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The Escherichia coli K-12 chromosome encodes at least five proteic toxin-antitoxin (TA) systems. The
mazEF and relBE systems have been extensively characterized and were proposed to be general stress
response modules. On one hand, mazEF was proposed to act as a programmed cell death system that is
triggered by a variety of stresses. On the other hand, relBE and mazEF were proposed to serve as growth
modulators that induce a dormancy state during amino acid starvation. These conflicting hypotheses led
us to test a possible synergetic effect of the five characterized E. coli TA systems on stress response. We
compared the behavior of a wild-type strain and its derivative devoid of the five TA systems under various
stress conditions. We were unable to detect TA-dependent programmed cell death under any of these
conditions, even under conditions previously reported to induce it. Thus, our results rule out the
programmed-cell-death hypothesis. Moreover, the presence of the five TA systems advantaged neither
recovery from the different stresses nor cell growth under nutrient-limited conditions in competition
experiments. This casts a doubt on whether TA systems significantly influence bacterial fitness and
competitiveness during non-steady-state growth conditions.

Most bacterial genomes harbor multiple toxin-antitoxin
(TA) systems (for reviews on TA systems, see references 6, 13,
18, and 24). Based on sequence homology, seven families of
proteic TA systems have been defined (3, 40). Members of a
given family can be found at multiple locations within a genome
(e.g., in the genomic core, genomic islands, and mobile genetic
elements) and in multiple bacterial species. This ubiquity
strongly suggests that TA systems move from one location to
another through horizontal gene transfer. The first character-
ized TA operons were discovered 25 years ago on low-copy-
number plasmids, and it became rapidly clear that their role is
to maintain the plasmid that carries them in growing bacterial
populations. The molecular mechanism underlying plasmid
maintenance is called postsegregational killing and relies on
the differential stabilities of the two components (antitoxin and
toxin). Upon plasmid loss, de novo synthesis of the plasmid-
encoded TA components ceases and the unstable antitoxin
protein is degraded by an ATP-dependent protease, which
results in toxin release. The toxin is then able to interact with
its target and interfere with essential cellular processes (e.g.,
DNA replication or protein synthesis). Ultimately, this leads to
the selective killing of the plasmid-free progeny.

In contrast to that of plasmidic systems, the biological func-
tion of chromosomal TA systems is still an area of debate.
There are at least five proteic TA systems that have been
identified so far in the Escherichia coli K-12 (MG1655) chro-
mosome: mazEF, relBE, yefM-yoeB, chpB, and dinJ-yafQ (1, 4,
20, 21, 35, 38, 46). The most prevalent hypothesis is that they
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are involved in general stress response, as suggested by exten-
sive studies on mazEF and relBE (e.g., references 1 and 10).
Interestingly, all five toxins are protein synthesis inhibitors.
The molecular mechanism of action is different depending on
the toxin. While MazF, ChpBK, and YoeB are endoribonucle-
ases that cleave RNAs directly, RelE cleaves only mRNAs that
are being translated (8, 9, 29, 39, 42, 53, 54). How YafQ
inhibits translation is still unknown. Activation of mazEF and
relBE, reflected by the activities of the MazF and RelE toxins,
respectively, appears to have quite different effects on bacterial
physiology. On one hand, mazEF was shown to be activated by
a variety of short-term stresses (e.g., amino acid starvation,
antibiotic treatment, DNA-damaging agents, or oxidative
stress) and to provoke cell death (the programmed-cell-death
[PCD] hypothesis) (1, 16, 26, 31, 44, 45). On the other hand,
Gerdes and colleagues showed that activation of re/BE and
mazEF under amino acid starvation inhibits protein synthesis
without affecting viability (10, 11, 41). It was therefore pro-
posed that relBE, mazEF, and probably other chromosomal TA
systems are growth modulators that induce a reversible dor-
mancy state upon amino acid starvation that enhance fitness
and competitiveness (18).

