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Abstract

Deuterium is a natural low abundance stable hydrogen isotope that in high

concentrations negatively affects growth of cells. Here, we have studied growth

of Escherichia coli MG1655, a wild-type laboratory strain of E. coli K-12, in deu-

terated glycerol minimal medium. The growth rate and final biomass in deu-

terated medium is substantially reduced compared to cells grown in ordinary

medium. By using a multi-generation adaptive laboratory evolution-based

approach, we have isolated strains that show increased fitness in deuterium-

based growth media. Whole-genome sequencing identified the genomic

changes in the obtained strains and show that there are multiple routes to

genetic adaptation to growth in deuterium-based media. By screening a collec-

tion of single-gene knockouts of nonessential genes, no specific gene was

found to be essential for growth in deuterated minimal medium. Deuteration

of proteins is of importance for NMR spectroscopy, neutron protein crystallog-

raphy, neutron reflectometry, and small angle neutron scattering. The labora-

tory evolved strains, with substantially improved growth rate, were adapted for

recombinant protein production by T7 RNA polymerase overexpression sys-

tems and shown to be suitable for efficient production of perdeuterated soluble

and membrane proteins for structural biology applications.
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1 | INTRODUCTION

The discovery of deuterium in 1931 by Urey et al. stimu-
lated numerous investigations of the biological effects of
this stable isotope of hydrogen.1,2 Deuterium (2H or D)
consists of one proton, one neutron, and one electron, in
contrast to ordinary hydrogen (1H or protium) which

lacks the neutron. Because of the neutron present in the
nucleus, deuterium has roughly twice the atomic weight
of protium (2.014101 vs. 1.007782).3 The natural abun-
dance of deuterium in the environment is only about
0.015% of hydrogen atoms in ocean water.4 Due to the
higher mass of 2H compared to 1H, deuterium enriched
water is called heavy water (2H2O or D2O). Protium and
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deuterium, as well as water and heavy water, have close
but clearly distinguishable physical properties. For exam-
ple, heavy water has higher melting temperature
(3.8�C),5 higher boiling point (101.4�C),5 and higher vis-
cosity.6 Deuterium isotope effects are observed at the sin-
gle enzyme level (kinetic isotope effects) where the rate
of cleavage of covalent bonds are affected as well as in
the cumulative effect on cellular reactions leading to
growth rate reduction or complete inhibition of growth.
These isotope effects are due to both solvent (D2O) and
macromolecular isotope effect. Bacteria, yeast, and single
cell algae can be grown in fully deuterated media,
whereas there is no report on the growth of insect or
mammalian cells in fully deuterated medium.7

Structural biology of proteins probed by biophysical
tools such as nuclear magnetic resonance spectroscopy,
small angle scattering, and neutron protein crystallogra-
phy (NPC) are greatly enhanced by deuterium labeling
either of the solvent or of the proteins themselves, or
both. NPC is an attractive method for locating hydrogen
atoms in protein structures due to that the coherent scat-
tering lengths of protium and deuterium for neutrons are
similar in magnitude to those of carbon, nitrogen, and
oxygen.8–10 However, the scattering length of protium is
negative while that of deuterium, carbon, nitrogen, and
oxygen are positive. In addition, the incoherent scattering
length of deuterium is much smaller compared to pro-
tium, reducing the isotropic background intensity.11

Therefore, NPC benefit in signal and reduction in noise
from perdeuteration, where all solvent and protein pro-
tium atoms (exchangeable- and non-exchangeable) are
replaced by deuterium.11 Protein perdeuteration is typi-
cally carried out by growing the Escherichia coli or yeast
strain producing the recombinant protein in heavy water-
based medium supplied with a perdeuterated carbon
source such as glycerol. The recombinant protein is then
purified by standard methods using protiated reagents
and solvents. Before or after crystallization, the H2O sol-
vent is replaced by D2O, back-exchanging the labile pro-
tons with deuterons.

While E. coli can grow in heavy water based minimal
media, the growth rate and biomass yield are signifi-
cantly reduced.12–14 The precise mechanisms behind this
are not known, however the deuterium kinetic isotope
effect is one important factor. A recent study showed that
growth in deuterated growth medium results in global
changes in the E. coli proteome however with no appar-
ent stress response induction.14 It has been reported that
growth of E. coli in fully deuterated minimal media can
be improved if the cells are pre-adapted to gradually
increasing deuterium content; however, this adaptation
is often lost when cells are grown in ordinary medium.15

In a recent study, we showed, by using genome-wide

random mutagenesis, that E. coli strains with increased
tolerance to growth in deuterated minimal medium can
be isolated.13

Experimental evolution has been successfully utilized
in several studies to generate E. coli strains with
improved traits.16,17 The conceptually simple procedure
involves continued propagation of a bacterial population
under a selective pressure. Faster growing clones arise
from random mutations during replication of the chro-
mosome. When the ratio of the growth rates of the
evolved and parental strain as they compete with one
another increase, the frequency of clones with improved
fitness in the population will rise. Thus, growth rate
equates directly to fitness. This method is particular well
suited for bacteria such as E. coli that can have a large
population size and a short generation time. When a
strong selective pressure can be used experimental evolu-
tion can produce strains with desired traits in a relatively
short time (see, e.g., References 16,18,19).

Here we report evolutionary adaptation of E. coli
MG1655 K-12 cells to growth in deuterated minimal
medium with perdeuterated glycerol as the sole carbon
and energy source. The genetic changes in adapted
strains were identified by whole genome sequencing. We
show that selected evolved strains can be used for pro-
duction of recombinant perdeuterated soluble and mem-
brane proteins. In addition, we show that further
modifications such as deletion of the protease encoding
genes lon and ompT, does not improve protein yield, but
can instead compromise growth during recombinant pro-
tein production. Furthermore, we provide results of
screening 3,985 single-gene deletion mutants from the
Keio collection, to provide a basis for future engineering
of strains for bio-deuteration.

2 | RESULTS AND DISCUSSION

2.1 | Experimental evolution via serial
passage of E. coli cultures in perdeuterated
growth medium

E. coli K-12 derivatives are the most widely used strains
by the biotechnology industry. The E. coli K-12 strain
MG1655 was used in this study because its genome has
been completely sequenced and is well annotated.20 The
growth rate in deuterated minimal glycerol medium
(DD-M9) reduced approximately three times compared to
growth in minimal glycerol medium (H-M9).13 Inspec-
tion of cells by phase-contrast microscopy showed that
there are no apparent differences in cell size or other
morphological changes in DD-M9 grown cells as com-
pared to H-M9 grown cells (Figure 1, Figure S1). The
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OD600 was proportional to the final dry weight of cells (-
Table S1). The biomass yield in DD-M9 was reduced by
approximately 40% compared to cells grown in H-M9.
Thus, deuterium affects both the growth rate and final
biomass yield in the used medium.

