coli,
and as acetic acid formation is the result of their depho-
sphorylation, acetic acid should be synthesized and con-
sumed simultaneously during growth to maintain proper
balance between metabolites of the PTA-ACS node.
This is in agreement with Shin et al. [28] who proposed
that wild-type E. coli constitutively synthesizes acetate
even when growing on non-acetogenic carbon source
succinate or at low growth rates in carbon limited cul-
tures. It also has to be mentioned that acetic acid is a
by-product in the synthesis of cysteine, methionine and
arginine, covering around 0.4 mmol/g DCW (Additional
file 4). Based on our experimental and literature data,
production and re-assimilation of acetate might be over
1 mmol/g DCW at p = 0.2 h™ (Text S2 in Additional
file 1) which further supports the hypothesis of the
necessity for constant acetic acid synthesis.

A similar regulation for overflow metabolism of acet-
ate was posed for Saccharomyces cerevisiae by Postma
and co-workers: they postulated that acetate accumula-
tion is the result of insufficient acetyl-CoA synthetase
activity for the complete functioning of the pyruvate
dehydrogenase bypass because of glucose repression of
ACS at high growth rates [43]. The hypothesis proposed
here is also consistent with the observation that an acs
mutant of E. coli accumulated acetate in chemostat cul-
tures at dilution rate (D) 0.22 h™! whereas acetate
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overflow was started in wild-type at a higher D = 0.35 h™*
[28]. Furthermore, it has been shown that over-expression
of acs [44] and constitutively expressed acs together with
glyoxylate shunt repressors ic/R and fadR mutant resulted
in a significant reduction in acetate accumulation in glu-
cose batch fermentations [28]. Adams and co-workers
showed that as a result of micro-evolution, E. coli
increased acetate consumption capability by over-expres-
sing Acs (not AckA) [45,46], further supporting the con-
nection between Acs activity and acetate accumulation.

As Acs down-regulation is responsible for triggering
overflow metabolism and the resulting accumulation of
acetate is detrimental to cellular growth, it bears ques-
tioning why E. coli has not evolved towards maintaining
sufficient Acs levels for acetate assimilation in all growth
conditions. Growth conditions in E. coli native environ-
ments are rough as concentrations of utilizable carbon
sources including acetate are in the low mg L' range
and access to nutrients is troublesome [47]. These harsh
conditions force E. coli to make its metabolism ready
for scavenging all possible carbon sources including
acetate. However, in nutrient rich laboratory conditions,
E. coli focuses on anthropic growth [48] and biomass
production rate, primarily realized by enhancing readily
oxidizable substrate (glucose) uptake kinetics which in
turn results in Acs repression through CCR and thus,
acetate accumulation [46]. This indicates that an active
Acs is not essential for rapid growth for E. coli. It seems
that maintaining high expression levels of acetate assim-
ilation components (and also other alternative substrates
ones) is energetically not favorable at higher growth
rates. Moreover, as the space on cell membrane is lim-
ited and as E. coli achieves more rapid growth probably
by increasing the number of glucose transport machin-
ery components on the membrane, using area for alter-
native substrate transport proteins is not beneficial for
faster growth. Interestingly, even in one of its natural
environments-urinary tract-where a continuous dilution
of acetate occurs, it has been shown that metabolizing
acetate to acetyl-CoA by Acs is not essential for normal
E. coli colonization as PTA-ACKA pathway and mainte-
nance of a proper intracellular acetyl-P concentration
are necessary for colonizing murine urinary tract [32].

Based on all the points discussed above, PTA-ACS
might function as a futile cycle to provide rapid regulation
of acetyl-P concentration in the cell for an active chemo-
taxis that is vital in natural nutrient-depleted environ-
ments, fighting against other organisms (acetate
production), pathogenesis, biofilm formation etc. This
hypothesis is consistent with the fact that the flagellar
assembly and regulation operon (tar-tap-cheRBYZ) was
more intensively expressed at lower growth rates (Addi-
tional file 2) where residual glucose concentration is
smaller.
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Concerning Acs down-regulation, it is possible that
CCR is responsible for its repression as proposed by
Treves et al. [46] showing the link between ACS expres-
sion level and acetate accumulation. In our experiments,
it was shown that activation of CCR and repression of
Acs take place simultaneously prior to the start of over-
flow metabolism (Figure 1 and Figure 4). As it is well
known that CCR is initiated by the presence of glucose
in the medium [49,50], we propose that increasing resi-
dual glucose concentration accompanying smooth rise
of dilution rate in A-stat triggers Acs down-regulation
by CCR. The cAMP-Crp complex is one of the major
players in CCR of E. coli as cAMP binding to Crp dras-
tically increases its affinity towards activating the pro-
motors of catabolic enzymes, including Acs [6,49,50].
We measured a 1.5-fold decrease in Crp expression with
increasing growth rate (Figure 1) that is in agreement
with the data in the literature [51]. In addition, when E.
coli mutant defective in the gene crp was cultivated in
glucose-limited chemostat at a low D = 0.10 h}, it accu-
mulated acetate whereas the wild-type did not [52].
Furthermore, it exhibited a 34% higher biomass yield
relative to the wild-type-this increase might be explained
by reduced ATP wasting in the acetate futile cycle,
which can be directed to biomass synthesis. Moreover,
Khankal et al. [53] noted that E. coli CRP* mutants that
do not require Crp binding to cAMP to activate the
expression of catabolic genes showed lowered glucose
effect on xylose consumption, 3.6 times higher acs
expression levels and secreted substantially less acetate
in xylitol producing batch fermentations. The connec-
tion between cAMP concentration and acetic acid con-
sumption capability, together with the two-phase acetate
accumulation profile observed in A-stat and D-stat cul-
tures (Figure 2 and Figure 5) suggests a correlation
between increasing residual glucose concentration
mediated cAMP-Crp repression and acetate accumula-
tion. Thus, cAMP-Crp dependent regulation of Acs
transcribing acs-yjcH-actP operon might be a reason for
acetate excretion, as also proposed by Veit et al. [10].
Our hypothesis of the CCR mediated acetate overflow
metabolism is as well in agreement with the fact that
rising glucose lowers the intracellular Crp level through
the autoregulatory loop of the crp gene [54]. However,
other mechanisms can also be involved in Acs down-
regulation, for example by Cra (Figure 1). Indeed, Sarkar
and colleagues have shown that glucose uptake and
acetate production rates increased with a decrease of
acetate consumption in an E. coli cra mutant [55].

What could be the biological relevance of the disrup-
tion of the PTA-ACS node? Firstly, decline of the ATP-
spending PTA-ACS cycle throughput with increasing
growth rate points to possible lower ATP spilling (our
model calculations). Secondly, disruption of the PTA-
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ACS node decreases the energy needed for expression of
this cycle’s components. As the disruption of PTA-ACS
cycle is CCR-mediated, repression of other alternative
substrate transport and utilization enzymes by CCR
enables to save additional energy. This could all lead to
the decrease of ATP production as was indicated by the
diminishing TCA cycle fluxes (Figure 2). Hence, it is
plausible that cells repress (by CCR) the expression
levels of alternative substrate utilization components
(including Acs) for making space on the cell membrane
for more preferred substrate (glucose) utilization and
ATP producing components to achieve faster growth
(see above).

Finally, it was demonstrated that highly reproducible
A-stat data are well comparable to chemostat at the
level of major growth characteristics and transcriptome,
hence quasi steady state data from A-stat can be consid-
ered steady state representative (Table 1; Figure S1 and
Figure S3 in Additional file 1). Furthermore, as shown
also by Postma et al. for S. cerevisiae [43], chemostat is
not fully suitable for characterization of dilution rate
dependent metabolic transitions, whereas A-stat should
be considered an appropriate tool for this. A-stat is
especially well suited for the studies of the details of
transient metabolism processes. Dynamic behavior of
acetate, CAMP etc. with increasing specific growth rate
(Figure 2 Figure 3 and Figure S1 in Additional file 1)
and change in acetic acid consumption capability in the
two-substrate A-stat (Figure S2 in Additional file 1)
could be cited as good examples of the latter.

Conclusion

This study is an excellent example of how a systems
biology approach using highly reproducible advanced
cultivation methods coupled with multiple ‘omics analy-
sis and metabolic modeling allowed to propose a new
possible regulation mechanism for overflow metabolism
in E. coli: acetate overflow is triggered by carbon catabo-
lite repression mediated Acs down-regulation resulting
in decreased assimilation of acetate produced by Pta,
and disruption of the PTA-ACS node. The practical
implications derived from this could lead to better engi-
neering of E. coli in overcoming several metabolic obsta-
cles, increasing production yields etc.

Methods

Bacterial strain, medium and continuous cultivation
conditions

The E. coli K12 MG1655 (A" F~ rph-1Fnr*; Deutsche
Sammlung von Mikroorganismen und Zellkulturen, Ger-
many) strain was used in all experiments. Growth and
physiological characteristics in accelerostat (A-stat)
cultivations were determined using a defined minimal
medium as described before by Nahku et al. [51], except
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4.5 g/L o-(D)-glucose and 100 pl L™ Antifoam C (Sigma
Aldrich, St. Louis, LO) was used. The latter was also
used in dilution rate stat (D-stat) experiments as the
main cultivation medium. In addition, a second medium
was used in D-stat where the main medium was supple-
mented by acetic acid and prepared as follows: 300 ml
medium was withdrawn from the main cultivation med-
ium and supplemented with 3 ml of glacial acetic acid
(99.9%). One A-stat experiment (referred to as two-sub-
strate A-stat) was carried out with the same medium as
other A-stats, but in addition supplemented with acetic
acid (final concentration 5 mM).

The continuous (both A-stat and D-stat) cultivation
system consisted of 1.25 L Biobundle bioreactor (Appli-
kon Biotechnology B.V., Schiedam, the Netherlands)
controlled by an ADI 1030 biocontroller (Applikon Bio-
technology B.V.) and a cultivation control program
“BioXpert NT” (Applikon Biotechnology B.V.). The sys-
tem was equipped with OD, pH, pO,, CO, and tem-
perature sensors. The bioreactor was set on a balance
whose output was used as the control variable to ensure
constant culture volume (300 + 1 mL). Similarly, the
inflow was controlled through measuring the mass of
the fresh culture medium.

A-stat cultivation system and control algorithms used
are described in more detail in our previous works
[24,51,56]. Dilution rate stat (D-stat) is a continuous
cultivation method where dilution rate is constant as in
a chemostat while an environmental parameter is
smoothly changed [24]. The D-stat experiments in this
study were carried out with a slight modification:
instead of changing an environmental parameter, two
different media were used to keep dilution rate constant.
After achieving steady state conditions in chemostat
using minimal medium supplemented with glucose,
addition of the second medium complemented with glu-
cose and acetic acid was started. The feeding rate of the
initial medium was decreased at the same time, resulting
in constant glucose concentration in the feed. The acetic
acid concentration in the bioreactor as a result of inflow
has to be determined to enable precise acetic acid con-
sumption/production rate calculation for the bacteria.
Hence, increase of acetic acid concentration in bioreac-
tor was calculated and validated in duplicate non-
inoculatedD-stat test experiments producing an average
standard deviation of 1.24 mM between calculated and
measured acetic acid concentrations.

All continuous cultivation experiments were carried
out at 37°C, pH 7 and under aerobic conditions (air
flow rate 150 ml min™") with an agitation speed of 800
rpm. Four A-stat cultivations were performed with
acceleration rate (a) 0.01 h2. Duplicate D-stat experi-
ments were performed at dilution rates 0.10; 0.30; 0.505
+ 0.005 h'! and single experiments at 0.19; 0.24;
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0.40; 0.45 h™. The acetic acid addition profile was set to
achieve 32 + 6 mM and 58 + 5 mM in 7 hours inside
the bioreactor for experiments at dilution rates 0.10-
0.24 h™' and 0.30-0.51 h'!, respectively. The growth
characteristics of the bacteria were calculated on the
basis of total volume of medium pumped out from bior-
eactor (L), biomass (g DCW), organic acid concentra-
tions in culture medium (mM) and CO, concentration
in the outflow gas (mM). Formulas were as described in
a previous study [24]. It should be noted that the abso-
lute CO, concentrations could be error-prone due to
measurement difficulties. However, this does not influ-
ence the dynamic pattern of specific CO, production
rate (rcop) during specific growth rate increase.

Analytical methods

The concentrations of organic acids (lactate, acetate and
formate), ethanol and glucose in the culture medium
were determined by HPLC and cellular dry weight
(expressed as DCW) as described by Nahku et al. [51].

Protein expression analysis

Refer to Text S1 in Additional file 1 for detailed
description. Shortly, protein expression ratios for
around 1600 proteins (identified for each growth rate at
a > 95% confidence interval in average from 89,303 dis-
tinct 2 or more high-confidence peptides) were gener-
ated from mass spectrometric spectra by firstly
calculating the ratios between continuous cultivation
samples at specific growth rates 0.10 + 0.01 h™* (chemo-
stat point prior to the start of acceleration in A-stat);
0.20 + 0.01; 0.26; 0.30 + 0.01; 0.40 + 0.00; 0.49 =+
0.01 h™ and batch sample grown on medium containing
1>NH,Cl as the only source of ammonia. Secondly, the
ratios between the mentioned specific growth rates with
chemostat point (1 = 0.10 + 0.01 h™) for two biological
replicates were calculated to yield protein expression
levels for respective specific growth rates. Protein (and
gene) expression measurement results are shown in
Additional file 2. Proteomic analysis data is also avail-
able at the PRIDE database [57]http://www.ebi.ac.uk/
pride under accession numbers 12189-12199 (username:
review74613, password: Ge9T48e8). The data was con-
verted using PRIDE Converter http://code.google.com/
p/pride-converter [58].