If the five chromosomal TA systems participate actively in
the general stress response of E. coli, they should provide a
selective advantage under stress conditions and/or during the
poststress recovery phase. As this hypothesis was never tested
directly, we analyzed the behavior of an E. coli mutant strain
devoid of all five TA systems cited above (the AS strain) during
and after a variety of stresses as well as in competition exper-
iments with the parental wild-type strain under nutrient-
limited conditions. Our results rule out TA-dependent PCD
under the stress conditions that we tested. They also bring into
question whether TA systems significantly influence bacterial
fitness during non-steady-state growth.
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TABLE 1. Bacterial strains

Bacterial strain Description fgfl; 1;?;3;
MG1655 Wild-type E. coli K-12 50
LVM100 MG1655 AmazEF ArelBEF AchpB  This work

(MG1655 AS) AyefM-yoeB AdinJ-yafQ
LVMI101 MG1655 AmazEF This work
LVM102 MG1655 Nal* This work
LVM103 MG1655 A5 Nal* This work
LVM104 MG1655 AS AyefM-yoeB::Kan This work
SC314678 MG1655 relA AmazEF ArelBEF 9

AchpB AyefM-yoeB AdinJ-yafQ
SC38 MG1655 relA AmazEF 11
LVM200 MC4100 relA™* This work
LVM201 LVM200 AmazEF This work
MC4100 relA™ MC4100 relA mazG::Kan 16; this
work
MC4100 rel4™* MC4100 relA AmazEFG::Kan 16; this
AmazEF work

MATERIALS AND METHODS

Bacterial strains and strain constructions. The E. coli strains used in this work
were MG1655 (50) and its derivatives LVM100 (MG1655 AS [AmazEF ArelBEF
AchpB  AyefM-yoeB  AdinJ-yafQ]), LVMI101 (MG1655 AmazEF), LVM102
(MG1655 Nal"), LVM103 (MG1655 A5 Nal’), and LVM104 (MG1655 AS
AyefM-yoeB::kan) (this work) as well as four derivatives of the MC4100 strain (7),
MC4100 relA™ and MC4100 AmazEF relA™, obtained from H. Engelberg-Kulka
(16), and LVM 200 (MC4100 rel4™) and LVM201 (MC4100 relA* AmazEF),
constructed during this work (Table 1).

The LVMI00 strain is a relA™" derivative of SC314678 (MG1655 A5 rel4) in
which the five TA systems are entirely deleted (promoter, antitoxin, and toxin
genes) (9). SC314678 was constructed by P1 transduction with SC38 (MG1655
AmazEF) (11) as the donor strain. The SC38 strain was reported to behave like
a relA strain for unknown reasons (11). We found that the RelA™ phenotypes of
both SC38 and SC314678 were due to the deletion of 18 nucleotides at the 3" end
of the rel4 gene including the rel4 stop codon. This deletion leads to a truncated
form of the RelA protein in which the 5 carboxy-terminal amino acids (aa) are
replaced by 9 extra aa encoded by the pKD3 (14) sequence replacing the mazEF
operon in the AmazEF strain. To restore a wild-type rel4 gene, the missing 18
nucleotides were introduced by homologous recombination (14) in SC314678
and SC38 to obtain LVM100 (MG1655 A5) and LVM101 (MG1655 AmazEF),
respectively. The primers used were chpAlrelA+ (5'-ATG TTA TCG ACG
CGC GTC GGT TGC ACG GGA GTT AGG TAG GCT GG-3'; the stop codon
of relA is in bold) and chpA2 (5'-TAG TGA GCA AAC GGT CGA TTT GAT
TCA TTG AAT TGT CCT G-3'). The relA™ recombinants were selected on
SMG medium (minimal medium containing serine, methionine, and glycine),
on which rel4 mutants are not able to grow (47). The wild-type sequence of
relA was verified in both strains by sequencing.