To evolve strains with increased growth rate in a deu-
terated growth medium three independent populations of
E. coli MG1655 from the same seed culture were serially
passaged in DD-M9 medium until the culture growth rate
increased. Initially, the cultures were passaged every sec-
ond day as illustrated in Figure 2. At the 17th sub-
culturing, corresponding to approximately 90 generations,
we observed that cultures took less time to become visu-
ally turbid. From this point onwards, the cultures were
diluted daily. The passaging frequency made sure that the
cultures were mainly under selective pressure for expo-
nential growth. During this part of the experiment, the
cultures were growing at similar growth rates, as indi-
cated by that the OD600 value before each subculturing
was similar for the replicates. All tested lineages per-
formed better than the parental strain in terms of growth
rate in DD-M9 after an average of 418 generations
(Figure 3a). In order to examine that this improvement is
not only due to phenotypic adaptation, cultures were
streaked onto LA-plates to isolate single colonies. Three

FIGURE 1 Effect of deuterium on cell size of Escherichia coli

K-12 MG1655. Cell size (length and width) of E. coli MG1655

grown in H-M9 and DD-M9. Cells were analyzed at OD600 = 0.5.

Hundred cells were measured using phase contrast microscopy for

each sample. The cell size data were plotted using box-and-whisker

chart and the bottom and top of the box are the first and third

quartiles, the line inside the box is the median. The whiskers go

down to the minimum and up to the maximum value

FIGURE 2 Outline of the experimental evolution via serial passage procedure. The Escherichia coli parental strain culture was

inoculated into three different TPP TubeSpin bioreactor tubes (lineage A, B, and C) containing DD-M9 growth medium and incubated at

37�C, 200 rpm. The indicated generation number is an estimation and does not represent an exact number. Subculturing was done every

second day (48 hr) for 17 subculturings (indicated by diamond) and after that once a day. Filled triangles indicates time points at which the

glpK gene was analyzed and found to contain mutations. The triangle at the 9th subculturing. indicate that no mutation in glpK was detected

at this sampling point
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single colonies from each lineage were isolated, re-
streaked and used for growth rate measurements and
whole-genome sequencing. The sampled clones grew

indistinguishable to the lineage, it was isolated from indi-
cating that the isolated clones were representative of the
improved growth phenotype of the culture population
(Figure 3b).

2.2 | Genome analysis of evolved strains

As shown above the improved growth rates of the
evolved strains appeared to be stably maintained. Next,
we set out to identify mutations by whole genome
sequencing of the clones isolated from the three parallel
evolutionary experiments. Two clones from each of the
three lineages (named A, B, and C) were sequenced at
the 66th subculturing (after approximately 412, 426,
420 generations, respectively, and referred to as lineage
A.66, B.66, and C.66). The A and C lineages had a similar
number of mutations, seven and six, respectively
(Table 1). However, the B lineage contained a very high
number of mutations; 282 and 417 in the two sequenced
isolates. Of those mutations six were also present in the
analyzed clones from the A and C lineages (Table 1). The
two clones of the B lineage appeared to be so-called
hypermutator strains. These strains had mutations in
genes associated with DNA replication (e.g., dnaQ, dnaA,
and dnaE) and repair (uvrD) that could explain the high
number of observed mutations (Table S2). Thus, it is
likely that all strains from the B lineage have increased
mutation rate, which is undesired for recombinant pro-
tein production.

Improved fitness can be explained by an accumulation
of fixed beneficial mutations in the genome. Since we
used three different lineages, we assume that modifica-
tions in coding regions of the same gene in these lineages
will pinpoint mutations which are selected due to specific
growth media composition or the presence of deuterium.
The observed mutations in the glpK, ilvG, rpoS, and trkH
genes were common to at least two lineages. Surprisingly,
no mutation was common to all analyzed strains. Three
lineages showed mutations in genes (rpoB and rpoC)
encoding subunits of the DNA-dependent RNA polymer-
ase. The rpoB and rpoC mutations are likely to have
global effects on gene expression. The mutations are listed
in Table 1 and further discussed below.

2.3 | Mutations in glpK encoding
glycerol kinase

All but one of the sequenced strains acquired missense
mutations in the glpK gene encoding glycerol kinase, a
key enzyme in glycerol metabolism (Table 1). Four differ-
ent single base pair substitutions in glpK were found.

(a)

(b)

Time (hr)

Time (hr)

FIGURE 3 Growth of the evolved lineages compared to the

parental strain in DD-M9. (a) Exponential growth in DD-M9 of

lineages A (circles), B (squares), and C (triangles point up),

compared to the parental MG1655 strain (triangles point down).

The specific growth rates are: 0.31 ± 0.01 hr�1 (A.66), 0.32

± 0.01 hr�1 (B.66) 0.31 ± 0.02 hr�1 (C.66), and 0.102 ± 0.004 hr�1

(MG1655). (b) Growth curves of the heterogenous culture of lineage

A at the 66th (circles) subculturing and of two isolates (A.66.1,

squares and A.66.2, triangle) from the lineage A culture. The

specific growth rates are: 0.34 ± 0.03 hr�1 (A.66.1), 0.33 ± 0.01 hr�1

(A.66.2). Cells were grown in DD-M9. For each strain, three

biological replicates were analyzed. The mean is plotted and the

error bars represents the SD. Error bars are not shown when they

are shorter than the size of the symbol. The lines represent the fit to

exponential growth. The R2 values for both fits are ≥.99
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Three of these mutations have been reported before and
results in an increased glycerol kinase activity. Some of
the previously studied GlpK variants result in increased
growth rate in glycerol minimal medium.21–23 In the A
and C lineages the two analyzed clones had different
mutations in glpK, in contrast the same mutation was
present in the analyzed clones of the hypermutator
strains (Table 1).

