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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.

INTRODUCTION

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.

therefore to force cells to grow at desired specific growth
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 et 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
IL1403 (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
MG1655 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 flhD, 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 ef 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 [A~
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,
SSI 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 o-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™!
(3.0x 10° 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.

lllumina 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
Bacterial GenomeResequencing). 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 3730xl 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 ISI was deleted from the
regulatory region of flhDC (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
flhDC 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

flhD/uspC A1976527-1977 302 ISI deletion Intergenic Subunit of flagella regulator (FIhD,C,)/universal stress protein
rrlD 3422257-3 422259 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 Alll bp Intergenic Glutamate and aspartate DAACS transporter/conserved protein

http://mic.sgmjournals.org
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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 1050465 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 G9D (GGT—GAT) Choline dehydrogenase

yadL 152081-152 084 IS5 insertion Coding region Gene of predicted chaperone—usher fimbrial operon
fIhD/uspC ~ 1977510-1977513 IS5 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 flhD regulon
(fIhD/uspC) and in yadL, were detected in the HT DNA

@ yahE + yadL yahE @ fIhD/uspC +glyA

17.0 %

10.3 %

26 % 69.1 %
51%

Stock culture

D=011h"

@ dppD m flhD/uspC + betA + cspGicspH O Founder

14.9 %

60 %
7.8%

65.9 %

10.2 %

D=048h"

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. 1S 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 yhd]/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 yhdj/
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-
MCcRobb 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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