The MC4100 relA™ (resistant to kanamycin) and MC4100 relA™ AmazEF
strains received from H. Engelberg-Kulka and described as rel4™ derivatives of
MC4100 rel41 and MC4100 AmazEF::kan, respectively (16), were unable to grow
on SMG medium, indicating a RelA™ phenotype. As detailed descriptions of the
constructions of these strains were not available in the literature, we further
characterized their genotypes. Sequencing of the rel4 region revealed that the
so-called MC4100 relA™ strain harbored a frameshift mutation at the 5’ end of
the relA gene that rendered it rel4 (deletion of cytosine 623 modifies the amino
acid sequence from codon 115 and generates a stop at codon 118). In the so-called
MC4100 AmazEF::kan relA™" strain, we found an ISI element inserted 10 bp
downstream of the relA start codon. It should be noted that Aizenman and
colleagues reported that the RelA™ phenotype was necessary for mazEF-depen-
dent PCD, since release of the toxin MazF is ppGpp dependent (1). Indeed,
ppGpp, the signal molecule produced during the stringent response by the RelA
protein, was shown to inhibit transcription of the mazEF promoter (1). We also
found that the so-called MC4100 relA™ strain harbors a kanamycin resistance
cassette replacing mazG (the gene downstream of mazF) from the mazF stop
codon to the promoter region of pyrG (the gene downstream of mazG). In the
so-called MC4100 relA* AmazEF:kan strain, the insertion of the kanamycin
resistance cassette causes a partial deletion of the mazG gene (to nucleotide
557). It is important to note that the MazG protein was shown to be a regulator
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of ppGpp- and MazF-dependent PCD (23). We therefore constructed a rel4™
derivative of the MC4100 (LVM200) strain by inserting the wild-type rel4 region
of MG1655 spanning the rel41 mutation (which is an IS2 element inserted at
nucleotide 534 in the rel4 gene [36]) by homologous recombination (14). The
primers used were 0li89 (5'-CAT ATC GGG TAC GTA TCG GCT TAC CAT
TAC-3') and relAS (5'-CGA TAA AGT GTT GCT GGA C-3"). We selected
recombinants that were able to grow on SMG medium. The relA™ genotype was
verified by sequencing. We then deleted the mazEF operon by recombineering
(14). A linear kanamycin resistance cassette was PCR amplified using the pKD3
plasmid as a template and primers delchpA3’ (5'-GGG TCT GTC AGG TGG
AAA CCT GTG ACC AGA ATA GAA GTG AGT TAG TAA CAC ATA TGA
ATA TCC TCC TTA G-3") and delchpA5'2 (5'-ATG TTA TCG ACG CGC
GTC GGT TGC ACG GGA GTT AGG TAG GCT GGA GCT GCT TC-3")
and recombineered into LVM200. After the insertion was confirmed, the resis-
tance cassette was eliminated as described in reference 14, yielding strain
LVM 201.

The LVM102 (MG1655 Nal") and LVM103 (MG1655 AS5Nal) strains are
spontaneous nalidixic acid-resistant mutants selected on LB plates containing 20
png/ml of nalidixic acid. Nal" mutations were reported to not affect bacterial
growth (52).

The LVM104 strain (MG1655 A5 AyefM-yoeB::kan) was constructed by intro-
ducing a kanamycin resistance cassette at the chromosomal location of the
yefM-yoeB system in LVM100. This was done by homologous recombination as
described in reference 14, using the 0lil06 (5'-GCT AGC GTA TCA AAA CTG
ACA ATT CAT TCT ATG AAT GAA TAA AGC CAC GTT GTG TCT
CAA-3") and olil07 (5'-CCT CTT AGC TGA TGG CAC CAA AAA TAG
CGA AGC CTG GAT TTT CGT CTC GCG CTG AGG TCT GCC TCG TGA
AG-3') primers.

Media and growth conditions. Bacteria were grown in Luria-Bertani (LB)
broth (purchased from Invitrogen). Ceria medium (phosphate-based minimal
medium containing ammonium and magnesium sulfate as well as oligo-elements)
supplemented with 0.4% glucose was used for the nutritional downshift experi-
ments (9). Serine hydroxamate (SHT; a competitive inhibitor of the seryl-tRNA
synthetase) and rifampin were purchased from Sigma. LB medium was acidified
by addition of HCl (Merck) to the desired pH, measured with a Sartorius
pHmeter.

Experiments testing the effects of rifampin, chloramphenicol, spectinomycin,
and high temperatures on the viability of MC4100, MG1655, and their rel4 or
relA" AmazEF derivatives (data not shown in Results) were performed with LB
medium, with M9 supplemented with a mixture of 20 wg/ml of each amino acid
and 1% glucose (1), and with Ceria supplemented with 0.4% Casamino Acids
and 0.4% glucose (9) by following the growth and treatment conditions described
in reference 44. Antibiotics were tested at the following concentrations: 20 to
200 pg/ml chloramphenicol, 5 to 500 pg/ml rifampin, and 100 to 200 pg/ml
spectinomycin.