Previous laboratory evolution experiments have rev-
ealed that specific point mutations in the glpK gene

promote growth by improving glycerol utilization in reg-
ular glycerol minimal medium.19 It is thus likely that the
evolved strains with GlpK variants with improved glyc-
erol utilization also show improved growth in H-M9. To
test this, we conducted a growth experiment in H-M9
with two of the evolved strains (A.66.1 and A.66.2) and
compared it to the parental MG1655 strain. The evolved
strain A.66.1 showed a 39% increase in growth rate
growth (μ = 0.486 ± 0.001 hr�1 [n = 2]) compared to the
wild-type strain (μ = 0.349 ± 0.006 hr�1 [n = 2]). Strain

TABLE 1 Mutations identified in selected populations after adaptation in perdeuterated minimal mediuma

Positionb Gene

A.66. B.66. C.66.

Coding region changec Protein changed Description1 2 1 2 1 2

86,887 ilvI 1258C>T Leu420Phe Valine biosynthesis

442,487 thiI 939G>A No change tRNA uridine
4-sulfurtransferase

569,566 ybcK 665 T>A Val222Glu Putative recombinase

1,935,180 zwf 1135G>A Asp379Asn Glucose-6-P-dehydrogenase

1,935,533 zwf 782G>T Arg261Leu Glucose-6-P-dehydrogenase

2,416,713 pta 1967A>G Asp656Gly Phosphate acetyltransferase

2,867,401 rpoS 151 del A Thr51fs Sigma S

2,877,560 rpoS 992A>C Ser331* Sigma S

2,912,771 relA 881G>A Gly294Glu GDP/GTP pyrophosphokinase

3,078,276 cmtA 584A>G Asp195Gly Putative mannitol permease

3,740,542 avtA 838G>A Ala280Thr Valine-pyruvate
aminotransferase

3,941,830 rrsC - - 16S ribosomal RNA

3,951,533 ilvG 974 T>C Leu325Ser Isoleucine biosynthesis

3,951,541 ilvG 982 del T fs Isoleucine biosynthesis

3,951,542 ilvG 983 del G fs Isoleucine biosynthesis

3,966,721 rho 305G>A Arg102His Transcription termination

4,033,383 trkH 239 T>A Leu80Gln K+ transporter

4,033,611 trkH 467G>A Gly156Asp K+ transporter

4,116,309 glpK 914G>C Gly305Ala Glycerol kinase

4,116,351 glpK 692G>A Gly231Asp Glycerol kinase

4,116,703 glpK 520A>G Met174Val Glycerol kinase

4,117,063 glpK 160 T>A Trp54Arg Glycerol kinase

4,181,336 rpoB 92A>G Gln31Arg RNAP subunit β

4,186,099 rpoC 749–750 ins TCCG
CTGGT

LevValPro(252–254)
ins

RNAP subunit β0

4,272,883 uvrA 989 T>G Phe330Cys Excision nuclease

aTwo clones from each of three populations were selected and sequenced. The total number of identified mutations in the hypermutator clones B.66.1 and
B.66.2 were 281 and 416, respectively. Genes with mutations that are shared between at least two clones are color coded and those that are only present in one
clone are shown in grey.
bNucleotide position in the reference sequence Genbank entry: U00096.3.
cDeletion (del), insertion (ins).
dNon-sense mutation (*). Frame shift (fs).
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A.66.2 showed an improvement of 74% in growth rate
(μ = 0.607 ± 0.02 hr�1 [n = 2]) compared to the wild type
(Figure S2). Next, we repeated the growth experiment
and switched the carbon source to glucose. In this case,
the difference in growth rate between the evolved strain
(A.66.1) and the wild type was less than 10% (μ = 0.580
± 0.009 hr�1 [n = 2] vs. μ = 0.628 ± 0.013 hr�1 [n = 2];
Figure S3). This suggests that mutations affecting glycerol
utilization are causal to the improved growth also in the
perdeuterated DD-M9 medium.

2.4 | Structure–function predictions of
glycerol kinase variants

In order to understand how the adaptive GlpK mutants
improve fitness during growth on minimal glycerol
medium the detected amino acid substitutions were
mapped to the X-ray crystal structure of GlpK (PDB entry
1GLF). It was observed that most substitutions are
located at or in proximity to the tetramer interface in
GlpK (Figure S4). Such substitutions have been found to
affect tetramerization of GlpK, which is required for the
allosteric inhibition by fructose-1,6-bisphosphate (FBP).24

Since most GlpK variations found here were located at
the tetramer interface, it is likely that the increased fit-
ness of those mutants is due to abolished FBP inhibition.
We performed Sanger sequencing on colonies isolated
from intermediate evolutionary steps, specifically
targeting the glpK gene. In addition to the detected muta-
tions in the experimental evolution end-point isolates, we
found four additional missense mutations in glpK, all
predicted to alleviate the inhibition of GlpK by FBP
(Table 2).

2.5 | The ilvG pseudogene is restored in
evolved strains

The E. coli K-12 MG1655 strain has a frameshift mutation
that introduces a premature stop codon (UGA) in the ilvG
gene making it non-functional.26 We observed mutations
in the ilvG gene in all lineages. A.66.1, C.66.1, and C.66.2
have single base pair deletions of the T or the G of the
premature stop codon (TGA) that restores the ilvG read-
ing frame. The hypermutator strains, B.66.1 and B.66.2,
have a single base pair substitution eight bases upstream
of the premature stop codon. This missense mutation

TABLE 2 Observed polymorphism within glpK in the evolved strains

Straina Coding region change Protein change Description

A.18.1 685A>C N229T Homotetramer interface

A.66.1 914G>C G305A Decreased allosteric regulation by FBP.b

A.24.4 1061C>T A354V Close to G305

A.15.2
A.18.2
A.18.3
A.24.5
A.45.1
A.45.2
A.66.2

692G>A G231D Homotetramer interface. Increased activity and
decreased allosteric regulation by FBP.c

