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Abstract

Quantitative assessment of the spontaneous or induced genomic mutation rate, a fundamental evolutionary parameter, usus
requires the use of well-characterized mutant selection systems. Although there is a great number of genetic selection schen
available inEscherichia coli, the selection ab-cycloserine resistant mutants is shown here to be particularly useful to yield a general
view of mutation rates and spectra. The combination of a well-defined experimental protocol with the Ma-Sandri-Sarkar maximurr
likelihood method of fluctuation analysis results in reproducible data, adequate for statistical comparisons. The straightforwart
procedure is based on a simple phenotype—genotype relationship, and detects mutations in the single-copy, chrombdsomal
gene, involved in the uptake afcycloserine. In contrast to the widely used rifampicin resistance assay, the procedure selects
mutations which are neutral in respect of cell growth. No specific genetic background is needed, and practically the entire mutatio
spectrum (base substitutions, frameshifts, deletions, insertions) can simultaneously be measured. A systematic apalysis of
mutations revealed a spontaneous mutation rate of6 B8 in E. coli K-12 MG1655. The mutation spectrum was dominated by
point mutations (base substitutions, frameshifts), spread over the entire gene. IS insertions, caused by I1S1, IS2, IS3, IS4, IS5 a
1S150, represented 24% of the mutations.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction increased mutation rates creating higher genetic diver-
sity [1,2], although the long-term selective advantage of
The genomic mutation rate is a fundamental evo- such temporary mutagenesis in some genetic systems
lutionary parameter of any population. Cells maintain has been brought into questifsj.
a balance between faithful replication and mutation- Mutations in bacteria occur typically at a rate of
generating mechanisms. While most mutations are dele-<10-%/gene/replicatiofi4]. Analysis of such rare events
terious, genetic diversity on which selection can work is usually requires the use of a screen, preferably a posi-
a necessity for long-term survival in a changing environ- tive selection system which filters out the mutants from
ment. Genetic adaptation was shown to be an unevena much larger population. Ideally, the mutation detec-
process. Certain environmental stresses can result intion system selects mutations which (i) can be of any
type, (ii) are neutral in respect of cell growth, (iii) do not
require a specific genetic background, (iv) have a simple
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The work horse of molecular biolog¥;scherichia genomic region encompassingcA was amplified using
coli, is a prominent subject of mutation research. A flanking primers cycAlR (5cggaattcatggtagatcaggtaaaagt)
wealth of information on mutations occurring under and cycA2R (5accccaagcttgcgccatccageatgata). The ampli-
various conditions was derived from studies performed fied fragment was cloned into thecoRI-Hindlll sites of
with this bacterium, including recent observations on PBADaBy [20], downstream of the inducible promoter.
the increase of starvation-induced point mutation rates EXPression ofcyc4 was induced by adding 0.1% ara-

[5], or detection of beneficial insertion element-mediated binose to the medium. In the experiments involving

in | d cycloserine, the minimal medium (MT) described by Hall
rearrangements in long-term-cultured c¢dlk [21] was used. The medium was supplemented by 0.2% glu-

A great number of mutation detection systems have cose or glycerol carbon source. Antibiotics were used at
been used if. coli for mutagenesis studi¢g], however, the following end-concentrations: ampicillin (Ap) s@/ml,
the use of them is frequently limited by various factors. rifampicin (Rp) 10Qug/ml, p-cycloserine (Cyc) 0.04 mM.
Narrow range of mutation types detected, interference Stock solution of Cyc (4mg/ml) was prepared freshly
with cell metabolism/growth, need for specific genetic before use.
background, multiple mutation target genes, multicopy
phage- or plasmid-coded components are the causes of-2- Fluctuation assay and statistical analysis
limitations associated with the mutation selection sys-
tems. In the course of our work studying insertion ele-
ment (IS)-mediated_mutagenesis,We deyeloped an assayyion assay, 20 tubes of 1ml glucose-MT were inoculated
based on the selection ofcA mutants, which provedto 4y an overnight starter with *@ells each, and cultures

be particularly useful for the analysis of mutation rates ere grown with agitation to saturation at 3. Fifty micro-
and spectra. We provide a characterization of this systemiiters of aliquots from each tube were then spread on minimal