Gene expression profiling

DNA microarray analysis of 4,321 transcripts was con-
ducted with the Agilent platform using the data from
one A-stat cultivation (a = 0.01 h™), and gene expres-
sion ratios between specific growth rates 0.21; 0.26; 0.31;
0.36; 0.40; 0.48 h™* and i = 0.11 h™* were calculated.
Transcript spot intensities of chemostat sample (sample
from D-stat prior to acetic acid addition) from p = 0.51
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h™ and A-stat p = 0.48 h™ were used for the two meth-
od’s comparison at transcriptome level. Gene (and pro-
tein) expression measurement results are shown in
Additional file 2. DNA microarray data is also available
at NCBI Gene Expression Omnibus (Reference series:
GSE23920). The details of the procedure are provided in
Text S1 in Additional file 1.

Metabolome analysis

Sampling was carried out by the rapid centrifugation
method. Acquity UPLC (Waters, Milford, MA) together
with end-capped HSS C18 T3 1.8 um, 2.1 x 100 mm
column for compound separation coupled to TOF-MS
with an electrospray ionization (ESI) source was used
for detection (LCT Premiere, Waters). The details of the
procedure are provided in Text S1 in Additional file 1.

Additional material

Additional file 1: Detailed Methods (Text S1); calculation of acetate
reconsumption (Text S2); Supplementary Figures S1-S5.

Additional file 2: Growth rate dependent gene (one A-stat) and
average protein expression changes of two A-stat experiments with
Escherichia coli K12 MG1655. Transcriptome and proteome analysis
results, also with standard deviations.

Additional file 3: Gene spot intensities of A-stat at u = 0.48 h™" and
chemostat at p = 0.51 h™' experiments with Escherichia coli K12
MG1655. Data for A-stat and chemostat transcriptome comparison.
Additional file 4: Simplified metabolic flux analysis. Detailed
description of model calculations with simplified metabolic flux analysis.
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Abstract

Background: Lactococcus lactis is recognised as a safe (GRAS) microorganism and has hence gained interest in
numerous biotechnological approaches. As it is fastidious for several amino acids, optimization of processes which
involve this organism requires a thorough understanding of its metabolic regulations during multisubstrate growth.

Results: Using glucose limited continuous cultivations, specific growth rate dependent metabolism of L. lactis
including utilization of amino acids was studied based on extracellular metabolome, global transcriptome and
proteome analysis. A new growth medium was designed with reduced amino acid concentrations to increase
precision of measurements of consumption of amino acids. Consumption patterns were calculated for all 20 amino
acids and measured carbon balance showed good fit of the data at all growth rates studied. It was observed that
metabolism of L. lactis became more efficient with rising specific growth rate in the range 0.10 - 0.60 h™', indicated
by 30% increase in biomass yield based on glucose consumption, 50% increase in efficiency of nitrogen use for
biomass synthesis, and 40% reduction in energy spilling. The latter was realized by decrease in the overall product
formation and higher efficiency of incorporation of amino acids into biomass. L. lactis global transcriptome and
proteome profiles showed good correlation supporting the general idea of transcription level control of bacterial
metabolism, but the data indicated that substrate transport systems together with lower part of glycolysis in L.
lactis were presumably under allosteric control.

Conclusions: The current study demonstrates advantages of the usage of strictly controlled continuous cultivation
methods combined with multi-omics approach for quantitative understanding of amino acid and energy
metabolism of L. lactis which is a valuable new knowledge for development of balanced growth media, gene
manipulations for desired product formation etc. Moreover, collected dataset is an excellent input for developing
metabolic models.

Background a live vector for mucosal delivery of therapeutic pro-
Lactococcus (L.) lactis is the most intensively studied teins, including nasal and gastrointestinal vaccines [5,6].
lactic acid bacterium and it has a great industrial impor- ~ However, there exists a remarkable lack of knowledge
tance. In addition to its wide usage in the dairy industry, about the peculiarities of L. lactis metabolic regulation,
L. lactis subsp. lactis IL1403 was the first lactic acid especially regarding amino acid metabolism. There are
bacterium whose genome was sequenced [1], and it is  several defined media designed for L. lactis [7-9], how-
extensively used for production of different metabolic  ever, these are unbalanced and concentrations of indivi-
products and recombinant proteins [reviews in [2-4]]. dual amino acids are quite high, making their
As this bacterium is generally recognised as safe consumption measurements inaccurate as utilization by
(GRAS), there has been increasing interest in its use as  the cells is small compared to the total content. Lack of

reliable information on consumption patterns and regu-
* Comespondence: raivo@kofice lation of amino acid metabolism hinders design of
"Tallinn University of Technology, Department of Chemistry, Akadeemia tee cheaper balanced complex media and optimization of
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Systems biology approaches where ‘omics’ methods
are combined with advanced cultivation methods, com-
putational and mathematical models form a solid plat-
form for elucidating quantitative peculiarities of
metabolism and its regulation in microorganisms. Tran-
scriptome and proteome expression in L. lactis have
been measured and compared several times in various
phases of batch cultivations [10,11]. A multi-omics
study where L. lactis was cultivated at steady state con-
ditions was carried out by Dressaire et al. [12,13]. They
characterized L. lactis at the transcriptome level in iso-
leucine limited chemostat cultures, calculated translation
efficiencies based on proteome and transcriptome levels,
and showed that energy costs associated with protein
turnover in cells are bigger at low growth rates in com-
parison with higher ones.

To provide more comprehensive knowledge about
amino acid metabolism in L. lactis we developed a new
medium, which allowed studying quantitative patterns
of amino acid consumption. To further link amino acid
metabolism with the overall physiological state of cells,
growth rate dependent trancriptomes, proteomes and
extracellular metabolomes were measured and studied
together with carbon, nitrogen and ATP, redox balance
analyses. L. lactis was cultivated in accelerostat (A-stat)
continuous cultures as this method allows acquisition of
vast amount of data on quasi steady state growing cells
and precise determination of growth characteristics,
especially investigation of dependences of growth char-
acteristics on residual concentrations of growth limiting
substrate (e.g. glucose) which determines the specific
growth rate of cells (p).

Results

L. lactis growth characteristics

L. lactis was cultivated in A-stat culture where after
stabilisation in chemostat at dilution rate 0.10 h™%, speci-
fic growth rate (n) was smoothly increased until the
maximal g (Hmax) was reached at 0.59 + 0.02 h' (aver-
age value of five independent experiments * standard
deviation; Figure 1). To obtain higher precision in the
determination of amino acid consumption patterns, con-
centrations of most amino acids in the growth medium
were reduced ca 3 times compared to the chemically
defined medium (CDM) [14], exceptions being arginine
and glutamine, whose concentrations were increased in
the medium to avoid amino group shortage during the
growth (see Methods). The residual glucose concentra-
tion remained below detection limit (<0.1 mM) between
@ 0.10 h™' and 0.59 + 0.02 h'! in all five independent
experiments. It is important to note that constant pro-
tein content (45 + 2% of cell dry weight) and constant
amino acid composition of the protein fraction was
observed in the full range of u from 0.10 to 0.55 h™*
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Figure 1 Typical A-stat cultivation, where dilution rate
dependent metabolism of L. lactis is illustrated. D - dilution rate
(h"); X - biomass concentration (g (dry cellular weight) L'); u -
specific growth rate (h"); lact, form, glc, eth, ace - lactate, formate,
glucose, ethanol, acetate concentration in bioreactor, respectively
(mM). D, g and X are monitored constantly; metabolite
concentrations are measured with a frequency of approximately
001 h'.

(Additional file 1, Table S1). RNA content increased
from 6.5 £ 1.0% to 9.5 = 1.5% in cell dry weight in
between the latter u values. The biomass yield per
consumed carbon (Yxc¢) increased from 0.13 + 0.00 to
0.17 + 0.01 C-molpiomass C-MoOlcarbon - When pn was
raised from 0.20 + 0.02 h™ to 0.52 + 0.04 h™" (Addi-
tional file 2, Table S1). It was realized by decrease of
by-product formation per biomass from 89.6 to 62.3
mmol gdw’1 (sum of Yiaerr Yace and Y, Additional file
2, Table S1). Corresponding yield of these by-products
(lactate, acetate, ethanol) per consumed glucose
decreased from 2.05 to 1.88 molpoducts molglc’l, with
lactate yield per consumed glucose Y;; = 1.83 + 0.03
molj,e molglc'1 remaining constant. As by-product for-
mation exceeded maximal possible yield (2 mol mol™?)
per consumed glucose at growth rates below 0.4 h™!
(Additional file 1, Table S2) it indicated that part of the
amino acids should have been catabolised to pyruvate
and eventually to by-products. The overall consumption
of amino acids decreased from 12.5 + 0.5 mmol gdw™'
to 9.3 + 0.3 mmol gdw™' with increasing p (Additional
file 2, Figure S1), exceeding two to three times that
required for synthesis of proteins in biomass (4.2 + 0.1
mmol gdw‘l, Additional file 1, Table S1), and constitut-
ing always 21 + 1% (52 to 39 C-mmol gdw™") of all the
total carbon utilised by cells throughout the p range
studied.

For proof of principle, a chemostat experiment was
carried out at a dilution rate of 0.45 h™! and the data
obtained were compared with the data obtained at the
same p value in A-stat experiments. The measured sub-
strate and product yields in chemostat culture had
values in the range of presented standard deviations for
A-stat data (Additional file 2, Table S2) which shows
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that quasi steady state data from A-stat is comparable to
chemostat.

Amino acid consumption profiles

Based on amino acid concentrations in the cultivation
broth, consumption patterns (mmolxa gdw’l) for all the
20 amino acids were calculated (Figure 2 and Additional
file 2, Figure S2). The most abundantly consumed
amino acid throughout the p range studied was gluta-
mine (Additional file 2, Figure S2). Asparagine, arginine,
serine, threonine, alanine, leucine, isoleucine and
cysteine were the next most intensively consumed
amino acids which consumption exceeded notably the
amounts necessary for biomass formation. Lysine, phe-
nylalanine and valine were consumed in slightly higher
amounts than needed for biomass production. Con-
sumption of aspartate, histidine, and proline were in the
range of measurement errors, hence, their consumption
can be considered minimal or nonexistent. It has been
shown that the latter amino acids are non-essential for
the growth of L. lactis [8].

In more detail, specific growth rate dependent con-
sumptions of asparagine, threonine and cysteine per bio-
mass were constant in the y range of 0.10 - 0.20 h™, but
decreased 30 to 40% from p = 0.20 h™" until .y value
(Figure 2 and Additional file 2, Figure S2). Consumption
of arginine decreased rapidly in the p range of 0.10 -
0.35 h'! from 2.15 + 0.04 mmol gdw™ and levelled at
0.44 + 0.07 mmol gdw™" at higher growth rates (Figure 2)
- at an amount greater than necessary for biomass pro-
duction (0.20 + 0.02 mmol gdw™). Decreasing trends in
the p range 0.10 - 0.35 h™' were observed for the
production of ornithine and for the production of the
only amino acid produced - glutamate. Glycine was the
only amino acid which consumption increased during
increasing p (Figure 2), however, its consumption was
always lower than its need for biomass formation. Con-
sumption of other amino acids (Gln, Ile, His, Leu, Lys,
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Met, Phe, Tyr, Trp, Val) did not change significantly
throughout the studied p range, indicating also a more
efficient use of amino acids at higher p values as growth
yields based on carbon and nitrogen consumption
increased.

Carbon, nitrogen and ATP balances

Carbon recovery which was calculated based on glucose
and amino acid consumptions, product and biomass for-
mation was 100 + 2% over the entire y range (Additional
file 2, Figure S3). However, nitrogen recovery, calculated
based on amino acid utilization and ornithine, glutamate
and biomass formation, was 55 + 3% (Additional file 2, Fig-
ure S3). Amino acids were the main nitrogen source in the
medium, comprising more than 99% of the consumed
nitrogen by the cultivated bacterium. Based on amino acid
utilization, the total consumption of nitrogen decreased
from 22 to 14 mmol gdw™* between the 1 range 0.10 - 0.59
+ 0.02 h™". On the basis of monomer composition,
N-molar content in the biomass was found to be constant
at 7.2 mmol gdw™ during the studied u range. Concomi-
tantly, nitrogen incorporation into the biomass increased
from 33 to 50% from total consumed nitrogen in amino
acids with increasing p. The rest of nitrogen (50-67%)
could have been metabolised through arginine deiminase
(ADI) pathway, by excreting other amino acids (glutamate,
aspartate) or through deamination reactions (ammonium).
Activity of the ADI pathway decreased in the p range
0.10 - 0.35 h™! and nitrogen excretion to ornithine and
synthesis of exogenous NHj declined from 4.7 to 0.5 mmol
gdw™ (21 to 4% from total nitrogen consumed) in the
above y range. In addition, 0.4 to 0.06 mmol gdw™* of
nitrogen was excreted as glutamate and 0.1 mmol gdw™
through transamination reactions with the formation of
the following compounds detected and quantified by
mass-spectrometry: 4-hydroxyphenylpyruvic acid, hydroxy-
phenyllactic acid, 2-hydroxy-3-methylbutyric acid, 2-hydro-
xyisocaproic acid and L-3-phenyllactic acid from tyrosine,

A. Arginine and ornithine B.Asparagine, glycine and aspartate C.Glutamine and glutamate
25 18 40 0,30
2,0 16
. s os - ey 020
51 ) goo - AT 010%
810 5 12 3 S
S o 4, 225 0,003
205 s <] g
£ £ 08 €20 -0,10
€00 £ € =
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Figure 2 L. lactis dilution rate dependent amino acid consumptions (mmol gdw™) for (A) arginine (thick line) and ornithine (thin line);
(B) asparagine (thick line), glycine (dashed line) and aspartate (thin line); (C) glutamine (thick line) and glutamate (thin line). Negative
numbers on chart represent production. Refer to Additional file 2, Figure S2 for consumption yields of all amino acids.