B.15.3
B.18.1
B.18.2
B.18.3
B.24.2
B.24.1
B.45.1
B.45.2B.66.1
B.66.2

520A>G M174V Close to the homotetramer interface

C.18.2 519A>C K173N Homotetramer interface

C.45.1 689 T>C I230T Homotetramer interface

C.45.2
C.66.2

160 T>C W54R Homotetramer interface

aSampling for sequencing was done at the 9th, 15th,18th, 24th, 45th, and 66th subculturing. No mutation in glpK was observed at the 9th subculturing.
bA G305S substitution in GlpK alleviating the allosteric inhibition by fructose-1,6-bisphosphate (FBP) was described in References 23,25.
cThis substitution was described in Reference 21.
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results in a substitution of Leu325 for Ser but does not
restore the reading frame. Biosynthesis of the branched-
chain amino acids isoleucine, leucine, and valine are
closely related. Three different acetohydroxy acid synthe-
tase isoenzymes are present in E. coli.27 These enzymes
participate in the branched-chain amino acid biosyn-
thetic pathway. Isoenzyme I and III are feedback
inhibited by valine, whereas isoenzyme II is not. A func-
tional ilvG gene encodes the large subunit of acet-
ohydroxy acid synthetase II. E. coli K-12 strains cannot
form an active isoenzyme II and are therefore sensitive to
growth inhibition by valine renders E. coli K-12 auxotro-
phic for isoleucine.27 The evolved strains were tested for
valine sensitivity by assaying growth in minimal medium
supplemented with different concentrations of valine (0–
1 mg/ml). The parental strain and the evolved strains
without mutations in ilvG did not grow in the presence of
added valine. In contrast, strains carrying the single base
pair deletion that restored the ilvG reading frame were
able to grow in the presence of 1 mg/ml valine (Table 3).
The hypermutator strains, B.66.1 and B.66.2, showed
intermediate sensitivity to valine (Table 3). The A66 and
C66 isolates have the ilvG frames restored due to loss of
one base of the stop codon. The hypermutator strains
(B66.1 and B.66.2) may have the ilvG restored by a mis-
sense mutation before the stop codon resulting in a sec-
ond reading initiated from an AUG codon upstream of
the stop codon (Figure S5). The putative initiation codon
is proceeded by a sequence that may function as a ribo-
some binding sequence. This reading frame could encode
the C-terminal part of IlvG which may partially rescue
the non-functional truncated IlvG (Figure S5).

Previous studies found that ilvG disruption causes
polar effect on downstream genes of the ilvGMEDA
operon that encodes enzymes required for isoleucine and
valine biosynthesis.28 Restoring ilvG could alleviate the
polar effect, increasing transcription of downstream
genes. This suggests that either in deuterated conditions

downstream genes is important in producing branched
chain amino acids, or that valine production and degra-
dation is unbalanced, leading to an accumulation of
valine that inhibits isoleucine biosynthesis. It has been
observed that restoring ilvG abolish oscillations in growth
in high-density fermenter cultures.29 Such oscillations
might be enhanced in deuterium-based medium increas-
ing the selective pressure for restoring ilvG. Moreover,
valine biosynthesis and degradation could be differently
affected by the deuterium isotope effect, and thus ampli-
fying these oscillations.

2.6 | Mutations in rpoB and rpoC RNA
polymerase β and β' subunits, respectively

The DNA-dependent RNA polymerase (RNAP) is central
to transcription and transcriptional regulation and muta-
tions affecting RNAP can arise due to a range of different
selective conditions. We observed, in common with previ-
ous long-term adaptive laboratory evolution studies,
mutations in the genes encoding the RNAP catalytic sub-
units β and β' (rpoB and rpoC)30 (Table 1). In this work,
we found a missense mutation in rpoB which was not
reported previously. In rpoC, a duplication between posi-
tion 749 and 750, resulting in duplication of amino acid
residues LVP at 252–254 positions in RpoC. Several
mutations in rpoC have been found during adaptive evo-
lution to glycerol minimal media.19 However, these
mutations, substitution at position 2,249 and deletion at
position 3,132…3158,19 are far away from the one
obtained in this study.

Mutations in rpoB that leads to resistance to rifampi-
cin also lead to altered expression of several genes.31 The
RpoB substitution (Gln31Arg) is in close proximity to the
rifampicin-binding site. Since the mode of action of
rifampicin is to directly block the path of the elongating
RNA transcript, these mutations are likely to affect the
transcription mechanism itself.

2.7 | Mutations in rpoS encoding RNA
polymerase sigma factor (σ38)

The rpoS gene encode an alternative sigma factor (RpoS
or σS or σ38) that mediates the general stress response
and is mainly active in the stationary phase.32 We
observed that in two instances rpoS was mutated. In
strain A.66.1 a deletion of adenine at position 151 in rpoS
results in a frameshift mutation which in turn leads to
premature termination. It is expected that this mutation
would lead to a loss of RpoS function. The C.66.1 strain
has a mutation in the stop codon which results in a

TABLE 3 Sensitivity to valine in different strains

Strain

Growth with valine (mg/ml)a

0 0.1 0.5 1

MG1655 + � � �
A.66.1 + + + +

A.66.2 + � � �
B.66.1 + + + �
B.66.2 + + � �
C.66.1 + + + +

C.66.2 + + + +

aGrowth (+), no growth (�).
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predicted 41 amino acid residue extension of RpoS. Both
variants are expected to negatively affect RpoS function.
To experimentally test this, we made use of that tran-
scription of the catalase encoded by the katE gene is RpoS
dependent.33 To assay for catalase activity hydrogen per-
oxide was applied on bacterial patches and the presence
or absence of vigorous bubbling (oxygen) was recorded.
The wild-type strain was used as the reference, and a
strain deleted for rpoS was used as a negative control. As
expected, the wild type gave a positive catalase reaction
and the rpoS null mutant showed almost no reaction
with hydrogen peroxide. The two strains, A.66.1 and
C.66.2 with mutations in rpoS were both catalase nega-
tive most likely due to a non-functional RpoS (Table 4).

Mutations in rpoS were not reported in previous
adaptive laboratory evolution studies using glycerol mini-
mal media. However, rpoS mutations have been detected
during selection on succinate, and during nitrogen and
glucose limiting conditions.34–36 A large number of genes
in E. coli are positively controlled by RpoS and several
genes are negatively controlled.32 The RpoS variants
found here are both non-functional according to the cata-
lase assay (Table 4). Thus, lack of RpoS will reduce
expression of hundreds of genes and by so liberate
resources for improved growth in deuterated media.

2.8 | Mutations in trkH encoding a
potassium ion transporter

The trkH gene encodes a low affinity high rate potassium
ion transporter.37 This membrane protein interacts with
the cytoplasmic protein TrkA.38 The TrkH/TrkA complex
requires the proton-motive force and ATP to transport
K+ and H+ ions.39 We observed three missense mutations

in the trkH gene in the evolved strains. Since there is no
structural information on E. coli TrkH we aligned it with
the homologue from Vibrio parahaemolyticus and
mapped the positions of the observed amino acid changes
on the TrkH X-ray structure (PDB entry 3PJZ)40

(Figure S6). The Leu80Gln substitution is predicted to be
located in an α-helix close to the pore helix which is
responsible for translocating ions through the membrane.
The Gly156Asp mutation is located in a loop region that
is in close proximity to the interaction face with TrkA.41

How these variants may affect K+ uptake is not apparent.
However, as mutations in trkH were observed in several
of the evolved strains it is likely that they have a pheno-
typic effect on K+ influx rates.