To detect the rate and spectrum of spontaneous mutations,
cells resistant ton-cycloserine were selected. In a fluctu-

here. plates containing-cycloserine (0.04 mM) and incubated for
ThecycA gene ofE. coli codes for a permease locat- 30h at 37C. The estimated number of mutations per tube
ing in the outer membrane and transportinglanine, (m) was calculated from the number of colonies using the
p-serine, and glycine into the cé#—11]. p-Cycloserine, Ma-Sandri-Sarkar maximum likelihood (MSS-MLL) method
an antibiotic interfering with cell wall synthes[¢2], ~ [22] (see Supplementary Materialat http://www.szbk.u-

szeged.hutposfaigy/supplementyc.htm for details). Eq.
(41) given by Stewart et a[23] was used to extrapolate the
obtainedm value—valid for 5Qul to 1ml. The total num-

is also transported by CycAl3,14] Mutations in
CycA render the cell resistant to-cycloserine. Since

p-cycloserme has multiple _targets-alanyl-n-alanme ber of cells in a tube was determined by spreading dilu-
ligases A and B, and alanine racemagk)-18} the tions from four tubes onto nonselective plates. Dividing the
simultaneous modification of which can practically be number of mutations per tube by the average total number
excluded, we hypothesized that resistance under theof cells in a tube gives the mutational rate (mutation/cell/
conditions of the assay is exclusively due to mutations generation).

of the transporter, CycA. We show here thaicA

mutants resistant to-cycloserine can carry any type of ~ 2.3. IS-specific primers

mutations (point mutations, insertions, deletions), and
these mutations tend to be neutral for growth in minimal
medium. Result; obtained by the test are reproducible, _ IS-specific primers (IS1:-&gctgtcgtictca, Saageca-
a_nd the assay is easy to perform. It _'S based _on actggagcac; I1S2:'8icgcaggcataccatcad-&agacgggttaacggca;
simple phenotype—-genotype relationship, there is no |ss; 5.gacagttcggcttegtga, ctegatgacttceacca; 11505
requirement for a specific genetic background, and acgtgccgagatgatcct;-6agacctatatgcctegt) and primers flank-
mutations are detected in a single-copy, chromosomally ing cycA (cycAl: B-ctgatgccggtaggttct, cycA2: cgecate-
located gene. cagcatgata).

In case of insertion mutants, the identity of some ISs was
determined by PCR using combinations of oppositely ori-

. 3. Results
2. Materials and methods

2.1. Strains, plasmids and media 3.1. Selection of D-cycloserine resistant mutants

Mutation rate experiments were done using K-12 MG1655 For selection ob-cycloserine mutants, the inhibitory
[19]. MDS42, a deletional derivative of MG1655, will  effect of the antibiotic was studied in the 0.01-0.06 mM

be described in detail elsewhere. Plasmids were preparedrange on glucose/minimal plates. Earlier reports defined
from DH5x host. To clonecycA of MG1655, a 1877-bp 0.01 mM as the minimal concentrationmefcycloserine
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needed to completely inhibit growth &. coli K-12 12
on solid mediuni9]. We found that 0.02 mM inhibited 1
growth on agar plates. However, for complete elimina-

—m— pBAD

--A- pBAD+0.1%
Arabinose

0.8

[| —e—pBAD_CycA

tion of the background of slow-growing non-resistant | A/;/

cells, use of 0.04 mM was necessary. For routine assays, & 0.6 - »8a0.cycso.1% ﬂ

cells were grown to saturation (approx. t@lls/ml), O o4

and 50ul of the dense culture was spread on glu- 02 _/P/*

cose/minimal plates supplemented with 0.04 mM Tk
cycloserine. Since-cycloserine slowly looses its bac- 00 5 ) e 3 10 12 14

tericidal activity in agar plate$24], the plates were
prepared immediately before use. Antibiotic resistant
colonies emerging on the plates were uniformin size and
appearance.

Time (hours)

Fig. 1. Effect of wtcycA expression on the growth ofcycloserine
resistant mutant MG1655 cells in liquid culture. Plasmids carried by
the cells are indicated. Cultures were supplemented with 0.04 mM
p-cycloserine, and 0.1% arabinose inducer was added at OD=0.3
(indicated by a vertical arrow), where relevant. All 12 randomly cho-
sen mutants yielded the same results. Only one typical experiment is
shown.