101

Publication III



Lahtvee et al. Microbial Cell Factories 2011, 10:12
http://www.microbialcellfactories.com/content/10/1/12

phenylalanine or branched chain amino acids (data not
shown). The left-over of consumed nitrogen was 9.5 - 6.6
mmol gdw™ (contributing 44 - 48% from total nitrogen)
in the y range of 0.1 - 0.6 h™". This nitrogen must have
been excreted as NHj if the excess of consumed amino
acids not incorporated into protein fraction of biomass
would have been converted to pyruvate. The latter
assumption is supported by the fact that the carbon was
fully recovered during the growth. Reduction of carbon
and nitrogen wasting led to the increase of the biomass
yields based on carbon (including glucose and amino
acids) and nitrogen consumption 1.3 and 1.5 times,
respectively (from 0.12 to 0.15 C-mol C-mol ™ and from
0.33 to 0.50 N-mol N-mol™?), in parallel with the increase
of y from 0.10 to 0.59 + 0.02 h™.

Based on biomass monomer composition and the stoi-
chiometry of ATP, NAD(P)H and central metabolites for
monomer production, g dependent ATP and NAD(P)H
balance calculations were carried out (Additional file 1,
Tables S3-S5). Calculations indicated that more ATP was
produced than necessary for biomass formation. Presum-
ably the ATP synthesized in excess was wasted in futile
cycles. Calculated energy spilling was constant at 60
mmol ATP gdw™ in the range of the p 0.10 - 0.15 h™'
and decreased afterwards to 36 mmol gdw™ at {qy, indi-
cating that the metabolism was the most efficient near
Umax conditions (Additional file 1, Table S5). Similarly
calculated NAD(P)H misbalance (spilling) decreased
from 3.5 mmol gdw™ at low growth rates to 0 mmol
gdw™ at specific growth rate >0.45 h™ (Additional file 1,
Table S5). However, latter improvement of balance is
inside the range of errors of lactate measurements (as
lactate dehydrogenase is the main NAD regeneration
reaction in lactic acid bacteria). Therefore a conclusion
that redox balance was maintained throughout the
studied growth conditions should be drawn.

Transcriptome and proteome response

Transcriptomes and proteomes at four different quasi
steady state p values (0.17, 0.24, 0.44, 0.52 h'!) were com-
pared to steady state p = 0.10 h™* (additional info in Meth-
ods). Changes in gene and protein expression levels for
the most relevant reactions between y 0.52 and 0.10 h™*
are illustrated on Figure 3 and 4; a full list of measured
gene and protein expression changes at various p values
can be found in Additional file 3. In this section we discuss
changes of mRNA and protein expressions significant with
P value < 0.05 for p 0.52 + 0.03 h™! vs. 0.10 h™.

Mannose uptake genes ptnAB, which are responsible
for glucose transport in L. lactis, and ptsI were up-
regulated 2.1 to 4.3-fold at the transcriptome level at
higher growth rates (above 0.44 h™'). However, corre-
sponding enzymes did not show any remarkable change
in the same growth rate range as measured in the
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proteome. Transporter genes for additional sugars (not
present in our medium) like galactose (by galE) and cel-
lobiose (by ptcABC and yidB) were 1.8 to 2.9-fold
down-regulated at higher specific growth rates at the
transcriptome level, whereas a 2.2- to 2.8-fold repression
of PtcAB was measured for proteome. This down-regu-
lation is known to be the consequence of carbon catabo-
lite repression which is extensively studied also in other
bacteria like E. coli and B. subtilis [15,16].

Expression in the upper part of glycolysis did not
change significantly during increase of u. However, the
lower part of glycolysis (from fbaA to eno) was 1.8- to
4-times up-regulated at the transcriptome level, but only
Pmg showed significant 1.6-fold up-regulation at the
proteome level at the growth rates higher than 0.44 h™!
(Figure 3). The pentose phosphate pathway showed a
1.3- to 2.0-fold down-regulation in genes deoBC, rpiA,
zwf, tkt, ywcC (Additional file 3), which might be
explained by a lower NADPH requirements at higher p
conditions. Despite the down-regulation of pentose
phosphate pathway, genes encoding proteins involved in
purine and pyrimidine metabolism were up-regulated.
Moderate, 1.5- to 3.0-fold up-regulation both at the
transcriptome and proteome level of the operon PurA-
BEFLMQ was observed. With the increase of purine and
pyrimidine metabolism, the need for amino group trans-
fer from glutamine should have been also increased with
rising specific growth rate. In agreement with this,
expression of the genes in the first steps of purine and
pyrimidine synthesis, purF increased and carAB
remained constant respectively, with the increase of p.
High glutamine availability was maintained presumably
by increased expression of glutamine transporter
(glnQP) and glutamine synthetase (ginA).

Considering pyruvate metabolism, decreased acetate
production was in accordance with the significant
down-regulation of genes eutD and ackA2 and their cor-
responding enzymes (see Figure 3). However, decreased
production of formate and lactate seemed not to be
regulated similarly with acetate - Pfl and Ldh showed no
major changes neither in gene nor protein expression
levels confirming that Ldh is regulated rather by the
NADH/NAD™" ratio than by transcription and/or
translation, as proposed in literature [17]. Although
ethanol production decreased, AdhE expression
increased 7.3- and 1.8-fold in transcriptome and pro-
teome analysis, respectively. This might be related to the
incorporation of ethanol formation pathway intermedi-
ate, acetaldehyde, to acetyl-CoA synthesis from deoxyri-
bose. Pyruvate dehydrogenase subunits (PdhABCD) were
2- to 3-fold down-regulated at both levels (Figure 3).

It is well known, that L. lactis can direct part of the con-
sumed (or de novo synthesised) serine into pyruvate by
sdaA and ilvA - this flux could form up to 10% of overall
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Figure 3 Overview of central carbon metabolism in L. lactis at various specific growth rates (p). Black and capitalised metabolites were
measured extracellular. Measured metabolites in boxes/ellipses were consumed/produced, respectively. Red/green/white background represents
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pyruvate flux [18]. In the current study, these noted genes
were 1.4- to 2.2-fold up-regulated comparing p = 0.50 to
= 0.10 h'. In concordance with the sharp decrease of
arginine consumption from p 0.10 h™ up to  0.35 h', the
2.3- to 4.5-fold decrease in protein expression of ArcAB,
which converts arginine to ornithine, was observed during
the increase of y (Figure 4).

Discussion

Carbon balance and growth efficiency

Growth conditions have a strong influence on specific
growth rate (pt), macromolecular composition of biomass

103

(i.e. ribosomal content) and cell size of microorganisms
[18,19]. In this study, a gradual change to more efficient
carbon metabolism with the increase of p was observed
for L. lactis (Figure 1). The first shift in L. lactis metabo-
lism took place at (1 0.20 + 0.02 h™', when biomass yield
(Yxc) per consumed carbon started to increase. Thirty
percent increase with the increase of pt from 0.10 to 0.60
h™ was achieved by reduction of fermentation by-products
synthesis (acetate, formate, ethanol). Concomitantly to the
increase of biomass yield, calculated ATP balance showed
decreased energy spilling. It has been postulated that
higher energy spilling at lower p conditions could be
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Figure 4 Overview of arginine and glutamine metabolism in L. lactis at various specific growth rates (p). Black and capitalised
metabolites were measured extracellular. Measured metabolites in boxes/ellipses were consumed/produced, respectively. Red/white background
represents decrease/no change, respectively, in metabolite consumption or production with increasing . Red arrows indicate decrease, green
arrows increase and black arrows no significant change in transcriptome and proteome expressions when p 0.5 h™ is compared with p 0.1 h''.
Arrowheads indicate the assumed reaction directions. Underlined metabolites exist several times on chart. More specific protein expression fold
changes are illustrated on chart. Proteins PurF and YphF, represented only on charts, are involved in purine metabolism and converting
glutamine to glutamate. THF - tetrahydrofolate; aKG - a-ketoglutarate; Car-P - carbamoyl-phosphate, * - represents example pathway
components from literature [38,39].

caused by greater costs of turnover of macromolecules and
sensory molecules, establishment of ion gradients across
the cell membrane etc [20]. Dressaire et al. [12] calculated
the degradation rates for proteins and found that protein
median half-lives were ca 10-fold shorter at p = 0.10 h™*
than at pyax. As ATP is consumed during protein degra-
dation [21] this non-growth related expenditure might
form a higher proportion of the total energy synthesized at
lower p conditions than at higher growth rates.

Nitrogen metabolism

With the increase of specific growth rate from 0.10 to
0.60 h™* biomass yield Yxy increased 1.5 times showing
that cells used nitrogen more effectively for biomass
production. The most important amino acid that plays
role in the observed reduction of nitrogen wasting was
arginine (arginine consumption decreased from 1.5 to
0.5 mmol gdw™ with increase of y from 0.1 to 0.35 h™).
Throughout the p range studied, arginine consumption
was 0.3 to 1.3 mmol gdw™* higher than spent for bio-
mass synthesis and majority of the consumed arginine
was transformed to ornithine (0.05 to 1.2 mmol gdw'l),
especially at lower specific growth rates, which indicates
energy limitation of cells. However, not all arginine left
over from calculated requirements for biosynthesis (0.1
to 0.25 mmol gdw™') was converted to ornithine. Based
on annotated network of L. lactis there is no route for
consumption of ornithine other than that leading to the
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synthesis of glutamate (mediated by ArgCDJFG, which
were reduced with increase of specific growth rates
especially after 0.4 h™"). Although the mechanisms of
arginine overconsumption in addition to ornithine pro-
duction are not known, correlation between ornithine
production and glutamate synthesis was 0.99, which
shows that these syntheses were most probably coupled.
Production of glutamate has also been observed before,
when both glutamine and glutamate were present in the
cultivation medium [8,22].

Nitrogen wasting through glutamine metabolism was
not decreased during the increase of specific growth
rate. Glutamine, the most consumed amino acid (gluta-
mine consumption covers 30 to 50% of total nitrogen
consumed, at g 0.10 and 0.60 hl, respectively), is used
for synthesis of biomass proteins and it is the donor of
amino groups in purine, pyrimidine and in aminosugar
production pathways (glutamine and glutamate require-
ments for transamination reactions in aminosugar and
nucleotide synthesis was in average 1.35 mmol gdw™). It
should be noted that glutamine synthetase (g/nA) was
highly expressed (having array spot intensity values up
to four times higher than these of average values of all
genes) and increased with increase of p in parallel to
high consumption of the amino acid. Although we can-
not argue over the direction of reactions on the basis of
our experimental data, it could be assumed that mainte-
nance of high intracellular concentrations of glutamine
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in the cells in the result of intense synthesis and con-
sumption flows might be necessary to keep the transfer
of amino group effective.

The third biggest part of nitrogen wasting could be
associated with the consumption of asparagine, which
was reduced from 1.4 to 1.1 mmol gdw™ with increase
of u from 0.10 to 0.60 h™'. Asparagine and aspartate
(which was not consumed and therefore should have
been produced from asparagine) are required for synth-
eses of nucleotides (in average 0.35 mmol gdw™') and
proteins (in average 0.4 mmol gdw™). It was shown that
0.35 to 0.65 mmol gdw™* of asparagine was not used for
biosynthesis. Asparagine can be metabolised through
asparaginase (ansB) - however its expression was in the
range of threshold values in the mRNA array and corre-
sponding protein was not detected. Instead of that the
high expression (array spot intensity values up to seven
times higher than these of average values of all genes) of
asparagine synthetase (asnB), which expression even
increased with increase of specific growth rate was
observed. Similarly to glutamine it could be assumed
that overconsumption of asparagine and high expression
of the relevant synthesis genes might be necessary to
keep the transfer of amino group effective. Energetically
transport of asparagine in L. lactis is much more effi-
cient than aspartate [23], moreover, asparagine is prob-
ably preferentially directed towards the production of
aspartate [24,25]. Surplus of aspartate in its turn can be
directed into pyruvate by AspB (Figure 4).

The role of other amino acids (other than glutamine,
arginine and aspartate) in nitrogen wasting can be con-
sidered minimal as over-consumptions (amounts greater
than necessary for biomass production) of these amino
acids were below 0.2 mmol gdw™* (cysteine, serine,
threonine) or 0.1 mmol gdw'l (all other not mentioned
above).

Omics comparison

Good correlation with a Pearson coefficient up to 0.69
was observed between 600 measured protein and gene
expression data (Figure 5). An interesting phenomenon
was seen at pt values 0.52 + 0.03 h'' and 0.42 + 0.02 h™*
compared to 0.10 h™': a large amount of genes up-
regulated at the transcriptome level showed only small
or no change at the proteome level (Figure 5). The vast
majority of members in this group were related to
ribosomal subunits (74% from all detected ribosomal
proteins), as well as lower glycolysis (FbaA, GapB, Pgk,
Eno) and amino acid or peptide transport (BusAB,
GInPQ, GItPS, OptCD, PepCPX, PtnABD, PtsHI).
Up-regulation at the transcriptome level and no signifi-
cant change at proteome level during anaerobic growth
of L. lactis in lower part of glycolysis have also been
noticed before [11,12]. Despite the relatively good
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Figure 5 L. lactis transcriptome and proteome correlation at
various specific growth rates. "R" value on chart represents
Pearson coefficient. Six hundred proteins, with a standard deviation
less than 30% and their corresponding genes are indicated on a
graph.
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correlation between the transcriptomic and proteomic
data, several important regulations were observed only
at trancriptome level. The data obtained indicated
importance of taking into account the possibility of
allosteric regulation, and carrying out measurements of
fluxome in addition to transcriptome and proteome to
fully characterize regulation of metabolic pathways.

By scanning the entire range of specific growth rates
using A-stat experiments, it is possible to continuously
monitor the steady state metabolism using on-line sen-
sors or frequently collected samples for at-line analyses.
Reproducibility of growth characteristics in A-stat were
compared with chemostat at  0.45 h™*. All measured
substrate consumption and product formation yields
(including amino acids) remained within mentioned
standard deviation ranges indicating the accordance of
quasi steady state and steady state data (Additional file
2, Table S2). Recently, similar comparisons at the global
transcriptome level were conducted with E. coli achiev-
ing very good correlation with a Pearson coefficient
up to 0.96 [26]. In both studies, it was shown that the
A-stat cultivation technique allows precise monitoring
the sequence of metabolic switch points.