2.9 | Perdeuterated protein production
in evolved strains

To investigate if the evolved strains are suitable for
recombinant protein perdeuteration two strains (A.66.2
and C.66.2) were lysogenized with the λ bacteriophage
DE3 that carries the T7 gene 1 encoding the T7 RNA
polymerase under control of the IPTG inducible lacUV5
promoter. The resulting strains were named, DAG1
(DE3) (Deuterium Adapted Glycerol) and DAG2(DE3),
respectively. Next, recombinant protein production of
superfolder green fluorescent protein (sfGFP) and the
glycolytic enzyme triose-phosphate isomerase (TIM) from
Leishmania mexicana in the deuterium-based growth
medium (DD-M9) was tested. The evolved strains pro-
duced levels of TIM comparable to that of the parental
strain (MG1655(DE3); Figure 4). Subcellular fraction-
ation showed that the proportion of TIM recovered in the
soluble fraction was close to 100% in the wild type and in
the evolved strains (Figure 4). Production of sfGFP was
evaluated by SDS-PAGE and by measuring fluorescence
intensity of intact cells (Figure 5). Both evolved strains
showed a higher yield of sfGFP compared to the parental
strain at the analyzed time points (Figure 5b). This shows
that the evolved strains are suitable for recombinant per-
deuterated protein production. We noticed that the
induction time is of critical importance for optimal yield
of both TIM and sfGFP. Induction in the early exponen-
tial growth phase (OD600� 0.5) resulted in considerably
lower protein yield compared to when induction was
done at a later time point (OD600� 1.2; Figure 6). Next,
we investigated the general feasibility of using the
evolved strains for recombinant protein perdeuteration.
Two membrane proteins, the outer membrane protein
OmpF and the Aquifex aeolicus leucine transporter
(LeuT) which serve as a model for neurotransmitter
sodium symporters were produced in strain DAG1(DE3).

TABLE 4 Catalase activity in different strains

Strain
Catalase
reactiona

rpoS
genotypeb

MG1655 + Wild type

A.66.1 � Thr51fs

A.66.2 + Wild type

B.66.1 + Wild type

B.66.2 + Wild type

C.66.1 + Wild type

C.66.2 � *331Ser

MG1655(DE3)
ΔrpoS

� rpoS::kan

Note: Each test was carried out on three replicates.
a(+) Vigorous reaction, (�) faint reaction.
bframeshift (fs), Stop codon (*).
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SDS-PAGE analysis showed that the evolved strain pro-
duced high levels of OmpF (Figure S7a). LeuT could also
be expressed in the adapted strain in deuterated minimal
medium at about 0.34mg per liter of growth medium (-
Figure S7b). In addition, the DNA binding tryptophan
repressor protein (TrpR) could also successfully be pro-
duced in the evolved strain (Figure S7c).

2.10 | Inactivation of the protease
encoding genes lon and ompT does not
improve protein yield

The E. coli B-strain, BL21(DE3) is the most commonly
used host strain for recombinant protein production for
structural biology according to data from the Protein

(a)

(b)

FIGURE 4 Recombinant production of TIM in wild type and two evolved Escherichia coli strains. SDS–PAGE analysis of whole cell and

soluble fraction of lysed cells at the indicated time points after induction with IPTG. The expression of the gene encoding TIM was induced

when OD600 was 1.2. Each lane was loaded with a sample corresponding to 10 μl cell culture. The molecular mass standards, in kilodaltons,

are indicated on the left. (a) Wild type (wt, MG1655(DE3)) and evolved strain (evol, DAG1(DE3)), (b) (wt, MG1655(DE3)), and evolved

strain (evol, DAG2(DE3))
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Data Bank (http://www.rcsb.org/). One reason why
E. coli BL21(DE3) is considered to be particularly suit-
able for protein production is that it contains fewer pro-
teases.42 The cytoplasmic AAA+ protease Lon is not
produced due to insertion of a transposon in the lon pro-
moter region and the gene encoding the outer mem-
brane OmpT protease is absent in E. coli B-strains.43,44

However, evidence that these proteases are directly
linked to reduced recombinant protein yield are lim-
ited.45,46 Moreover, the Lon protease plays a central role
in protein quality control in most bacteria as it degrades
aberrant proteins and functions as both a protease and a
chaperone.47 It has been found that in the Bl21(DE3)-

derived strain C43(DE3) (also known as a Walker strain)
which is adapted for membrane protein production
expression of the lon gene has been restored.48 To test
the effect of lon and ompT on recombinant protein pro-
duction in one of the evolved strains these genes were
deleted in strain DAG1(DE3). Production of sfGFP was
followed by fluorescence measurements. The analysis
shows that both lon and ompT negatively affect the con-
centration of produced sfGFP (Figure 7). Both ompT49

and lon50 have been associated with the cellular
response to heat shock and protein overexpression and
could those negatively affect recombinant protein
production.

250
130
100

70

55

40

35

25

(a)

(b)

(hr)

FIGURE 5 Recombinant

production of sfGFP in wild

type and two evolved

Escherichia coli strains.

(a) SDS–PAGE analysis of the

soluble fraction of lysed cells at

the indicated time points after

induction with IPTG. Each

lane was loaded with a sample

corresponding to 19-μl cell
culture. The positions of

molecular mass standards, in

kilodaltons, are indicated on

the left. (b) Absolute

fluorescence intensities (au,

arbitrary units) in cells

harvested at different time

points after inducing

expression of the gene

encoding sfGFP. Three

replicates were analyzed and

the mean fluorescence

intensity is plotted. The error

bars represents the SD. A.66.2

(DE3) white bars, C.66.2(DE3)

grey bars, and MG1655(DE3)

black bars
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2.11 | Are there any genes that are
essential for growth in deuterated
medium?