Bacterial survival assays. Overnight cultures of individual wild-type and A5
strains in LB medium were diluted 200-fold to an optical density at 600 nm of
~0.01 in 50 ml of LB medium. Cultures were grown at 37°C with shaking at 180
rpm. At early log phase (~107 bacteria/ml), half of each culture was treated with
the different stress agents (e.g., addition of 2.5 mg/ml SHT or 100 p.g/ml rifampin
or resuspension in acidified LB). The viability of treated and untreated strains
was measured by plating serial dilutions of each culture on LB plates. After each
stress treatment, bacteria were washed twice by centrifugation and resuspended
in fresh LB medium. Viability was then assayed until entry to stationary phase.
In the nutritional-downshift experiment, the early-log-phase wild-type and A5
cultures were shifted to Ceria medium after two rounds of centrifugation and
resuspension in Ceria medium. Viability was measured as described above. In
long-term starvation experiments, individual wild-type and A5 cultures were
tested as described above and the viability of each strain was measured daily for
7 days.

Competition experiments. Mixed cultures of wild-type and A5 strains were
performed by mixing equivalent cell numbers of overnight cultures of the wild-
type and A5 Nal" strains to an optical density at 600 nm of ~0.01 in 50 ml of LB
medium. Competition experiments (SHT-induced amino acid starvation, nutri-
tional downshift, and long-term starvation) were carried out as described for
individual cultures. Proportions of each strain were deduced by plating serial
dilutions of the mixed cultures on LB plates with or without nalidixic acid (20
pg/ml). For each experiment, the wild type and its Nal" derivative, the A5 and its
Nal" derivative, and the wild-type Nal" and A5 mixed cultures were also tested in
order to rule out any effects of the Nal” mutation on bacterial growth (data not
shown).
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FIG. 1. The five TA systems are not involved in the growth inhibition mediated by amino acid starvation and do not advantage poststress
recovery. Individual cultures of the wild-type (WT) (square) and A5 (triangle) strains (A and B) and mixed cultures of the wild-type strain and the
nalidixic acid-resistant derivative of the A5 strain (A5 Nal") (circle) (C and D) were challenged with SHT (2.5 mg/ml) (see Materials and Methods).
The viability of treated (open symbols) and untreated (filled symbols) cells was measured for 120 min upon SHT addition (A and C). After 120
min of starvation, SHT was removed and the viability of individual (B) and mixed (D) cultures was measured for 180 min (until early stationary
phase). For each graph, the number of CFU/ml at each time point (tx) was normalized to that at time zero (t,). The graphs represent the averages
from three (A and B) and two (C and D) independent experiments. Similar results were obtained in experiments in which the wild-type Nal" strain

was mixed with the A5 strain (data not shown).

RESULTS

Deletion of the five chromosomal TA systems does not affect
several E. coli stress responses. The effect of amino acid star-
vation induced by SHT on cell viability is quite controversial.
On one hand, SHT was reported to rapidly activate mRNA
cleavage by RelE and MazF without affecting viability (10, 11),
while on the other hand, SHT was said to cause an important
mazEF-dependent loss of viability (~90%) (2, 16). In order to
investigate whether the deletion of the five TA systems mod-
ifies the response to amino acid starvation, we compared the
effects of SHT-induced starvation on the viability of MG1655
and its A5 derivative. Figure 1A shows that the growth of the
wild-type and AS strains slowed down rapidly after the addition
of SHT and ceased completely after 60 min. The plating effi-
ciencies of the two strains were comparable and remained
similar for 120 min. Since no significant differences were ob-
served during the SHT treatment, we then tested whether the
five TA systems could confer an advantage during the post-
SHT recovery phase. Figure 1B shows that 30 min after the
SHT washout, growth resumed and viability increased similarly
for the two strains for the next 150 min. This suggests that SHT
does not cause cell death but rather induces a reversible
growth inhibition that is independent of the five TA systems.

The effects of a nutritional downshift (a shift from nutrient-
rich to nutrient-poor medium) on the viability of the MG1655
strain and its A5 derivative were also tested. In E. coli,
polyphosphate is synthesized in response to nutritional down-
shift and modulates the specificity of the Lon ATP-dependent
protease toward free ribosomal proteins (for a review, see

reference 33). Since Lon is known to be responsible for anti-
toxin degradation (10, 48), we tested whether a nutritional
downshift could affect MG1655 viability in a TA-dependent
manner. Growth of the wild-type and A5 strains shifted from
LB to minimal medium slowed down during the first 240 min
and then increased in a similar manner (Fig. 2A), indicating
that the five TA systems do not contribute to the adaptation of
E. coli to a nutritional downshift.