Conclusions

Distinct ratios of glucose and amino acids in the growth
media are very important for biomass yield optimization
as carbon and nitrogen metabolism are tightly coupled
in L. lactis. High biomass yields are crucial for produ-
cing vaccines using microorganisms and nutrient limita-
tions can strongly affect achieving the desired results.
As was shown in this study, some amino acids were
consumed in large amounts (glutamine, asparagine, argi-
nine) and more efficient growth might not be achieved
by insufficient supply of these compounds. There have
been several attempts to optimize the media for lacto-
cocci using a single omission technique [7,8], however, a
systematic approach taking into account that amino acid
requirements depend on environmental conditions (e.g.
at various p values) has not yet been fully realized as it
is difficult using only batch cultivation. The current
work combining systematic continuous cultivation
approach with omics methods is therefore of high value
for better media design, as well as for understanding
principles of metabolism of the bacteria.

Using steady state cultivation methods and a systems
biology approach for characterisation of L. lactis meta-
bolism, it was possible to demonstrate a shift to more
efficient metabolism at higher growth rates by increasing
the biomass yield, change towards homolactic fermenta-
tion, and decreasing the flux through alternative energy
generation pathways with lower efficiency than glycolysis
e.g. acetate formation and the ADI pathway.
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This study demonstrates the necessity of using strictly
controlled continuous cultivation methods in combina-
tion with a multi-omics approach and element balance
calculations to gain quantitative understanding of the
regulation of complex global metabolic networks, impor-
tant for strain dependent media optimisation or the
design of efficient producer cells. However, questions
about rationale of 2-3 times over-consumption of amino
acids by cells and principles of properly balanced media
remain to be answered in full in the future studies.

Methods

Microorganism and medium

The strain used throughout these experiments Lactococcus
lactis subsp. lactis 1L1403 was kindly provided by Dr. Ogier
from INRA (Jouy-en-Josas, France). Inoculum was prepared
using a lyophilized stock culture stored at -80°C which was
pre-grown twice on the cultivation medium. Chemically
defined medium with a reduced amino acid concentrations
were developed especially for better detection of amino
acids. Media contained 70% GIBCO™ F-12 Nutrient Mix-
ture (Invitrogen Corporation, Carlsbad, CA) and 30% modi-
fied CDM (composition in [27]). This combination gave the
best trade-off for growth yield and maximal growth rate.
Composition of the final medium was as follows (mg L™):
limiting substrate D-Glucose - 3500; L-Alanine - 78;
L-Arginine - 185; L-Asparagine - 74; L-Aspartic acid - 72;
L-Cysteine - 64; L-Glutamic acid - 70; L-Glutamine - 132;
Glycine - 58; L-Histidine - 60; L-Isoleucine - 102;
L-Leucine - 207; L-Lysine - 158; L-Methionine - 41;
L-Phenylalanine - 86; L-Proline - 92; L-Serine - 163; L-
Threonine - 76; L-Trypthophan - 16; L-Tyrosine - 29;
L-Valine - 107; Biotin - 0.305; Choline chloride - 9.8;
D-Pantothenate - 0.65; Folic Acid - 1.21; Niacinamide -
0.325; Pyridoxine hydrochloride - 0.642; Riboflavin - 0.326;
Thiamine hydrochloride - 0.51; Vitamin B12 - 0.98; i-Ino-
sitol - 12.6; CaCl, - 28; CuSO, x 5H,0 - 0.272; FeSO, x
7H,0 - 0.71; MgCl, - 58; KCl - 157; NaCl - 5580; Na,PO,
- 99; ZnSO4 x 7H,0 - 1; Hypoxanthine-Na - 3; Linoleic
Acid - 0.1; Lipoic Acid - 0.1; Phenol Red - 0.8; Putrescine x
2HCI - 0.1; Na-Pyruvate - 77; Thymidine - 0.5.

A-stat cultivations

A-stat cultivations were carried out in a 1 L Biobundle
bioreactor (Applikon, Schiedam, the Netherlands) con-
trolled by an ADI1030 biocontroller (Applikon) and a
cultivation control program “BioXpert NT” (Applikon)
(detailed description in [28], with an addition of an
in situ OD sensor (model TruCell2; Finesse, San Jose,
CA)). Cultivations were carried out under anaerobic
conditions (N,-environment) with an agitation speed of
300 rpm at 34°C and pH 6.4. Five parallel A-stat experi-
ments were carried out where after a batch phase,
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constant dilution rate (D = 0.1 h™') was initiated. Cul-
ture was stabilised until constant optical density and
titration rate, pumping through at least 5 volumes of
medium. After achieving steady state conditions, accel-
eration of dilution rate (a = 0.01 h™) was started. Addi-
tionally, a steady state chemostat experiment was
carried out at a dilution rate of 0.45 h™! and results were
compared with data collected from the A-stat experi-
ment at the same dilution rate. Average yield and meta-
bolic switch point values with their standard deviations
were calculated based on five independent experiments,
additionally taking into account chemostat experiment
values at a dilution rate of 0.45 h™.

Analytical methods and growth characteristics

Biomass was constantly monitored by measuring the opti-
cal density at 600 nm; biomass dry weight was determined
gravimetrically. Biomass correlation constant K was
0.372 + 0.005 and was not specific growth rate dependent.
Levels of glucose, lactate, formate, acetate and ethanol in
the culture medium were measured with liquid chromato-
graphy (Alliance 2795 system, Waters Corp., Milford,
MA), using a BioRad HPX-87H column (Hercules, CA)
with isocratic elution of 5 mM H,SO, at a flow rate of 0.6
mL min! and at 35°C. A refractive index detector (model
2414; Waters Corp.) was used for detection and quantifi-
cation of substances. The detection limit for the analytical
method was 0.1 mM. Samples from culture medium were
centrifuged (14,000 x g, 4 min); supernatants were col-
lected and analyzed immediately or stored at -20°C until
analysis. Free amino acid concentrations were determined
from the same sample (analysing frequency ca 0.02 h'')
with an amino acid analyzer (Acquity UPLC; Waters
Corp.) according to the manufacturer’s instructions.
Empower software (Waters Corp.) was used for the data
processing. For measuring amino acid concentrations in
protein content, biomass was hydrolysed with 6 M HCI
for 20 h at 120°C. From hydrolyte, amino acids were deter-
mined as free amino acids described above. Protein con-
tent from biomass dry cell weight was calculated based on
amino acid analysis and, additionally, measured using the
Lowry method [29], where bovine serum albumin was
used as a standard. For measurement of DNA content in
biomass genomic DNA was extracted and measured using
instructions of RTP® Bacteria DNA Mini Kit (Invitec, Ger-
many). Detailed protocol for fatty acid quantification is
described in [30]. Growth characteristics (1, Yxs, Ysubstrates
Yproduct Were calculated as described previously [27,28].
For consumption calculations, measured medium concen-
trations were used.

Carbon, nitrogen and ATP balance calculations
For carbon balance calculations C-molar concentrations
of measured substrates, products and biomass were used
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(biomass C-molar concentration with a value 0.03625
C-mol gdw™ was calculated based on monomer compo-
sition). For nitrogen balance calculations N-molar
amino acid consumptions, production of ornithine and
glutamate, ADI pathway activity and biomass composi-
tion (0.00725 N-mol gdw™) were taken into account.

For calculations of ATP and NAD(P)H balance mea-
sured biomass, amino acid, RNA, DNA and fatty acid
contents were used. Other necessary data were adapted
from literature [31]. Stoichiometry of ATP, NAD(P)H
and central metabolites for monomer production were
taken from the Kyoto Encyclopaedia of Genes and Gen-
omes database http://www.kegg.jp/, with an assumption
that amino acids were not synthesized. Specific calcula-
tions are presented in Additional file 1.

Gene expression profiling

Agilent’s DNA microarrays (Santa Clara, CA) were
designed in eArray web portal in 8 x 15K format, con-
taining 7 unique probes per target https://earray.chem.
agilent.com/earray/. Target sequences for 2234 genes
were downloaded from Kyoto Encyclopaedia of Genes
and Genomes ftp://ftp.genome.jp/pub/kegg/genes/organ-
isms/lla/llactis.nuc.

For microarray analysis, steady state chemostat culture
of L. lactis 1L1403 was used as reference (D = 0.10 h™').
Subsequent quasi steady state points from A-stat experi-
ment at specific growth rates 0.52 + 0.03; 0.42 + 0.02;
0.29 + 0.01 h' in biological duplicates and 0.17 h™ were
compared to the reference sample. Transcript change
was considered significant if the P value between parallel
experiments was less than 0.05.

Total RNA was extracted and quantified, cDNA
synthesised and labelled as described previously [27],
with minor modification: 11 pg of total RNA was used
for cDNA synthesis. Hybridization, slide washing and
scanning was performed using standard Agilent’s
reagents and hardware http://www.chem.agilent.com.
Gene expression data was analyzed as described before
[27], except global lowess normalization was used. Spots
with intensities lower than 100 units in both channels
and outliers among technical replicates (according [32])
were filtered. After filtering, seven technical replicates
showed average standard deviation <10%. Gene (and
protein) expression measurement results are shown in
Additional file 3. DNA microarray data is also available
at NCBI Gene Expression Omnibus (Reference series:
GSE26536).

Protein expression profiling

For protein expression analysis, the steady state chemo-
stat culture of L. lactis IL1403 was used as reference
(1 = 0.10 h''). Quasi steady state points at p = 0.20
0.01, 0.30 + 0.02, 0.42 + 0.01 and 0.50 + 0.01 h™* were
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compared with the reference sample. Three biological
replicates were analysed.

Samples intended for proteome analysis were col-
lected, washed with PBS (0.137 M NaCl, 2.7 mM KClI,
10.0 mM Na,HPO,, 1.4 mM KH,PO,), flash frozen in
liquid nitrogen and stored at -80°C prior to protein
extraction.

Proteins were extracted in ice-cold SDS-buffer
(100 mM Tris-HCI (pH 6.5), 1% SDS (w/v)). Cells were
disrupted as a result of agitating the suspension with
glass-beads at 4°C for 30 minutes. After centrifugation
for 30 min at 4°C, the supernatant was collected and the
protein concentration was determined by 2D Quant kit
(Amersham Biosciences, Buckinghamshire, UK) and pro-
tein samples were stored at -80°C until further analysis.

Aliquots of 100 pg cloroform/MeOH chloroform pre-
cipitated proteins from each sample were processed for
labeling with iTRAQ 4plex reagents (Applied Biosys-
tems, Foster City, CA) according to manufacturer’s
instructions. Briefly, precipitated proteins were dissolved
in 0.5 M triethylammonium bicarbonate (TEAB) and
0.1% SDS, disulfide bonds were reduced in 5 mM
Tris-(2-carboxyethyl) phosphine (TCEP) for 1 h at 60°C,
followed by blocking cycteine residues in 10 mM methyl
methanethiosulfonate (MMTS) for 30 min at room tem-
perature, before digestion with trypsin (1:40, enzyme to
protein ratio) overnight at 37°C. For labeling, each
iTRAQ reagent was dissolved in 70 pl of ethanol and
added to the respective peptide mixture. After 1 h incu-
bation at room temperature the reactions were stopped
by adding 100 pl milliQ water and incubating for 30
min. All four samples were mixed together and ethanol
was removed by drying in a vacuum concentrator
(Model 5301, Eppendorf, Cambridgeshire, UK).

The combined peptide mixtures were separated into 10
fractions with a cation exchange cartridge system
(Applied Biosystems, Foster City, CA) by different
KH,PO, concentrations (10-1000 mM) and cleaned by
StageTips [33]. All fractions were analyzed twice by
LC-MS/MS using an Agilent 1200 series nanoflow system
(Agilent Technologies, Santa Clara, CA) connected to a
Thermo Scientific LTQ Orbitrap mass-spectrometer
(Thermo Electron, San Jose, CA) equipped with a nanoe-
lectrospray ion source (Proxeon, Odense, Denmark).
Purified peptides were dissolved in 0.5% formic acid and
loaded on self-packed fused silica emitter (150 mm x
0.075 mm; Proxeon) packed with Repropur-Sil C18-AQ 3
um particles (Dr. Maisch, Germany) using a flow rate of
0.7 ul min™. Peptides were separated with a 180 min gra-
dient from 3 - 40% B (A: 0.1% formic acid, B: 0.1% formic
acid/80% acetonitrile) using a flow-rate of 200 nl min™*
and sprayed directly into LTQ Orbitrap mass-
spectrometer operated at 180°C capillary temperature
and 2.4 kV spray voltage.
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Mass spectrometry method combined HCD and CID
spectrums as described in Kocher et al. [34]. Briefly, full
mass spectra were acquired in profile mode, with mass
range from m/z 300 to 1800 at resolving power of
60000 (FWHM). Up to four data-dependent MS/MS
scans with CID and four scans with HCD tandem mass
spectrometry experiment triggered from the same pre-
cursor ion were acquired in centroid mode for each
FTMS full-scan spectrum. CID was carried out with a
target signal value of 10 000 in the linear ion trap, colli-
sion energy of 35%, Q value of 0.25 and an activation
time of 30 ms. HCD-generated ions were detected in
the Orbitrap using the target signal value of 10 000, col-
lision energy of 35% and an activation time of 40 ms.
Each fragmented ion was dynamically excluded for 60s.