3.2. Resistant mutants are sensitized by expression
of wild-type CycA

Complementation ob-cycloserine mutants by the

wild-type (wt) cycA gene indicates that the mutations independent, randomly chosemcA or rpoB mutants
causing resistance are locateccirA. Wild type cycA (Fig. 2). Competition experiments can show wide fluctu-
was cloned in an arabinose-inducible expression vec- ations, but the observed tendency was clear. The ratio of
tor, resulting in pBADcycA. Twelve randomly chosen D-cycloserine resistant cells remained largely constant
p-cycloserine resistant mutants of MG1655 were trans- in the mixed cultures, indicating that thecA mutations
formed either by pBADcycA or the insert-less vec- did not cause growth defect or growth advantage in min-
tor pBAD. Transformants were then spread on glyc- imal medium. In contrast, rifampicin resistant mutants
erol/minimal plates with or withoui-cycloserine and/or ~ displayed variable results in similar competition exper-
arabinose inducer. Results indicated that expression ofiments. While some of them were gradually overgrown
the wt gene sensitized the resistant mutants to the antibi-by wt cells in the mixed culture, others outcompeted the

otic.

In a another experiment, another set of 12 randomly
choserp-cycloserine resistant mutants were separately
grown in liquid cultures, and arabinose was added in
early logarithmic phase. Expression of aytA resulted
in growth inhibition in the presence af-cycloserine

(Fig. D).
3.3. Mutations in cycA are neutral for cell growth

We hypothesized that in the absence of the trans-
port of substrate amino acids (e.g., in minimal medium),
mutations ofcycA are neutral in respect to growth rate.
Starter cultures of wt MG1655 or MDS42 and their
randomly chosem-cycloserine resistant mutants were
mixed at a ratio of 50:50, and grown without antibi-
otic selection for 45—65 generations in minimal medium
by repeated inoculum transfer from cultures reaching
saturation into fresh medium. For comparison, mixed
cultures of wt MG1655 or MDS42 and their randomly
chosen rifampicin resistant mutants were grown in an
identical way. After every-10—20 doublings, the ratio of
the antibiotic-resistant and the wt cells was determined.
Five to five competition experiments were done using

wt cells.
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Fig. 2. Competition of wt cells vsp-cycloserine resistant mutants
(solid lines) and wt cells vs. rifampicin resistant mutants (dashed lines)
in liquid cultures under non-selective conditions. Each line represents
an independent experiment involving a different, randomly picked
mutant of MG1655 or MDS42, as indicated. Based on PCR analy-
sis, one of theycA mutants carried an IS150 insertion (indicated by
an asterisk), the others carried point mutations. Starter cultures of the
competing cells were mixed initially at a ratio of 50:50. At intervals cor-
responding to~10-20 doublings, 10@l inoculums were transferred
into 100 ml fresh MT minimal medium. At various intervals, the ratio
of mutant cells was determined by plating dilutions onto selective and
non-selective plates.
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3.4. Measuring the spontaneous mutation rate of 8,00E-08
cycA = 7.00E-08
(=]

To characterize the spontaneous mutation rate g 0.008:08
of growing cells, p-cycloserine resistant mutants of T § 500E-08
MG1655 were counted in 20-tube fluctuation assays § S 400E-08
as described in Sectio@. Briefly, parallel cultures §§ 3.00E-08
were grown to the end of logarithmic phase in mini- §.§ '
mal medium, and-cycloserine resistant mutants were g 20008
selected on antibiotic-containing plates. Aliquots from E 1,00E-08
fourtubes per assay were spread on nonselective plates to 0,00E-00
determine the total cell count. The mutation rate (muta- 1 2 3 4 5 6
tion/cell/generation) was obtained by statistical calcula- Experiment

tions f;ls described in SQCti(mand in S_uppler_nen_tary Fig. 3. Demonstration of the reproducibility efcA mutation rate
Material The Ma-Sandn-Sgrkar maXImum “ke“hoo,q measurements. The results of six independent fluctuation assays are
method was chosen for this task, due to its capability ghgwn.

of dealing with all ranges of the: (mutation per tube)

value, and of yielding normally transformable results the wttemplate. Identical size indicated a point mutation
[25]. Reproducibility of the assay is demonstrated by affecting only one or a few nucleotides (base substitu-

showing the results of six fluctuation assaysFig. 3. tions, frameshifts, small deletions and duplications), a
The average spontaneous mutation rate ofthe gene decrease in size or failure of amplification reflected a
in E. coli MG1655 was 6.54& 108, deletion, and an increase in size revealed an IS insertion.