Acidic pH has been shown to down-regulate transcription of
the relBE system in Streptococcus mutans (34). Moreover, the
double deletion of relBE and mazEF increases resistance to
acidic pH when S. mutans is grown in biofilm (34). To test
whether TA systems are involved in acid tolerance in E. coli,
we analyzed the effect of an acidic pH shift on the viability of
MG1655 and its AS derivative. As shown in Fig. 3A, when
shifted from pH 6.8 to pH 4, the two strains stopped growing
immediately. After 120 min at pH 4, the cultures were shifted
back to pH 6.8 and within 30 min growth resumed equally (Fig.
3B) for both strains. Shifts from pH 6.8 to different acidic pHs
(5 to 3) had similar effects on growth for both strains (data not
shown). These results indicate that the five TA systems are not
involved in acidic-shift tolerance.

Sat et al. have shown that rifampin causes a drastic loss of
viability of an MC4100 wild-type strain within 10 min of addi-
tion, in contrast to what occurs with a AmazEF MC4100 de-
rivative (44). To test whether other TA systems are involved in
the response to rifampin treatment, we compared the behavior
of the MG1655 strain and its AS derivative during a 120-min
treatment. The viabilities of the wild-type and the AS strains
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FIG. 2. The five TA systems are not involved in the adaptation to
a nutritional downshift. Individual cultures of the wild-type (WT)
(square) and A5 (triangle) strains (A) and mixed cultures of the wild-
type and AS Nal® (circle) strains (B) were challenged by a nutritional
downshift (see Materials and Methods). The number of CFU/ml at
each time point (tx) was normalized to that at time zero (t,) for each
strain. The graphs represent the averages from three independent
experiments. Similar results were obtained when a wild-type Nal" strain
was mixed with the A5 strain (data not shown).

decreased similarly (twofold) during the first 30 min in the
presence of rifampin and increased after 60 min to reach their
pretreatment plating efficiencies at 120 min (Fig. 4A). After
the rifampin was washed out, growth resumed rapidly and the
viabilities of both strains increased similarly for the next 240
min (Fig. 4B). Thus, growth inhibition and the ability to re-
cover from a rifampin treatment are independent of the five
TA systems.

As we were not able to detect any cell death in the MG1655
wild-type strain with a 100 wg/ml rifampin treatment, we tested
a variety of conditions (short-time treatments as described by
Sat et al. [44] and higher rifampin concentrations [up to 500
pg] for long exposure times [up to 120 min] in both rich and
minimal media [see Materials and Methods]). We also tested
different genetic backgrounds: LVM 100 (MC4100 relA™),
LVM101 (MC4100 relA™" AmazEF), and the so-called MC4100
relA* and MC4100 relA* AmazEF strains received from H.
Engelberg-Kulka (which are phenotypically RelA™; for strain
characterization, see Materials and Methods). None of these
conditions induced cell death in any genetic background tested
here (data not shown). Chloramphenicol and spectinomycin
treatments as well as heat shock (48, 50, and 52°C) were also
reported to induce mazEF-dependent PCD in a rel4 " -depen-
dent manner (26, 44). However, in our hands, all of these
treatments inhibited the growth of all the strains that we tested
in a similar manner (data not shown). Our results show that
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FIG. 3. The five TA systems are not involved in the growth inhibi-
tion mediated by an acidic shock and do not advantage poststress
recovery. Cultures of the wild-type (WT) (square) and A5 (triangle)
strains were shifted from pH 6.8 to pH 4 medium (see Materials and
Methods). The viability of treated (open symbols) and untreated (filled
symbols) cells was measured for 120 min (A). After 120 min, the
wild-type and A5 cultures were shifted back to pH 6.8. Viability was
measured for 120 min (until early stationary phase) (B). The number
of CFU/ml at each time point (tx) was normalized to that at time zero
(ty) for each strain. The graphs represent the averages from three
independent experiments.

rifampin, chloramphenicol, spectinomycin, and heat shock do
not induce PCD (rel4" dependent or not) but cause growth
inhibition independent of the five TA systems.

Deletion of the five chromosomal TA systems does not re-
duce E. coli competitiveness in a nutrient-limited environment.
Our results showed that the absence of the five TA systems did
not prevent bacteria from coping with a variety of stresses.
However, in situations in which bacteria are in competition
with each other for limited nutrients during long periods of
time, the presence of TA systems could be advantageous and
enhance bacterial fitness and competitiveness. Moreover, as
suggested by Gerdes and colleagues, TA system activity might
enhance competitiveness by reducing translational errors (18).
The effects of nutrient-limited conditions, such as amino acid
starvation and nutritional downshift, were tested with mixed
cultures containing equivalent proportions of the MG1655
strain and its nalidixic acid-resistant A5 derivative (A5 Nal").