Raw files were extracted to .mgf files by MM File
Conversion Tools http://searcher.rrc.uic.edu/cgi-bin/
mm-cgi/downloads.py. Each .mgf file was converted to a
QuantMerge file [34]. All files from the same sample
were merged together. Data generated was searched
against L. lactis L1403 NCBI database (22092009) by
MassMatrix search tool [35]. A reversed decoy database
was used for false positives detection. In all cases, a pep-
tide mass tolerance of 5 ppm was used and fragment ion
masses were searched with a 0.6 Da mass window. Two
missed cleavage sites for trypsin were allowed. Beta-
methylthiolation of a cysteine was set as a fixed modifi-
cation and oxidation of methionine as a variable modifi-
cation. Quantification was set as iTRAQ and
quantification statistics as arithmetic mean. Only pro-
teins with confidence intervals of more than 95% were
allowed for further data analysis (Additional file 3). Pro-
teomic analysis raw data is available at the PRIDE data-
base [36]http://www.ebi.ac.uk/pride under accession
numbers 13105-13162 (username: reviewl7185, pass-
word: wyd*b6_6). The data was converted using PRIDE
Converter http://code.google.com/p/pride-converter[37].
Protein expression change was considered significant if
the P value between parallel experiments was less than
0.05.

Additional material

Additional file 1: Specific growth rate dependent ATP and NAD(P)H
balance calculations for A-stat experiments with Lactococcus lactis
subsp. lactis IL1403.

Additional file 2: Supplementary figures and tables.

Additional file 3: Specific growth rate dependent mRNA and
protein expression changes from A-stat experiments with
Lactococcus lactis subsp. lactis IL1403. The expression fold change is
given accordingly: sample at respective specific growth rate (quasi steady
state) is divided by steady state chemostat sample (0.10 h-1). Average
log2 gene and protein expression changes were calculated from “n”
number of parallel A-stat experiments. In gene expression analysis spots
with intensities lower than 100 units in both channels and outliers
among technical replicates (according Rorabacher, 1991) were filtered. In
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protein expression analysis, proteins identified with a confidence interval
more the 95% and appearances in all mentioned parallels are presented.
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Abstract Growth space of Lactococcus lactis subsp.
lactis IL1403 was studied at constant growth rate using
D-stat cultivation technique. Starting from steady state
conditions in a chemostat culture (4 =0.2 h™"), the pH
and/or temperature were continuously changed in the
range of 5.4-6.4 and 26-34°C, respectively, followed
by the return to the initial environmental conditions.
Based on substrate consumption and product formation
yields and expression changes of 1,920 genes, it was
shown that changes of physiological state were not
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dependent on the direction of movement (from pH 6.3
to 5.4 or from 5.4 to 6.3), showing that quasi steady
state values in D-stat corresponded to the steady state
values in chemostats. Relative standard deviation of
growth characteristics in triplicate D-stat experiments
was below 10%. Continuing the experiment and
reestablishing initial growth conditions revealed in
average 7% difference (hysteresis) in growth charac-
teristics when comparing chemostat steady state cul-
tures prior and after the change of environmental
conditions. Similarly, shifts were also seen at gene
expression levels. The large amount of quantitatively
reliable data obtained in this study provided a new
insight into dynamic properties of bacterial physiol-
ogy, and can be used for describing the growth space of
microorganisms by modeling cell metabolism.
Keywords Continuous culture - Lactococcus
lactis - Acid stress - Growth space - Transcriptome

Introduction

We have entered the era of synthetic biology with high
throughput DNA sequencing (genetic) and omics
methods, which in principle should make comprehen-
sive quantitative characterization of molecular phys-
iology of cells possible. However, cultivation methods
where cells are in defined physiological states
(Hoskisson and Hobbs 2005) and thus quantitatively
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reliable data on cell metabolism could be obtained,
have found little use in practice. Until present,
multidimensional growth space has been systemati-
cally determined, and studied in batch cultures (Le
Marc et al. 2005, see also http://www.bioprocessors.
com/). However, batch experiments do not supply
information about the growth space dynamics. For
obtaining data on dynamic properties of the bacteria,
they have to be cultivated preferably in continuous
cultures in defined physiological states. Defined
physiological states could be most readily realized in
chemostat cultures. In spite of that, chemostat has not
been used in bacterial physiology studies as widely as
expected because the method is quite complex, labo-
rious and time-consuming.

Due to its industrial importance, L. lactis is one of
the best-studied microorganisms. However, a limited
number of studies about growth dynamics—espe-
cially about dynamics of change of physiological
state of cell on the change of growth conditions,
could be found in the literature. Effects of pH,
oxygen and dilution rate on the growth of L. lactis in
chemostat have been studied by Thomas et al. (1979),
O’Sullivan and Condon (1999), Even et al. (2001,
2003), Jensen et al. (2001), Dressaire et al. (2008).
Dressaire et al. have made the first attempt to
characterize the growth of L. lactis at the whole
genome level using global transcriptome profiling.

We have previously shown that A-stat (chemostat
with smooth change of dilution rate) is reproducible,
informative and efficient cultivation method for
studying physiology of cells at different specific
growth rates in (quasi) steady state (Adamberg et al.
2009), provided that the change of growth conditions
does not disrupt the quasi steady state of growing
cells. Results of the L. lactis D-stat cultivation
experiments (Kasemets et al. 2003) with smooth
change of pH and/or temperature are reported in this
paper. The rates of pH and temperature change
sufficient for maintaining the quasi steady state
growth of the culture during the transitions were
determined, and the results obtained showed that D-
stat cultures are reproducible tools for scanning the
growth space of growing cells. In addition to the
more conventional growth characteristics (Yxs, Yiact
etc.) measured, also changes in transcriptome patterns
of L. lactis 1L1403 were investigated in different
growth conditions. To our knowledge, this is the first

@ Springer

Publication IV

114

attempt made to characterize quasi steady state
growth in multidimensional growth space of L. lactis.

Materials and methods
Bacterial strain and culture medium

The cultivated strain Lactococcus lactis subsp. lactis
IL1403 was kindly provided by Dr. Ogier from INRA
(Jouy-en-Josas, France). Inoculum was prepared using
a lyophilized stock culture stored at —80°C which was
pre-grown twice on the cultivation medium. The
composition of the cultivation medium used was as
follows (g L™"): limiting substrate glucose—S5, alanine
—0.24, arginine—0.125, asparagine—0.21, aspartate
—0.21, cysteine—0.13, glutamate—0.2, glutamine—
0.1, glycine—0.175, histidine—0.15, isoleucine
—0.33, leucine—0.66, lysine—0.44, methionine—
0.125, phenylalanine—0.275, proline—0.225, serine
—0.52, threonine—0.225, tryptophan—0.05, tyrosine
—0.08, valine—0.33, K,HPO,—3, KH,PO,—2.5,
NaCl—2.9, MgS0,-7H,0—0.2, CaCl,-2H,0—0.05,
MnSO4-H,0—0.016, ZnSO,4-7H,0—0.005, CoCl,-
5H,0—0.003, CuSO4-5H,0—0.003, (NH4)6 M070,4-
4H,0—0.003, FeSO,4-4H,0—0.0014, pyridoxine—
0.002, biotin—0.001, folic acid—0.001, niacin—
0.001, pantothenic acid—0.001, riboflavin—0.001
and thiamine—0.001.

Cultivation system

The D-stat cultivation system consisted of a 1.25 L
Biobundle bioreactor (Applikon, Schiedam, the Neth-
erlands) controlled by an ADI 1030 biocontroller
(Applikon) and a cultivation control program “BioX-
pert NT” (Applikon). The system was equipped with
pH, pO, and temperature sensors. Two variable speed
pumps (feeding and out-flow) were controlled using
“BioXpert NT” control software. The bioreactor was
set on a balance, which output was used as the control
variable to ensure constant culture volume (300 +
1 mL). Similarly, the inflow was determined by
measuring the mass of fresh culture medium added.
Cultivations were carried out under anaerobic condi-
tions (N,-environment) with an agitation speed of
300 rpm at 34°C and pH 6.4, unless otherwise stated.
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pH of the culture was controlled using 2 M NaOH and
temperature with a heating blanket.

D-stat cultivation

The D-stat cultivation technique has been previously
described by Kasemets et al. (2003). The principle is
similar to chemostat where the culture is initially
“stabilized” in a steady state at a chosen dilution rate
(D). After a steady state is obtained, smooth change(s)
of environmental parameter(s) (e.g. pH, temperature,
substrate concentration) is (are) started while keeping
the dilution rate constant. In our experiments, 300 mL
of cultivation medium was inoculated with 5 mL of an

overnight grown culture. When optical density
(ODggp) had reached 1.5-2, dilution rate was slowly
increased up to the desired dilution rate where the
culture was stabilized. Constant dilution rate D =
0.2 h™! was maintained throughout all experiments.
After pumping through at least five working volumes
of fresh medium for obtaining a steady state chemostat
culture (OD = const.), smooth change of temperature
and/or pH was switched on (Figs. 1, 3) at the changing
rates presented in Table 1. After reaching the desired
pH or temperature, the change of environmental
conditions were reversed, and pH and/or temperature
were changed back to the initial values, either imme-
diately (Fig. 1) or after a period during which the

Table 1 Overview of L.

lactis 1L1403 D-stat Parameter(s) Acceleration Range Units
. o changed rate
experiments at dilution rate
—1
02h Expt. 1 pH 0.1 U™ 6.4-7.2-6.4 pH
Temp. 1°Ch~! 34-26-34 °C
Expt. 2 pH 0.1Uh™! 6.4-5.6-6.4 pH
Temp. 1°Ch™! 34-26-34 °C
Expt. 3 pH 0.025 Uh™! 6.4-5.6-6.4 pH
Temp. 0.25°C h™! 34-26-34 °C
Expt. 4 pH 0.02Uh™! 6.3-5.4-6.3 pH
Expt. 5 pH 0.0125 U h™! 6.1-5.4-6.1 pH
% Acceleration of pH was Expt. 6 pH 0.02-0.006 U h~'® 6.4-5.6-6.4 pH
decreased gradually based on Expt. 7 pH 0.02Uh™! 54-6.1-54 pH
biomass formation and Expt. 8 Temp. 0.25°C h™! 34-27-34 °C
lactate production
Fig. 1 Lactococcus lactis pH lact X gle T
IL1403 D-stat exp. 1 with mM g/l mM
simultaneous two-parameter 7.3 80 1.0 1 80 |36
change (pH and
temperature). glc—glucose
concentration in bioreactor 71| 64 0.8 |act F 64 33
(mM); lact—Ilactate Y
concentration in bioreactor
(mM); T—temperature 6.9 48 0.6 48 130
(°C), X—biomass X
concentration in bioreactor
—1
L) 6.7 32 04 32 [28
6.5 16/ 0.2 16 |25
H //—\_’ML
63 o oldl howrsly |3
135 140 145 150 155 160
time
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culture was “stabilized” in chemostat (Fig. 2). Stabil-
ity of the culture growth characteristics in chemostat
was used to validate quasi steady state growth of the
bacteria during the change of pH and/or temperature.

Analytical methods

The concentrations of organic acids (lactate, acetate
and formate), ethanol and glucose in the culture media
were analyzed by liquid chromatography (Alliance
2795 system, Waters Corp., Milford, MA), using a
BioRad HPX-87H column (Hercules, CA) with
isocratic elution of 0.005 M H,SO, at a flow rate of
0.6 mL min~" and at 35°C. UV (210 nm; model 2487,

Exp. 4
pH Yxs Y_lact glc
glg mmol/lg mM
6.7| 0.20 /"“"“\ 150 |60
6.4 0.16[pH \\\ 120 |48
Y:I.act { /
6.1| 0.12 90 36
YXS]| ’\
5.8 0.08 X ‘/‘//( 0 [24
5.5 0.04 \ / 30 |12
521 0 glc hours |, o
60 94 128 162 196 230
time
Exp. 7
pH Yxs Y_lact glc
elle] mmollg mM
6.7 020 | 150 |60
Y_lact \\
|
6.4 0.16 7-. Y T 1120 48
6.1] 0.12 / Y 90 36
Yxs! /// Y\-.._
5.8 0.0: / \ 0 24
5.5 0.04 pH—£ \ 30 |12
52 o9° E”'s o o
60 94 128 162 196 230
time

Fig. 2 Lactococcus lactis 1L1403 D-stat experiments with the
change of pH or temperature. Descriptions of the experiments
can be seen in Table 1. Circles indicate sampling points for
transcriptome analysis which in each experiment were
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Waters Corp.) and refractive index (RI) detectors
(model 2414; Waters Corp.) were used for detection
and quantification of the substances. Detection limit
for the analytical method was 0.1 mM. Samples from
culture media were centrifuged (14,000g, 4 min),
supernatants were collected and analyzed immediately
or stored at —20°C until analysis. Amino acid
concentrations were determined from the same sample
with an amino acid analyzer (UPLC; Waters Corp.)
according to the manufacturer’s instructions.
Empower software (Waters Corp.) was used for the
data processing.

Biomass concentration was calculated by measur-
ing the optical density at 600 nm using a biomass

Exp. 5
pH Yxs Y_lact glc
9/g mmollg mM
6.7 0.20 /"“_"‘\\ 150 |60
6.4| 0.16 120 |48
Y_lact L/
pH
6.1 0.12“}‘? 0 36
Yxs \\ /ﬁjﬂz
5.8( 0.08 / 0 24
5.5| 0.04] 30 12
52 0 glc hours | o
60 94 128 162 196 230
time
Exp. 8
T Yxs Y_lact glc
g/g mmollg mM
35 0.20 1l 150 |60
: 'tL ﬁ
33 0.16 —1120 |48
Y_lact /\«
31 0.12 90 36
29 0.0 %‘(% 60 24
27 0.04 \H 30 |12
25l o gl hours|y o
60 94 128 162 196 230
time
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compared to one another. glc—glucose concentration in
bioreactor (mM); VYj,—lactate yield based on biomass
production (mmol lact gdwfl); T—temperature (°C); Yxs—
biomass yield based on glucose consumption (g gdw™")
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conversion factor K = 0.30 + 0.02 g L™' ODgyp
(K = X/ODggpp, where X is in g dry weight [gdw]
L™"). Dry weight of bacteria was determined gravi-
metrically by centrifuging biomass from 15 mL of
culture, washing it multiple times with distilled water
and drying at 100°C for 24 h.