To find out if there are any genes that are essential for
growth on perdeuterated minimal glycerol medium we

profiled the Keio single-gene deletion mutant collection.
The 3,985 mutants were first grown on LA plates sup-
plemented with kanamycin and then transferred using a
96-pin tool to M9-glycerol agar plates (H-M9 agar).
Fifty-nine mutants were not able to grow on minimal
medium. Many of these effect functions involved in
amino acid or nucleotide biosynthesis. The obtained
results largely agree with what has been reported previ-
ously.51 However, some of the mutants found not to
grow on H-M9 agar, for example, ΔilvE and ΔmetE were
reported to grow in liquid minimal glycerol medium.51

However, in agreement with our observations they were
found to be essential for growth on minimal medium
with glucose.52 Next, the mutant strains were pinned
from H-M9 agar to deuterated minimal glycerol agar
plates (D-M9 agar). None of the strains failed to grow
on D-M9 agar. A few strains that were found to grow
poorly on D-M9 agar as well as strains not particularly
affected by the deuterated medium were pinned in par-
allel onto H-M9 and D-M9 plates. Strains that grew
poorly on the ordinary growth medium generally
showed very poor growth on the deuterated growth
medium. Images of colonies after 136 hr of growth were
overlaid to estimate the relative colony size as a proxy of
growth. Some deletion mutations (e.g., lpd, pal, dksA,
ptsH, truA, bioB, cysK, lipA, fepA, ldcA, and dnaT) had a
particular large effect on the relative colony size
(Figure 8, Figure S8).

(a)

(b)

(hr)

(hr)

FIGURE 6 Time of induction affect yield of sfGFP. Absolute

(a) and relative (b) fluorescence intensities in cells at different time

points after inducing expression of the gene encoding sfGFP. Three

replicates were analyzed and the mean fluorescence intensity is

plotted. The error bars represents the SD. Induction was done

either at an OD600 of 0.5 or at an OD600 of 1.2 as indicated. au,

arbitrary units

(hr)

FIGURE 7 Effect of the protease encoding genes lon and ompT

on sfGFP production. Fluorescence intensities in cells at different

time points after inducing expression of the gene encoding sfGFP.

Three replicates were analyzed and the mean fluorescence intensity

is plotted. The error bars represents the SD
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The profiling presented here show that growth on
deuterated medium in some but not all cases lead to a
reduction of growth as compared to a non-deuterated
medium. The data also indicate that there is no single
gene which is essential for growth on deuterated
medium. However, we cannot fully rule this out as the
Keio collection does not comprise all genes and some
mutants may rapidly accumulate suppressor mutations
that restore growth on deuterated media. Some mutants,
for example those deleted for bioB (biotin synthase) or
dnaT (primosomal protein), showed very poor growth on
both media. This shows that also strains which have lim-
ited growth capabilities on defined 1H media can grow in
deuterated growth medium. If the poorer growth on deu-
terated medium is due to that the kinetic isotope effect
has the same impact on all metabolic pathways, we
would aspect to see a constant ratio of growth in H versus
D medium for all tested strains. This was not observed as
shown in Figure 8 suggesting that some cellular reactions
are more affected than others by the presence of the
heavy isotope of hydrogen.

When particular proteins, as, for example, enzymes,
are recombinantly produced in E. coli, it is sometimes
required to eliminate related endogenous enzyme activi-
ties to avoid contaminating activities. The findings pres-
ented here can be used to predict growth properties of
single knock out mutant for use as host for production of
specific deuterated proteins.

3 | CONCLUSIONS

We show here that E. coli K-12 strains with increased fit-
ness in deuterium-based growth media can be isolated by

adaptive experimental evolution. Analysis of the obtained
strains reveal that there are multiple routes to genetic
adaptation to growth in deuterium-based media and that
the improved fitness also translates to nondeuterated
minimal growth medium. Thus, mutations are not pri-
marily selected due to specific effects of deuteration but
rather to the general growth restricting effects imposed
by the deuterium isotope effect. These findings are fur-
ther corroborated by that no specific gene was found to
be essential for growth in deuterated minimal medium.
Nevertheless, we show that evolved strains can be of
practical use for recombinant production of per-
deuterated proteins for structural biology applications.
Glycerol-d8 is commonly used as a carbon source for deu-
terium labeling and the evolved strains show enhanced
growth rates in particular in minimal media with glycerol
as carbon source. One of the evolved strains was adapted
for the widely used T7 RNA polymerase overexpression
systems and used in production of perdeuterated recom-
binant soluble and membrane-proteins.

4 | MATERIALS AND METHODS

4.1 | Bacterial strains, oligonucleotides,
plasmids, culture conditions, and
transformation

The bacterial strains, plasmids and oligonucleotides used
in this study are listed in Tables S3, S4 and S5, respec-
tively. Media were supplemented when needed with the
appropriate antibiotic at the following concentrations:
100 μg/ml ampicillin, 50 μg/ml chloramphenicol, 50 μg/ml
kanamycin, 50 μg/ml spectinomycin. Lysogeny broth

FIGURE 8 Relative growth of selected mutants from the single-gene knockout collection. The indicated strains were spotted onto H-M9

and D-M9 agar plates. Each bar represents the relative colony size for growth on H-M9 and D-M9 agar plates for the indicated strains. WT is

the wild-type reference Escherichia coli K-12 BW25113 strain. The line indicates H/D size ration of the wild type. For the strain deleted for

dnaT growth on D-M9 agar plates was very poor and the star (*) indicates that the H/D size ratio was very large but that an exact value

could not be plotted. Images of the colonies from which the data was obtained is shown in Figure S8

2468 KELPŠAS AND von WACHENFELDT



(LB) (10 g/L NaCl, 5 g/L Difco yeast extract, 10 g/L Difco
tryptone) made up with H2O, pH 7.6, was used as a rich
medium. The defined M9 minimal medium (here referred
to as H-M9) consisted of (42.7 mM Na2HPO4 � 2H2O,
22 mM KH2PO4, 8.6 mM NaCl, 107 mM NH4Cl, 1 mM
MgSO4 � 7 H2O, 0.1 mM CaCl2, 2 mg/L thiamine HCl,
0.018 mM FeCl3 � 6H2O with glycerol 0.8% [w/v] as sole
carbon and energy source). To induce recombinant gene
expression 0.5 mM isopropyl β-D-1-thiogalactopyranoside
(IPTG) was added to the growth media. When deuterated
media were prepared all solutions were made in heavy
water (99.8% D-atom, Sigma-Aldrich) and then filtered
with 0.22 μm sterile filter (VWR Vacuum filtration unit).
In the deuterated media, either regular glycerol (medium
referred to as D-M9) or glycerol d-8 (98% D-atom, Sigma-
Aldrich; medium referred to as DD-M9) was used. All salts
used in D-M9 and DD-M9 were the same as in M9, but
instead of Na2HPO4 � 2H2O anhydrous Na2HPO4 was
used. For perdeuterated protein production, a 1 M stock
solution of IPTG prepared in heavy water was used. Plates
and liquid cultures were incubated at 30�C or 37�C.
Strains were revived from glycerol freezer stocks by streak-
ing onto lysogeny broth agar (LA) and incubation at 37�C.
Plasmid DNA was transformed into electrocompetent cells
which were made using the glycerol/mannitol density step
centrifugation method.53