In order to avoid a bias caused by the jackpot effect in a

growing culture,<5 mutants per parallel culture of the
3.5. Analysis of the spectrum and location of cycA fluctuation assays were analysed by PCR. Of the 128
mutations mutants investigated, 95 (74.2%) carried mutations that

did not resultin a change detectable by agarose gel elec-

In order to investigate the type and distribution of trophoresis, 2 (1.6%) carried deletions, and 31 (24.2%)

cycA mutations resulting im-cycloserine resistance, carried IS insertionsHig. 4).
the gene was analysed by PCR amplification. As a  Twenty mutants that did not carry insertions or dele-
first screen, a 1877-bp genomic segment encompasstions detectable by agarose gel electrophoresis were
ing the entire gene and the upstream intergenic region further analysed by sequencing. In one case multiple
was amplified from mutant cells using the primer mutations were found inycA. Among the single muta-
pair cycAl/cycA2. The amplified fragment was run on tions (ig. 5), four transitions, five transversions, four
agarose gel and compared to a fragment generated or(—1) frameshifts, two (+1) frameshifts, one small dele-

1S3 1S5

"Ns%

I1S1
25%

Insertion
24.2% IS150

55%

Deletion mutant
1.6%

Fig. 4. Spectrum afycA mutations, and the relative share of IS types among insertional mutants, based on PCR analysis of 128 and 118 independently
obtained mutants, respectively.
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Fig. 5. The location and identity of single mutationscirA of p-cycloserine resistant cells. A sample of twenty randomly chesef mutants
harboring small mutations and five mutants harboring IS insertions were analysed. Mutatior-¥8was observed in two independent mutants.
Position 1 corresponds to the first nucleotide of the start codopcdf

tion, one 3-bp and one 2-bp duplication were found. system for the quantitative analysis of the mutational
One of the transversions was found in two independent events.
mutants. All base substitutions represented missense Earlier reports indicated that resistanc&ofoli cells
mutations. to 10-10Qum concentration ob-cycloserine was due
The identity of IS insertions was determined by to mutations mapped tocA, the gene coding for a per-
PCR using IS-specific primers in combination with the mease involved in the uptake ofcycloserine[9,13].
primers flanking the gene. Based on the analysis of 118 Theoretically, mutations occurring in the direct targets
independently obtained IS mutants, six different types of of the antibiotic can also cause resistance. However,
ISs (IS1, 1S2, 1S3, IS4, IS5 and I1S150) were found, with sincep-cycloserine has multiple targets, simultaneous
IS150 being the most frequent (55%;d. 4). The loca- relevant modification of them has a negligible proba-
tion of five IS insertions was determined by sequencing bility. We provide here further support that mutations
(Fig. 5. responsible for resistance under our experimental con-
ditions occur exclusively irycA. In two tests, 12-12

4. Discussion

A short sampling of the frequently used mutation
selection systems . coli [7] reveals that many of
them provide only partial information on the muta-
tional events in the cell. Variants of the widely used
assays utilizing théac operon provide only a screen,
limiting the quantitative analysis. Among the positive

D-cycloserine resistant mutants could be complemented
by wt cycA. Moreover, each of 20 randomly chosen
D-cycloserine resistant mutants contained mutations in
cycA, as revealed by sequencing. Narrowing down the
location of mutations responsible for a selectable phe-
notype to a single gene allows a convenient analysis of
the mutation spectrum.

We hypothesized that in the absence of the amino

selection systems, the frequently used rifampicin test acid transport substrates of CycA, mutations responsi-
detects only base substitutions. Moreover, we show hereble for b-cycloserine resistance are neutral in respect of
that these mutations can affect the growth rate. The growth rate. Indeed, the ratio of resistant mutants tended
test based on the activation of the crypbig/ operon to remain constant when grown with wt cells in com-
detects mostly IS transpositions. Assays based on rever-petition experiments. In contrast, rifampicin resistant
sal of auxotrophy require a specific genetic background mutants showed a more variable competition potential
and detect only specific mutations. Analysis of mutants when compared to wt cells. It is plausible that vari-
resistant to ciprofloxacin and other fluoroquinolones is ous mutations impoB, resulting in rifampicin resistance
complicated by multiple resistance mechanisms. Sev- [26], can affect the transcriptional characteristics of the
eral selection systems detect mutations in genes carriedpolymerase, leading to either a defect or advantage in
on multicopy plasmids, further complicating the analy- growth. Indeed, rifampicin resistant mutants Eite-

sis. We show here that thecA gene provides a better  rococcus faecium were reported to have a fitness cost
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[27]. Moreover, it was shown that rifampicin resistant type. Mutants are easily selected, and results are highly
E. coli mutants can have pleiotropic phenotyp2g]. It reproducible.
can be concluded that rifampicin resistant mutants can
be either positively or negatively selected in a growing Acknowledgements
population of cells, and this can introduce unknown vari-
ables in mutation rate measurements. The test based on We are grateful for the experttechnical assistance pro-
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