Global transcription profiling

Microarrays used in this study were purchased from
Eurogentec (Seraing, Belgium) and contained 1,920
open reading frames (ORF) of L. lactis spotted in
duplicates on standard 2.5 x 7.5 cm glass slides.
Samples of biomass were fixed with RNAprotect
solution (QIAGEN, Valencia, CA)—the samples of
culture media were mixed with RNAprotect solution
(1:1 ratio), incubated for 5 min at room temperature
and centrifuged for 10 min at 8,000g. Supernatant
was discarded and the pellet stored at —80°C. Total
RNA was extracted with RNeasy Mini Kit (QIA-
GEN) and genomic DNA was removed using RNase-
Free DNase Set (QIAGEN). After addition of 500 pL
lysozyme (10 mg lysozyme in 1 mL TE pH 8;
Amresco Inc., Solon, OH), three freeze-thawing
cycles were carried out followed by incubation at
37°C for 1 h. 20 pL of proteinase K solution (20 U
proteinase K in 1 mL; Amresco Inc.) was added and
incubated for 1 h at 37°C before RNA extraction.
cDNA was synthesized from 15 pg of total RNA at
46°C overnight using the following reagents per
reaction: 1 pg random primers (Random decamers;
Invitrogen, Carlsbad, CA), 6 puL five times concen-
trated first strand buffer (Invitrogen), 3 uL 0.1 M DTT
(Invitrogen), 0.9 pL. dNTPs (final concentrations:
dATP 0.5 mM, dCTP 0.5 mM, dGTP 0.5 mM, dTTP
0.3 mM, aminoallyl-dUTP 0.2 mM), 1 pL RNase
Inhibitor (Bioron, Ludwigshafen, Germany), 2 pL
Superscript III (Invitrogen). RNA strands were hydro-
lyzed in the samples by adding 4.5 uL 1 M NaOH and
incubating at 70°C for 10 min, after incubation the
samples were neutralized with 4.5 uL 1 M HCL
c¢DNA was purified with MinElute PCR purification
kit (QIAGEN) and labeled with Cy3 (Cy™3 Mono
Reactive Dye Pack, Amersham, Buckinghamshire,
UK) or Cy5 (Cy™5 Mono Reactive Dye Pack,
Amersham). Staining was carried out in 10 pL of
NaHCOj; (pH 9) at room temperature in dark for 1 h
and the samples were purified again with MinElute
PCR purification kit. Subsequently, the following

117

hybridization master mix was used (per slide):
20 x SSC 16.3 pL, 100% formamide 32.5 pL, 10%
SDS 0.65 pL. The hybridization was carried out at
42°C for 16 h.

Analysis of gene expression data

Microarray slides were scanned using an Agilent DNA
Microarray Scanner (Santa Clara, CA). Spot intensities
and corresponding background signals were quantified
with Genepix Pro (version 6; Axon Instruments [http://
www.moleculardevices.com/pages/software/gn_gene
pix_pro.html]). Spots which had a signal-to-noise ratio
less than three or intensities of both, 635 and 532 nm
channels lower than 500 units were filtered. Further
analysis was carried out in R environment (version
2.6.1; R Development Core Team [http://www.
r-project.org/]) using KTH package (KTH Micro-
array Center [http://www.biotech.kth.se/molbio/micro
array/dataanalysis/index.html]). Flagged spots and
background were extracted before “printTipLoess”
normalization.

Calculation of growth characteristics

Growth characteristics of bacteria were calculated
based on OD of the culture, total volume of medium
pumped out from bioreactor (L) and lactate or
glucose concentrations in culture medium (mol LhH
as follows:

= {ld(Vou)]/(V x dt)} + {[d(OD)]/(dt x OD)}

Ogic = {[ASgic X d(Vou)]/(V x OD x K x dt)}
—{[d(ASgc)]/(dt x OD x K)}

Yxs = tt/Qqic

Onet = {[lact x d(Vou)]/(V x OD x K x dt)}
— {[d(lact)]/(dt x OD x K)}

Yiaer = Qlacl/llv

where y is specific growth rate (h™"); lact is concen-
tration of produced lactic acid (mmol LY Qgic 18
specific glucose consumption rate (g glc gdw ™' h™"
or mmol gle gdw™! h™Y); ASgc is amount of con-
sumed glucose (g gle L™" or mmol glec L™Y); Yxs is
biomass yield calculated on glucose consumption
(gdw g glucose_l); Qiact 18 specific production rate
of lactate (mmol lact gdwfl h™Y); V is bioreactor
volume (L); Yy, is lactate yield based on biomass
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production (mmol lact gdw™"); OD is optical density
at 600 nm; Vgyr is total volume of medium pumped
out from bioreactor (L); K is biomass conversion
factor (see above for equation) and ¢ is running
cultivation time (h).

Growth space visualization

3-D growth space was visualized using Datafit
program (version 9.0; Oakdale Engineering [http://
www.curvefitting.com]) with polynomial fit [Yxs =
a+b/pH+c/pH? +d x InT + ¢ x (T)*] and quasi
steady state data points (the chosen regression rep-
resented our data points the best).

Results

D-stat cultivation experiments with continuous change
of one parameter (pH or temperature) or simultaneous
change of two parameters (pH and temperature) were
carried out, and growth characteristics of L. lactis
IL1403 in different pH and/or temperature conditions
at dilution rate 0.2 h™! were studied (see Table 1).
Thus continuous moving in two-dimensional bacterial
growth sub-space was performed. As can be seen on
Figs. 1 and 2, environmental conditions were changed
in D-stat experiments back and forth, where initial
growth conditions were restored in the end of the
experiments. Special attention was paid to make sure
whether the initial physiological states (steady states)
were reinstated after the back and forth change of
growth conditions.

Experiments with two-parameter change (exp. 1, 2,
3 in Table 1; Fig. 1) showed a possibility for culture
characteristics to return to their initial values after
initial optimal growth conditions were reestablished.
However, it has to be noted that the culture was not in
quasi steady state throughout the whole experiment
(see transient increase of residual glucose concentra-
tion on Fig. 1). This indicated that changing rates of
pH and temperature, 0.1 U h™' and 1°C h™" respec-
tively, were too fast to enable the culture to adapt to
the changing environmental conditions, and maintain
steady state growth in the glucose limited state. Hence,
single parameter change experiments with slower
changing rates (see Table 1) were carried out subse-
quently to make sure that the bacteria were in the
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glucose limited quasi steady state during the full
course of the experiments.

No glucose was observed in the culture media
during the transition from the initial stabilization
value of pH (pH 6.1-6.4) until pH 5.4-5.6 (exp. 4-6;
Table 1), indicating maintenance of quasi steady state
growth in these conditions (for exp. 4 and 5, see also
Fig. 2). To prove the maintenance of the steady state,
D-stat experiments were switched into chemostat at
the lowest pH values and kept in constant environ-
mental conditions for over five generations. Results
obtained in latter chemostat showed that production
rates of biomass and main growth by-products were
maintained constant, varying only in the range of
measurements error (<5%) (Fig. 2). In addition, Yy,
and Yxg values at pH 5.4 in exp. 7 (initial chemostat)
and quasi steady state values at pH 5.4 in exp. 4 and 5
(after the first transition) were similar in the range of
standard deviation. Furthermore, it was observed that
growth characteristics were not dependent on the
direction of pH movement (from pH 6.3 to 5.4 in exp.
4 or from 5.4 to 6.3 in exp. 7), showing that quasi
steady state values in D-stat were identical to steady
state values in chemostat. Hence, it can be assumed
that the bacteria were in (quasi) steady state during
the entire transition. Maintenance of quasi steady
state growth during the change of temperature from
34 to 27°C was proved also in exp. 8.

Growth characteristics

For the comparison of four D-stat cultivations with pH
changing rates below 0.02 U h™' (quasi steady state
growth; exp. 4-7), biomass yield per consumed
glucose (Yxs) and lactic acid yield per biomass
produced (Y,.) were calculated. Yxs was 0.108 £
0.003 gdw g glucose™" at optimal pH, and decreased
to 0.084 & 0.003 gdw g glucose™" at pH 5.4. Small
relative standard deviation (6%) of the Yxg values
determined in four experiments showed very good
reproducibility of D-stat method. The value of Y},
decreased with the decrease of pH from 144 £+
11 mmol gdw™"' at optimal pH to 106 £ 14 mmol
gdw™" at pH 5.4 with the average standard deviation
value of 9%. Similarly, changes in Y}, and Yxs were
observed in the experiments with simultaneous pH and
temperature change (exp. 1, 2, 3 in Table 1) as well.
However, biomass yield (Yxs) coefficients values at
pH 5.6 and temperature 26°C were about 15% lower in
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comparison with those observed in the case of only
changing pH or temperature—see exp. 4-7. This can
be explained by applying higher adaptive stress on the
metabolism in the case of simultaneous pH and
temperature change in double-parameter experiments
than in the single-parameter experiments, and by the
fact that changing rates used were higher
(apa = 0.025 U h™" and ar = 0.25°C h™") in the
double-parameter experiments.

All described cultivations could be considered as
homolactic—lactate production comprised more than
90% of all products observed, and the share of lactate
slightly increased in higher stress conditions.

Transcriptome

To characterize the effects of changing pH on the
physiological state of the bacteria more thoroughly,
global transcriptome measurements were carried out
at different quasi steady state growth conditions.
Samples taken for comparison are shown in Fig. 2
and the list of measured genes which expression
changed more than 1.8 times in different environ-
mental conditions may be found in supplementary
materials (http://www.tftak.eu/?1d=69).

Forty-one genes which expression changed more
than 1.8 times were observed as the result of the first
pH change, i.e. as the result of moving away from the
initial chemostat conditions in exp. 4, 5 and 7 (Fig. 2
exp. 4, 5 and 7). The most remarkable change at
transcriptional level took place in arginine (urea cycle)
metabolism, where expression of genes arcA, arcCl,
arcC2,arcDI, argE and argR increased 2- to 6.25-fold
on lowering the pH. When moving from acidic
conditions to optimal pH values, expression levels of
the same genes decreased (in exp. 7) as a response to
the change of pH—independent of the movement
direction in growth space. It must be noted that the
concentration of arginine in the culture media was
below the detection limit (0.01 mM) during the whole
experiment. Citrate cycle genes citC, citD and citE
were down-regulated when lowering the pH and up-
regulated when the pH was returned to the initial value.
Arginine and citrate formation pathways are well-
known as taking part in the regulation of survival against
acid stress by increasing internal pH or generating
additional metabolic energy (Konings 2002). In the case
of lysQ, which encodes a lysine/histidine specific
transport permease protein (Vitreschak et al. 2004), a
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significant fivefold up-/down-regulation was observed
while pH was decreased/increased, respectively. As the
overall consumption of lysine and histidine were less
than the error of the measurement (5%), we can only
assume that shifts in the expression of the genes
responsible for lysine/histidine transport were necessary
to adapt to the varying pH conditions. Moreover, based
on homology analysis, genes yxbE and yxbF, which are
known to encode universal stress proteins, were strongly
up-regulated at lower pH conditions. All other detected
major changes in transcriptomes concerned hypotheti-
cal or poorly studied proteins (see supplementary
materials).

Hysteresis

As can be seen from Fig. 2, biomass concentration in
chemostat in the beginning of the experiments and
after the return to the initial conditions in the end of the
experiments differed by 8 £+ 3%, indicating hysteresis
in the physiological states of the culture. Production of
lactate per biomass and glucose consumption per
biomass was lower in the end of the experiments (exp.
4-8) by 6-13%, in comparison with the beginning of
the experiments. Microarray analysis revealed that the
expression levels of certain arginine and citrate
metabolism genes—arcA, arcCl1, arcC2, arcD1, argE,
argR and citC, citD—changed during the first pH shift.
However, instead of recovering their expression after
moving back to initial environmental conditions, these
genes remained expressed at the level attained during
the first pH shift (exp. 7 in Fig. 2). See also supple-
mentary materials for more information about tran-
scription differences during the back and forth changes
of the growth conditions (hysteresis).

It was shown in three additional parallel chemostat
experiments with L. lactis that no changes, neither in
biomass concentration, nor in the levels of main
metabolites were observed at optimal growth condi-
tions during 70 generations (data not shown). How-
ever, as mentioned above, after reducing of the
changing rates used in the experiments 4-8 which
led to the remarkable prolongation of the D-stat
experiments, and the time while the bacteria were
exposed to the changed environmental conditions
(mild stress), hysteresis of the gene expression and
growth parameters were observed in our experiments.
Although significant, further characterization and
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study of the hysteresis was out of the scope of the
present study, and was postponed to the future.

Discussion

The results obtained showed that D-stat cultivation
method made it possible to reproducibly scan rela-
tively large growth space areas of L. lactis in
reasonable time in quasi steady state at fixed dilution
rate. 3D graph describing the dependence of biomass
yield (based on glucose consumption) on temperature
and pH for the bacteria is shown on Fig. 3. The
differences between modelled surface and actual data
points were less than 10%. The region of the optimal
growth conditions in the studied range is indicated by
the lightest area on the surface on Fig. 3. Simulta-
neous change of pH and temperature led to a more
noticeable change of growth parameters in compar-
ison with a single parameter change, as expected.
Important issues in planning and carrying out D-
stat (changestat) experiments are duration of cultiva-
tion experiments, range of growth conditions scanned
and choice of changing rates, which should enable to
maintain quasi steady state. Duration of the cultiva-
tion experiments might be a crucial factor in
prolonged experiments. It has been shown previously
that extended chemostats (100-1,000 generations)
could be used for studying culture adaptation and
selecting mutated strains with special characteristics
(Francis and Hansche 1973; Maharjan et al. 2007).
The observation that bacteria can be found in

Fig. 3 Lactococcus lactis
1L1403 quasi steady state
growth surface describing

the dependence of biomass iy
yield (based on glucose 010 -
consumption) on -
temperature and pH for the ] 0.08 -
bacteria. The surface is § ’
based on all D-stat S 0,06
experiments. Yy,—biomass o

yield calculated on glucose % 0.04
consumption =

(gdw g glucose™"). Black > 0.02—
dots represent quasi steady

state data points from exp. 0.00 -
1-8 34
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different physiological states in the same environ-
mental conditions before and after applying mild
stress in D-stat experiments during 60 generations
was made in the present study. The data obtained in
our experiments indicated that the changed environ-
mental conditions applied in the D-stat experiments
might lead to the onset of the adaptive mechanisms in
shorter time than in the constant environmental
conditions in chemostat.