4.2 | Growth experiments

Overnight bacterial cultures were set-up by inoculating a
few colonies from an LA plate of the appropriate strain
into 25 ml H-M9, and incubated at 37�C, 200 rpm. The
overnight cultures were diluted approximately 30 times
in fresh medium to an optical density at 600 nm (OD600)
of 0.1 and incubated at 37�C with shaking (200 rpm).
When growth was performed in deuterated media, the
following steps were carried out to minimize carry-over
of ordinary hydrogen. The overnight cultures were
harvested by centrifugation (8 min at 8000� g at 20�C),
the supernatant was carefully removed, and the pellet
suspended in 10 ml D-M9. The cultures were then incu-
bated at 37�C, until it reached an OD600 between 1 and
3. The cultures were diluted to an OD600 of 0.1 into 25 ml
DD-M9 and incubated at 37�C, 200 rpm. Cultures of
25 ml total volume were cultivated in 250 ml baffled
Erlenmeyer flasks (Bellco) and 10 ml cultures were
grown in 100 ml Erlenmeyer flasks (Schott DURAN).
Flasks were placed in a 37�C incubator. Growth rate
experiments were performed by measuring the optical
density at 600 nm (OD600) of duplicate cultures over sev-
eral time points at cell densities between 0.05 and 2. The
specific growth rate (μ) was calculated as the slope of the

linear best-fit line through a plot of ln (OD600) versus
time (hr). The generation time (or doubling), td, is equal
to ln2/μ Growth curves are shown as semilogarithmic
plots of time versus OD.

4.3 | Phase contrast microscopy, cell
counting, and dry mass estimation

All cultures were set-up as described under “growth
experiments.” For microscopy and cell counting 0.5 ml of
culture was withdrawn and placed on ice until analyzed
(<30 min). At the same time point, OD600 was recorded.
Phase contrast images of E. coli cells (OD600 between 0.3
and 0.5) were taken using an (ZEISS Axio Imager2)
equipped with ORCA-FLASH4.0 V2 Digital CMOS Cam-
era (Hamamatsu). Prior to imaging, cells were loaded
onto a microscope slide covered with a thin pad of 1%
(wt/vol) agarose in PBS (83.2 mM NaCl, 2.2 mM KH2PO4

, 20.9 mM K2HPO4 [pH 7.5]). Hundred cells per growth
medium (H-M9 and DD-M9) were analyzed for cell
length and width. A t-test was used to determine whether
the difference in cell size were statistically significant. To
establish the relation between OD600 values and cell
number each culture was measured at various OD600

values and then cell numbers were counted using a
Bürker chamber (Hirschmann) with a chamber depth of
0.01 mm. Cells in 10 squares with area size of 0.01 mm2

were counted, to obtain a concentration of cells/ml of
culture. The culture was diluted if there were more than
30 cells per square. Cell numbers were normalized
against OD600. For the determination of the relation
between dry cell weight and OD600 value of stationary
phase cultures 3 � 1 ml of cultures were collected into
pre-weighed glass falcon tubes and spun down at
4500 rpm for 8 min. The supernatant was carefully
removed and the tubes were incubated for 48 hr at 85�C.
The tubes were weighted using a scale with readability of
0.0001 g and dry cell weight was estimated and normal-
ized against OD600 values.

4.4 | Evolutionary adaptation

The parental strain E. coli MG1655 (K-12) was streaked
on an LA plate and incubated overnight at 37�C. The fol-
lowing day a few colonies were used to inoculate 25 ml
H-M9 in a 250 ml baffled Erlenmeyer flask that was incu-
bated at 37�C and 200 rpm until the culture reached an
OD600 of 3. The culture was centrifuged for 8 min at
8000� g, the supernatant was removed and the cell pellet
suspended in 5 ml DD-M9. The suspended cells were used
to inoculate 15 ml DD-M9 to an OD600 of 0.1. The culture
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was divided into three equal parts (5 ml) in three 50 ml
TPP® TubeSpin bioreactor tubes which were placed at
37�C inclined at a 45� angle and rotated at 200 rpm. The
cultures are referred to as three separate lineages
(lineage A, B, and C). The cultures were grown until they
reached an OD600 of approximately 5, then the exact
OD600 was recorded and used to estimate the number of
generations passed from the start of the experiment. Next,
each lineage was used to inoculate 5 ml fresh DD-M9
medium. Cultures up to the 11th subculturing were
started at an OD600 of 0.1 (1:50 dilution), after this point,
an OD600 of 0.05 (1:100 dilution) was used. Subculturing
was done every second day (48 hr) for 17 subculturings
and after that, once a day. Periodically, for every third
subculturing, 660 μl of the culture was withdrawn and
mixed with 340 μl of 85% glycerol and stored at �80�C.
Samples were inspected for contamination by streaking
for single colonies on LA plates. At different time points,
single colonies were isolated from the cultures by repeat-
edly (three times) streaking and incubating on LA plates.
Single colonies were used to streak a bacterial lawn on
LA plates which was later used to prepare a glycerol stock
for long-term freezer storage at �80�C.

4.5 | DNA sequencing

Illumina sequencing technology was used for whole
genome shot-gun sequencing and Sanger sequencing was
used to confirm mutations in specific genes of interest.
Genomic RNA-free DNA was purified using the DNeasy
Blood and Tissue Kit (Qiagen) according to the manufac-
turer's instructions. Quality control and library prepara-
tion were performed by GATC (Konstanz, Germany) and
sequenced on a genome sequencer Illumina HiSeq with
2� 150 bp paired end read output. Reads, approximately
10 million reads per sample, were mapped using CLC
genomics workbench (Qiagen) to the reference genome
sequence of E. coli MG1655 (Genbank entry code:
U00096.3) obtained from the NCBI genome repository
and corrected for the identified variants in the laboratory
stocked MG1655 strain.13 More than 99% of the reads
could be mapped to the reference sequence. Only vari-
ants detected at a frequency above 95% were considered.
In order to confirm and identify particular mutations,
appropriate stretches of DNA were amplified by PCR and
then subjected to Sanger sequencing (Eurofins). Primers
for sequencing and amplification are listed in Table S5.