The hysteresis of physiological states of the D-stat
cultures observed seemed to be phenomenologically
similar to the temporary application of the sub-lethal
stress after which the vitality of microorganisms have
been improved and maintained even after the cessation
of stress conditions (Sanchez et al. 2007). Even though
sub-lethal stress is still not sufficiently studied at
molecular level, three general hypotheses for the
explanation of this phenomenon have been formu-
lated: (1) some stress response proteins are expressed
in stress conditions and maintained expression of these
genes leads to the increase of the survival even long
after the cessation of the stress; (2) mutations take
place during the sub-lethal stress, or (3) some mutated
sub-populations could survive with more ease than the
main population. Taking into account these possibil-
ities, more detailed analysis of stress and hysteresis
should be carried out in the future, investigating
especially possible mutations—e.g. sequencing gen-
omes of the culture during the cultivation.

Another important factor in carrying out changestat
experiments is the changing rate of environmental
parameters. It has been previously shown that the
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farther the culture is moved from optimal growth
conditions, the lower changing rates have to be applied
in order to maintain quasi steady state (Adamberg et al.
2009; O’ Sullivan and Condon 1999; van der Sluis et al.
2001). Therefore, identification of physiological
parameters, which would indicate the (forthcoming)
loss of quasi steady state, is a critical issue in carrying
out changestat experiments in practice, especially
when developing and applying adaptive algorithms.
The most suitable indicators of physiological states are
the parameters, which could be measured online—e.g.
optical density, titration rate, gas production rate etc. In
addition, substrate consumption and product formation
can be used. Indeed, it has been shown that online
measurements of carbon dioxide evolution could be
successfully used for the elucidation of the response of
the metabolism to the change of the growth conditions
(Vemuri et al. 2006). Additionally, indicator mole-
cules of overflow metabolism (acetate, ethanol) in
microorganisms having respirofermentative growth
like E. coli and yeast could be used for adaptive control
(Jobé et al. 2003). However, the changes of these
metabolic characteristics can also be a “normal” quasi
steady state physiological response of the cell metab-
olism to the change of the environmental conditions.
Therefore, the most reliable, though time-consuming
way to check the maintenance of steady state growth in
changestat experiments is the “chemostat control”, i.e.
halting the changing rate and continuing the experi-
ment in chemostat. If all physiological parameters
(production or consumption rates of metabolites per
biomass etc.) remain constant, it can be concluded that
the changestat (D-stat, etc.) culture was in a quasi
steady state before the acceleration was stopped. This
kind of control was also routinely used in our
experiments.

A method for scanning the growth space of
microorganism was tested in this paper. Use of
D-stat cultivation method allowed obtaining a large
amount of steady state data in multidimensional quasi
steady state growth space of L. lactis in reasonable
time and effort. It was possible to study reproducibly
and quantitatively adaptive responses of growth
characteristics as well as gene expression at tran-
scriptome level while changing the pH and temper-
ature in D-stat cultures.
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INTRODUCTION

Stock culture heterogeneity rather than new
mutational variation complicates short-term cell
physiology studies of Escherichia coli K-12
MG 1655 in continuous culture
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Nutrient-limited continuous cultures in chemostats have been used to study microbial cell
physiology for over 60 years. Genome instability and genetic heterogeneity are possible
uncontrolled factors in continuous cultivation experiments. We investigated these issues by using
high-throughput (HT) DNA sequencing to characterize samples from different phases of a
glucose-limited accelerostat (A-stat) experiment with Escherichia coli K-12 MG1655 and a
duration regularly used in cell physiology studies (20 generations of continuous cultivation). Seven
consensus mutations from the reference sequence and five subpopulations characterized by
different mutations were detected in the HT-sequenced samples. This genetic heterogeneity was
confirmed to result from the stock culture by Sanger sequencing. All the subpopulations in which
allele frequencies increased (betA, cspG/cspH, glyA) during the experiment were also present at
the end of replicate A-stats, indicating that no new subpopulations emerged during our
experiments. The fact that ~31 % of the cells in our initial cultures obtained directly from a culture
stock centre were mutants raises concerns that even if cultivations are started from single
colonies, there is a significant chance of picking a mutant clone with an altered phenotype. Our
results show that current HT DNA sequencing technology allows accurate subpopulation analysis
and demonstrates that a glucose-limited E. coli K-12 MG1655 A-stat experiment with a duration
of tens of generations is suitable for studying cell physiology and collecting quantitative data for
metabolic modelling without interference from new mutations.

therefore to force cells to grow at desired specific growth

Nutrient-limited continuous culture has been used to study
the cell physiology of micro-organisms for over 60 years
(Monod, 1950; Novick & Szilard, 1950a). The main
advantage of continuous cultivation methods (e.g. chemo-
stat) over batch cultivation is the fact that in the former it is
possible to maintain constant environmental conditions, and

Abbreviations: A-stat, accelerostat; D, dilution rate; DAACS, dicarbox-
ylate/amino acid, cation symporter; HT, high-throughput; IS, insertion
sequence; SNP, single nucleotide polymorphism.

Supplementary Methods, six supplementary figures and two supple-
mentary tables are available with the online version of this paper.

rates and in strictly defined physiological states. This control
allows the acquisition of coherent quantitative steady-state
data for metabolic modelling. Accelerostats (A-stats) enable
the collection of a vast amount of quantitative data within a
large range of specific growth rates in a single experiment
(Paalme ef al, 1995). An A-stat experiment starts as a
chemostat, but after reaching steady state, a smooth change
of dilution rate (D) is applied (Fig. 1). A typical change in D
is relatively slow (0.01 h™?), which allows cells to adapt to
the changing conditions and still maintain a stable
physiological state equivalent to steady state: a quasi-
steady state. Chemostats (at steady state) and A-stats (at
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Fig. 1. Overview of E. coli K-12 MG 1655 A-stat experiment in which samples for HT DNA sequencing were taken. Grey dots
denote sampling points for HT DNA sequencing: stock culture and two samples at D=0.11 and 0.48 h™". The numbers of
generations between the sampling points were as follows: stock culture and D=0.11 h™', 18 generations (including four
generations of continuous culture); D=0.11 and 0.48 h™", 16 generations. The glucose concentration remained below the
detection limit (120 mg I™") until the maximal specific growth rate was achieved. SC, stock culture; PC, pre-culture; X, dry cell
weight (DCW) per litre; D, dilution rate; Yoac-, acetate production per gram dry cell weight; CO,, carbon dioxide volumetric
percentage in the gas outflow. This A-stat experiment is the same as that reported in Fig. 1 of Valgepea et al. (2010).

quasi-steady state) have been shown to yield quantitatively
comparable results in terms of their main growth character-
istics (e.g. biomass yield, substrate consumption and product
accumulation rates) in experiments using Escherichia coli
K-12 MG1655 (Valgepea et al., 2010) and Lactococcus lactis
1L1403 (Lahtvee et al., 2011) over a range of specific growth
rates (0.10-0.51 h™1).

Quantitative data collected from continuous cultivation
methods are often used for metabolic modelling. Because
DNA sequences encode the metabolic network of the cell, it
is essential to know if and when the genomes of cells are
changing during these experiments. In fact, chemostats
were initially introduced to study evolution and selection
in a constant environment. Fitter clones are known to
rapidly arise in some cases (Helling et al, 1987; Novick &
Szilard, 1950b), introducing an uncontrolled dynamic
factor that reduces the quantitative reliability of steady-
state data. Although Egli and colleagues have shown that
evolution and selection can be reproducible at the
phenotypic level in large (10" cells) chemostat populations
(Wick et al, 2001, 2002), other studies have detected
significant genotypic variation among similarly evolved
cultures (Notley-McRobb & Ferenci, 1999a, b; Maharjan
et al, 2006). Therefore, checking the stability of the
genome of the cultured strain and monitoring the genetic
homogeneity of the whole population over time in
continuous cultures are vital for understanding when
genetic heterogeneity and evolution interfere with steady-
state physiology measurements of growing cells.

Flaws in stock culture handling are one possible source of
genetic heterogeneity in cell physiology studies. Indeed,
heterogeneity in stab agar cultures has been reported during
long-term storage of E. coli K-12 W3110 at room
temperature (Jishage & Ishihama, 1997; Naas et al., 1994,
1995). Considerably fewer mutations are expected when cell
cultures are stored in the frozen state, in which no metabolic
activity is possible. Nevertheless, genetic differences, includ-
ing loss of genes and variation in growth phenotype on
various carbon sources, have been detected in E. coli K-12
MGI1655 strains acquired from different stock centres and
laboratories (Soupene et al., 2003). What is more, variation
in motility has been observed between E. coli K-12 strain
derivatives (including MG1655), whereby increased motility
is found to be caused by insertion sequence (IS)-mediated
activation of fIhD, a regulator of flagellar gene transcription
(Barker et al, 2004). Presumably, periodic subculturing
contributes to this heterogeneity.

Genetic heterogeneity may also arise during continuous
cultivation experiments as the result of spontaneous
mutations. Information about which genes are possible
targets for beneficial mutations is available from continu-
ous cultivation experiments that are much longer than
‘routine’ cell physiology studies. Long-term evolution of E.
coli in glucose-limited chemostats has been studied quite
intensively during the last decade (Adams, 2004; Ferenci,
2008). As might be expected, mutations that increase
glucose transport capabilities are common in glucose-
limited chemostats (Helling et al., 1987; Manch et al., 1999;
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Wick et al., 2001, 2002). These mutations are observed in
prolonged continuous cultivation experiments that exceed
the number of generations necessary for cell physiology
studies by at least an order of magnitude. Therefore, to
study cell physiology properly in continuous culture, or
any other cultivation system, it is important to find out
how long a genetically uniform culture can be maintained.

Generally, pumping through five working volumes in a
chemostat is assumed to be enough to reach steady state
(50 h and seven generations at D=0.1 h™'). The presence of
a true steady state at this point has been questioned, based
on how rapidly fitter clones may arise (Ferenci, 2008).
Indeed, mutations in the stress-induced sigma factor rpoS
have been detected in E. coli K-12 BW2952 cultures growing
in glucose-limited chemostats at D=0.1 h™" after only 24—
72 h (three to 10 generations) of cultivation (Notley-
McRobb et al, 2003). However, the appearance of rpoS
mutations appears to be strain-dependent. None were
detected in E. coli K-12 MG1655 after 96 h (14 generations)
at D=0.1 h™' (King et al, 2004), making it difficult to
generalize about how long a genetically uniform culture of E.
coli K-12 can be maintained. Moreover, it is plausible that
MG1655 acquires mutations other than those in rpoS during
glucose-limited continuous cultivation experiments.

Recent advances in DNA sequencing technologies (Mardis,
2008) have made it possible to routinely determine the full
genome sequences of micro-organisms and to generate
high-coverage datasets for analysing genetic diversity
within communities (Barrick & Lenski, 2009). High-
throughput (HT) DNA sequencing was used in the present
work to examine genome stability and genetic heteroge-
neity during a short-term continuous cultivation experi-
ment (A-stat, 20 generations of continuous cultivation) of
E. coli K-12 MG1655. We found that E. coli K-12 MG1655
is suitable for studying cell physiology using glucose-
limited A-stat experiments with a duration of up to 20
generations of continuous cultivation without interference
from new, spontaneous mutations. However, we found
that substantial genetic heterogeneity and mutational
diversity existed in bacterial cultures from stock centres,
which underscores the importance of using HT DNA
sequencing to verify genome integrity in any experiment.

METHODS

Strains and preparation of stock culture. E. coli K-12 MG1655 [4~
F~ rph-1 Fnr™; Deutsche Sammlung von Mikroorganismen und
Zellkulturen (DSMZ), DSM no. 18039] was used in all A-stat
experiments. The strain ordered from DSMZ was originally obtained
from the Coli Genetic Stock Center (CGSC) and has the collection
number CGSC 6300. This strain was used for validation of consensus
mutations and subpopulations. Additionally, E. coli K-12 MG1655
strain (reference no. C 438-01), obtained from Statens Serum Institute
(SSI), was used for comparison of K-12 MG1655 strains from two
different stock centres. This strain also originated from CGSC; however,
SST obtained the E. coli K-12 MG1655 strain through a collaborator, and
therefore it is possible that this stock is a subculture of the original
CGSC sample (Karen A. Krogfelt, personal communication).

The stock culture used to start the A-stat experiment was prepared by
inoculating directly from the stab agar culture obtained from DSMZ
into Luria-Bertani (LB) medium and cultivating aerobically until the
late exponential growth phase (around 10 generations). The cells were
then washed, suspended in defined minimal medium containing
1.2% (v/v) glycerol, divided into aliquots, lyophilized, and stored at
—80 °C. A single stock aliquot was used to inoculate each A-stat
cultivation experiment.

Medium and cultivation conditions. A detailed description of the
medium, cultivation conditions and growth characteristics in these A-
stat experiments has been reported previously (Valgepea et al., 2010). In
short, defined minimal medium with 4.5 g «-D-glucose 'Y a
temperature of 37 °C, pH 7, an agitation speed of 800 r.p.m. and
aerobic conditions (air flow rate 150 ml min~ ') were used in all
experiments. After the culture had been stabilized under chemostat
conditions at D=0.10 h™" to achieve steady state, a continuous increase
in D with an acceleration rate of 0.01 h™2 was applied.

Genomic DNA extraction. An aliquot of the lyophilized stock
culture (4.2 x 10° cells) and two whole-population samples (not single
colonies) acquired at D=0.11 h™' (8.4x10° cells) and 0.48 h™'
(3.0 107 cells) from one A-stat experiment were chosen for DNA
extraction and subsequent HT DNA sequencing analysis. Genomic
DNA for resequencing and mutation validation was extracted using
the RTP Bacteria DNA Mini kit (Invitek) following the manufac-
turer’s protocol.

Illlumina whole-genome resequencing. Whole-genome resequen-
cing was performed by GATC Biotech using an Illumina Genome
Analyzer II instrument. A single-end library was prepared from each
genomic DNA sample and sequenced using the manufacturer’s
standard protocols. FASTQ read files were generated by Sequencing
Control software (version 2.6) with Real-time Analysis (version
1.6.32) and GA Pipeline (version 1.5.1). Raw read data have been
deposited in the National Center for Biotechnology Information
(NCBI) Sequence Read Archive (accession no. SRP006176).

Genome sequence data analysis. Sequencing reads were com-
pared with the E. coli K-12 MG1655 reference genome (accession no.
U00096.2) using the breseq analysis pipeline (Barrick et al, 2009;
Woods et al., 2011) (version 1.00rc7). Source code for breseq is
freely available online (http://barricklab.org/twiki/bin/view/Lab/Tools
BacterialGenomeResequencing). The online documentation describes
the methods used to predict consensus point mutations, small indels,
large deletions and new sequence junctions. Specific settings for this
study are provided in Supplementary Methods.

Mutation validation with Sanger sequencing. Predicted muta-
tions were validated by performing PCR followed by Sanger
sequencing. Sanger sequencing was performed by the Estonian
Biocentre using an Applied Biosystems 3730x] DNA analyser and
the BigDye Terminator v3.1 Cycle Sequencing kit (Applied
Biosystems). Subpopulations with base substitutions were confirmed
by Sanger sequencing PCR products from mixed population samples
(Supplementary Figs S1-S5). The Supplementary Methods fully
describe the PCR protocol and subpopulation analysis.

RESULTS AND DISCUSSION

Mismatches from the E. coli K-12 MG1655
reference genome

The genome stability and genetic heterogeneity of E. coli K-
12 MG1655 routinely used in our laboratory were studied
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during 20 generations of continuous cultivation in a
glucose-limited A-stat experiment. Fig. 1 illustrates the
time-course of one A-stat experiment, showing when
samples were collected for HT DNA sequencing.

Seven differences from the E. coli K-12 MG1655 reference
genome (GenBank accession no. U00096.2) were found at
a 100 % frequency in all three sequenced samples (Table 1).
Most of these consensus mutations were single nucleotide
polymorphisms (SNPs). In addition, two relatively large
deletions were detected. First, an IS1 was deleted from the
regulatory region of fIlhDC (DNA-binding transcriptional
dual regulator that controls gene expression of flagella
genes). Second, a 111 bp deletion from the repetitive
sequence region between genes gltP [glutamate and
aspartate dicarboxylate/amino acid:cation symporter
(DAACS)-family transporter] and yjcO (conserved protein)
was found. Mutations that improve glucose uptake, for
instance in ptsG of the glucose phosphotransferase system,
or the stress-induced sigma factor rpoS, might be expected
during continuous cultivation based on results in similar
chemostat environments (Kinnersley et al., 2009; Notley-
McRobb & Ferenci, 1999a, b; Notley-McRobb et al., 2003;
Wick et al., 2001, 2002). However, we did not detect the
emergence of either of these mutations.

Detection of mutations in all samples could point to errors
in the reference genome sequence as well as to problems of
handling of cultures in stock centres. To address the latter
possibility, we sequenced these regions in an E. coli K-12
MG1655 strain that was ordered from another stock centre
(SSI). The presence of identical mutations in MG1655
strains of different origins would suggest errors in the
reference genome, whereas variations in the mutations
present would indicate problems in strain handling. We
found that six out of seven mutations detected in the
MG1655 strain obtained from the DSMZ collection (Table
1) were also present in the SSI strain. In addition, most of
the consensus mutations found in the current study have
been reported before in HT DNA sequencing studies of E.
coli K-12 MG1655 strains acquired from other sources
(Conrad et al, 2009; Harris et al., 2009; Lee & Palsson,
2010). Together, these observations suggest that most of
the discrepancies are actually sequencing errors in the
reference genome. On the other hand, our results also

demonstrate that the two E. coli K-12 MG1655 strains
investigated were not exactly the same in different stock
centres (only the SSI strain had the ISI insertion in the
fIhDC regulon). This observation highlights a problem that
may arise during strain handling. The population bottle-
neck caused by picking a single colony before subculturing
is particularly prone to fixing a new mutation in the
resultant sample.

Search for evolution during the A-stat experiment

Next, we turned our attention to the dynamics of mutations
that appeared to be polymorphic in the population, that is,
only present in a subset of individuals. Using the HT DNA
sequencing data with 111-fold average genome coverage we
predicted mutations present in subpopulations (Methods,
Table 2). Only a few of these appeared to be present in more
than 5% of the whole population by the end of the
experiment, and all were present in fewer than 20 % of all
samples (Supplementary Table S1). A problem in analysing
subpopulations with a low frequency using HT DNA
sequencing data is that one has to distinguish true
subpopulations from false positives caused by sequencing
errors with nontrivial biases. Hence, additional validation
with Sanger sequencing was performed for high-scoring
predictions (Methods, Supplementary Table S1). Three
high-scoring subpopulations (betA, cspH/cspG, glyA) in
which allele frequencies increased during the experiment
were validated from the sample taken at D=0.48 h™'
(Supplementary Figs S1-S3). Two of the three mutations
(betA, cspH/cspG) were also detected in the stock culture
(Fig. 2). The only subpopulation that was not detected with
HT DNA sequencing from the stock culture, and therefore
might have arisen during the experiment, was an SNP in
glyA. However, the presence of a glyA population in the
stock culture was verified by colony screening (see below),
proving that all of these subpopulations were also present in
the stock culture at detectable frequencies.

To further confirm that the detected heterogeneity did not
arise during the cultivation experiment or result from
differences between stock culture aliquots, the occurrence
of subpopulations in two additional A-stat experiments
(started from separate aliquots of the same stock culture)

Table 1. Consensus mutations in all HT-sequenced samples

Gene(s) Genome position Mutation Annotation Function(s) of related gene(s)

affected

yIbE_1 547 694 A—G Pseudogene  Predicted protein

yIbE_1 547 835 +G Pseudogene  Predicted protein

fIhDluspC A1976527-1977 302 IS1 deletion Intergenic Subunit of flagella regulator (FIhD,C,)/universal stress protein

rrlD 3422257-3422259 ATC—CAT Non-coding 23S rRNA

ppiClyifO 3957957 C—-T Intergenic Peptidyl-prolyl cis-trans isomerase C/conserved protein

gltPlyjcO 4294291 T—C Intergenic Glutamate and aspartate DAACS transporter/conserved protein

gltPlyjcO A4294305-4294 415 Al11 bp Intergenic Glutamate and aspartate DAACS transporter/conserved protein
http://mic.sgmjournals.org 2607
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Table 2. Mutations present in subpopulations in the HT-sequenced samples

Experimentally validated subpopulations are shown. See Supplementary Table S1 for complete information about all high-scoring subpopulations

predicted from the HT DNA sequencing data.

Gene(s) Genome position* Mutation Annotation Function(s) of related gene(s)

affected

yahE 335361 T—C F71F (TTT—-TTC) Predicted protein

dppD 3701283 G—A L197L (CTG—TTG)  ATP-binding component of the dipeptide ABC transporter
cspH/ cspG 1050 465 T—A Intergenic Stress protein, member of the CspA family/cold-shock protein
glyA 2683035 G—A H165H (CAC—CAT)  Serine hydroxymethyltransferase

betA 326446 C—T G9ID (GGT—GAT) Choline dehydrogenase

yadL 152 081-152 084 IS5 insertion Coding region Gene of predicted chaperone—usher fimbrial operon
fIhDluspC ~ 1977510-1977513 1S5 insertion Intergenic Subunit of flagella regulator (FIhD,C,)/universal stress protein

*Positions of IS5 insertions give the target site nucleotides that were duplicated upon insertion of the new IS copy. Both new IS5 copies were

inserted in the forward (+) orientation in the genome.

was investigated. If there was the same (reproducible)
subpopulation distribution at the end of A-stat experi-
ments, one could conclude that the mutations discovered
were the consequence of selection acting on existing
variation, i.e. the set of mutations already present in the
stock culture at detectable levels. Indeed, it was found that
all the subpopulations with SNPs that had increasing allele
frequencies (betA, cspH/cspG, glyA) were reproducibly
present in all three replicate A-stat experiments
(Supplementary Figs S1-S3). This observation further
supports the hypothesis that the above-mentioned sub-
populations were already present in the stock culture.
Therefore, we conclude that the current 20-generation
continuous cultivation duration of E. coli K-12 MG1655 in
the glucose-limited A-stat was short enough to avoid the
emergence of new subpopulations, making it suitable for
studying cell physiology and collecting quantitative data

for metabolic modelling without interference from new
spontaneous mutations.

Heterogeneity of the stock culture

After confirming that the stock culture was not uniform,
we further investigated the predicted subpopulations. The
following subpopulations were predicted (frequencies rang-
ing between 6.5 and 17.0 % in stock culture) and validated:
dppD, allD, recB, yahE (Supplementary Table S1). It was
found that the putative mutations in allD and recB with low
overall scores (see Supplementary Table S1 legend for
description) were false positives (Supplementary Fig. S6),
whereas high-scoring predictions in dppD and yahE were
genuine (Supplementary Figs S4-S5). In addition, two IS-
related mutations, namely IS5 insertions in the fIhD regulon
(flhD/uspC) and in yadL, were detected in the HT DNA

@ yahE + yadL yahE

@ fihD/uspC +glyA

17.0%

26%

Stock culture

D=0.11h"

@ dppD m fthD/uspC + betA + cspGriespH O Founder

80 %

D=0.48h"

Fig. 2. Population heterogeneity in the E. coli K-12 MG1655 A-stat experiment. All the subpopulations shown here were
verified with Sanger sequencing. In the stock culture, the mutation in glyA was not detected with HT DNA sequencing;
therefore, the frequency for this sample was estimated from genome coverage at the position where a glyA mutation was

detected in other samples. See Table 2 for details of mutations.
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sequencing data (Supplementary Methods) and verified to
have frequencies below 10 % (data not shown).

We next investigated whether any of these mutations
existed in combination in the same cells. Four mutations
had increasing allele frequencies during the experiment:
betA, cspH/cspG, glyA and flhD/uspC. IS elements in the
regulatory region of flhD that lead to increased motility are
common in E. coli (Barker et al, 2004). Therefore, we
screened colonies acquired from the stock culture used in
the A-stat experiments for increased motility, as described
by Barker et al. (2004). Out of the 42 investigated clones,
four turned out to be motile and contained the IS5
insertion described above (data not shown). All the motile
colonies were screened for betA, cspH/cspG or glyA
mutations. Two clones had the betA and cspH/cspG SNPs,
and the other two contained the glyA mutation (data not
shown). Next, we hypothesized that mutations in yahE and
yadL might also exist in the same subpopulation, as the
frequencies of both alleles remained constant during the
course of the experiment (Supplementary Table S1).
Screening of stock culture clones revealed that all but one
clone isolated with the mutation in yahE also contained the
IS5 insertion in yadL.

The fact that the mutation in yahE was synonymous made
it seem likely that the single yahE mutant clone without
yadL harboured additional mutations. Therefore, we tested
it for the presence of a yhdJ/yhdU (predicted methyltrans-
ferase/predicted membrane protein) mutation, because it
was the only predicted mutation with considerable
reliability (high overall score) and a change in allele
frequency similar to that of yahE in the A-stat experiment
(Supplementary Table S1). It turned out that the yhd]/
yhdU mutation was not present in the yahE clone (data not
shown). However, given its low frequency in the popu-
lation, we cannot exclude the possibility that an undetected
mutation may be present in this genetic background. After
resolving the genetic linkage between the most common
mutations in the population, we conclude that roughly
31 % of our stock culture contained at least one mutation
relative to the majority genotype.

Conclusions

Our HT DNA sequencing data and detailed validation
strategy enabled us to find all the mutations that appeared
at appreciable frequencies during a continuous culture
experiment. Sequencing of the stock culture gave, first of
all, an overview of genetic heterogeneity in the stab agar
received from one stock centre. We found that mutant
genotypes made up roughly 31% of our stock culture
grown directly from this stab. Since the stock culture was
prepared by growth through only about 10 generations in
our laboratory, it is unlikely that this heterogeneity was due
to new spontaneous mutations. No subpopulation emer-
ging from a single cell could reach a detectable frequency in
this short time if growth was the only competitive process.
Therefore, we conclude that the mutants had to be already

present in the stab agar at relatively high frequencies, due
to either growth in the stab or heterogeneity in the original
stock culture.

Even if our A-stat experiments had been initiated from single
colonies, there would have been a large chance of picking a
mutant clone. With three replicate experiments, there would
have been a 67 % chance that at least one replicate would
have begun with a mutation relative to the majority
genotype. This surprising heterogeneity shows the import-
ance of sequencing the genome of a culture at the start of a
microbial physiology study, especially if the phenotypic data
from the experiment are to be used in comparisons between
different research groups or for metabolic modelling.

Taking into account the apparent differences in evolvability
between E. coli K-12 MG1655 used in the current study and
E. coli K-12 BW2952, where the latter apparently has
mutations available in the short term that are much more
beneficial in this glucose-limited environment (Notley-
McRobb et al., 2003), it seems essential to evaluate the
genome stability of every strain or species that is to be used
for cell physiology studies in continuous cultures. Our
results show that the current HT DNA sequencing
technology is suitable and even necessary for accurate
subpopulation analysis. We also demonstrate specifically
that E. coli K-12 MG1655 has sufficient genome stability to
be used in glucose-limited A-stat experiments with a
duration of up to 20 generations of continuous cultivation
for studying cell physiology, without mutations that occur
in the course of adaptive evolution arising during the
experiment.
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