4.6 | Other genetic modifications

Deletion of lon and ompT was done using the λ-Red
recombinase-mediated gene deletion method.54 A PCR

product harboring 50 bp end sequences homologous to
ompT and a kanamycin resistance marker was amplified
with plasmid pKD4 as template and primers ompT_up
and ompT_down. For deletion of lon PCR was done
using primers lon_up and lon_down with plasmid pKD3
as template generating a fragment with a chlorampheni-
col resistance marker. The lon and the ompT PCR prod-
ucts were transformed into E. coli DA1 and E. coli
MG1655, respectively. The recipient strains both har-
bored the λ-Red recombinase expression plasmid pKD46,
and subsequently transformants were selected on media
plates containing kanamycin or chloramphenicol. Dele-
tion of lon and ompT was verified by amplifying the
appropriate chromosomal region using primer pair
lon_for/lon_rev and ompT_for/ompT_rev, respectively.
Phage P1 transduction was done according to55 and used
to transduce the lon and ompT mutations to strain DAG1
(DE3). The kanamycin resistance gene was eliminated
by transforming the appropriate strain with plasmid
pCP20 that carries the Flp recombinase gene.56 To make
the double lon, ompT mutant Δlon::cap was transduced
into strain DAG1(DE3) ΔompT::frt. In order to test
recombinant protein production capabilities, the gene
for T7 RNA polymerase was introduced into strains of
interest by lysogenizing with the lambda phage DE3
using the λDE3 lysogenization kit as previously
described.13 Phage P1 transduction was used to trans-
duce the rpoS::kan mutation from the Keio collection of
deletion mutants to the MG1655 background according
to Reference 55.

4.7 | Valine resistance assay

Overnight cultures grown at 37�C in H-M9 was used to
inoculate H-M9 medium supplemented with different
concentrations of L-valine: 1000 μg/ml, 200 μg/ml,
40 μg/ml, 8 μg/ml. All tubes were inoculated to an OD600

of 0.01 and incubated at 37�C, 200 rpm. Cultures were
visually inspected for turbidity after incubation for
24 and 48 hr. As a reference, a culture grown in H-M9
without added valine was used.

4.8 | Catalase test

Strains were streaked on LA plates and incubated over-
night at 37�C. Before the catalase assay was carried out
the plates were incubated at 4�C for 48 hr to induce rpoS
expression. 10 μl of a 6% (vol/vol) hydrogen peroxide
solution was applied onto bacterial patches. Vigorous
foaming was an indication of high catalase activity and
linked to the presence of the RNA polymerase sigma fac-
tor RpoS, while faint foaming was considered to be due
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to lack of RpoS activity that is required for catalase gene
expression.

4.9 | Protein production

E. coli MG1655(DE3), E. coli DAG1(DE3), and E. coli
DAG2(DE3) were transformed with plasmids
pNIC28_Lm_TIM57 (encoding triosephosphate isomerase
of L. mexicana) and pETM14_sfGFP (encoding super
folder GFP).13 Cultures were inoculated and set-up as
outlined under “growth experiments” in DD-M9. At an
OD600 of 0.5 or at an OD600 of 1.2 IPTG to a final concen-
tration of 0.5 mM was added. At different time points
1 ml of culture was harvested by centrifugation at 8000�
g for 8 min at 4�C. The supernatant was carefully
removed, and the cell pellet was suspended in 0.25 ml
cold 50 mM Tris–HCl, 100 mM NaCl, 10 mM EDTA
buffer (pH 8.0) and stored at �20�C until used. Samples
were thawed on ice and sonicated using a Vibra Cell dis-
ruptor. Samples were then centrifuged at 20,000� g for
45 min at 4�C. Supernatant of 40 μl was mixed with 10 μl
5X SDS-PAGE sample buffer (60 mM Tris–HCl [pH 6.8],
25% glycerol, 2% SDS, 0.1% bromophenol blue, 0.7 M
2-mercaptoethanol) and incubated at 95�C for 10 min.
Each sample of 6 μl of was loaded per lane on an SDS-
PAGE gel (Any kD™ Criterion™ TGX™). Tris–glycine–
SDS (25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3)
was used as running buffer. Bands were visualized by
using Coomassie Brilliant Blue (SimplyBlue™ SafeStain,
Bio-Rad) according to the manufacturer's protocol. Cell
pellets for sfGFP quantitation were suspended in 0.5 ml
of cold 50 mM Tris–HCl, 100 mM NaCl, 10 mM EDTA
buffer (pH 8.0). Of note, 300 μl was transferred to another
tube and sonicated as described above. This served as the
whole cell lysate. Whole cell lysate of 100 μl was cen-
trifuged 20,000� g for 45 min at 4�C. The supernatant
was used as soluble fraction. Soluble fraction of 40 μl was
mixed with 10 μl 5X SDS-PAGE sample buffer, heated at
98�C for 10 min. Samples were spun down for a few sec-
onds and placed on ice. Sample of 6 μl was loaded per
lane on a Criterion™ TGX™ Any KD™ (BIO-RAD) pre-
cast gels. Measurement of sfGFP fluorescence on whole
cells was done by resuspending cells in 0.5 ml 50 mM
Tris, 100 mM NaCl, 10 mM EDTA buffer (pH 8.0). Sam-
ples were then diluted 100-fold in 100 mM NaCl,
100 mM sodium-phosphate buffer (pH 7.5), and OD600 as
well as sfGFP fluorescence (excitation 485 nm and emis-
sion 510 nm) were measured. Fluorescence was mea-
sured using a RF-5301 Spectrofluorophotometer
(Shimadzu) and fluorescence intensity was recorded after
subtraction of background fluorescence for the
buffer used.

4.10 | Keio collection screen

The Keio collection which consists of 3,985 of nonessen-
tial gene disruptions in E. coli K-12 BW25113 back-
ground58 was used to screen for genes essential for
growth on deuterated solid minimal medium. It was
obtained from the National Bioresource Project (NIG,
Japan). Screening was carried out on solid media in
Nunc® Omnitray (Sigma) filled with 50 ml ordinary M9
(H-M9) or deuterated M9 (D-M9) minimal medium sup-
plemented with 1.5% agar. A 96 solid pin multi-blot repli-
cator was used to transfer colonies grown on LA plates
onto H-M9 agar plates. After incubation, the colonies
were transferred from H-M9 to D-M9 plates. All plates
were incubated at 37�C. ImageJ59 was used to calculate
relative spot sizes. The spot size area is an arbitrary num-
ber which is normalized to the length of the left corner of
the Omnitray plate.
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