Figure 1C shows that the growth of both strains in mixed
cultures was rapidly and similarly slowed down upon SHT
addition and ceased completely after 60 min, indicating that
neither strain overcame the other. As in individual cultures,
the post-SHT recovery phases were similar for both strains in
the mixed culture, i.e., growth inhibition resumed after 30 min
and viability increased for the next 150 min (Fig. 1D). In the
nutritional downshift experiments, following the shift to the
nutrient-poor medium, the growth of the wild-type and A5 Nal"
strains was slowed down for 270 min (Fig. 4B). After this lag,



VoL. 189, 2007

_>
N
o
o

—{—WT -rif
f —— A5
E
> 10
e
o
E.]
E 10 +rif
=
[
o
0.1 : . : :
0 30 60 90 120
Time after rifampicin addition (min)
B. 100

CFU/ml tx / CFU/ml t,
B

10 : : : ‘
0 60 120 180 240
Time after rifampicin removal (min)
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tion mediated by rifampin (rif) and do not advantage poststress recov-
ery. Individual cultures of the wild-type (WT) (square) and AS (trian-
gle) strains were challenged with rifampin (100 pwg/ml) (see Materials
and Methods). The viability of treated (open symbols) and untreated
(filled symbols) cells was measured for 120 min (A). After 120 min of
treatment, rifampin was removed and the viability of both strains was
measured for 240 min (until early stationary phase) (B). The graphs
represent the averages for three independent experiments. The num-
ber of CFU/ml at each time point (tx) was normalized to that at time
zero (t,) for each strain.

growth resumed similarly for both strains during the next 90
min. Therefore, when in competition under nutrient-limited
conditions, the A5 Nal" strain is not at a disadvantage com-
pared to the wild-type strain.

Finally, we tested the effects of long-term starvation (7 days)
on the viability of individual and competing MG1655 and A5
Nal® strains. All the cultures tested (individual and mixed)
presented the classical long-term-starvation growth curve (for
a review, see reference 17), i.e., an initial decrease of viability
between day 2 and days 4 and 5 (the death phase) followed by
a growth phase that reached a plateau at day 6 (Fig. SA and B).
Figure S5A shows that the individual cultures of the wild-type
and AS strains displayed similar profiles of viability and growth,
indicating that the five TA systems are not responsible for the
death phase, in contrast to what was previously suggested (17).
In mixed wild-type and A5 Nal® cultures, the A5 Nal® strain was
at a slight disadvantage against the wild-type strain from day 2
to day 4 (~1log) (Fig. 5B). The same result was observed when
a wild-type Nal" and A5 mixed culture was tested, therefore
excluding an effect of the Nal" mutation. This result suggests
that the absence of the five TA systems reduces competitive-
ness during the death phase. However, by day 5, both strains
were present in equivalent proportions, indicating that the AS
strain rapidly overcame this disadvantage. Therefore, it is un-
likely that the absence of the five TA systems affects compet-
itiveness in the long term.
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FIG. 5. The five TA systems do not enhance competitiveness in
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malized to that at day 1 (d;) for each strain. Similar results were
obtained with the symmetrical mixed culture of the wild-type Nal®
and A5 strains and with a mixed culture of wild-type and AS
yefM-yoeB::Kan strains (data not shown; see Materials and Methods).

DISCUSSION

In nature, bacteria are constantly faced with many different
environmental stresses. As a result, they have evolved re-
sponses that allow them to deal with specific stresses (e.g., acid
stress, heat shock, or DNA damages) by expressing proteins
that eliminate the stress agents or repair the cellular damages.
In general, specific responses allow the cell to survive under
specific conditions but do not provide protection against other
types of stresses. In contrast, general stress responses that are
induced by multiple stresses are also present in bacteria, e.g.,
the o° regulon in E. coli (for reviews, see references 27 and 28).
The o®-controlled genes encode proteins that often provide
cross- and broad protection against additional stresses not yet
encountered. Induction of specific and general stress responses
usually leads to a temporary and reversible reduction or ces-
sation of growth. Moreover, since availability of nutrients is
limited in most environments, slow growth is probably the
natural bacterial lifestyle. Chromosomally encoded TA sys-
tems were therefore good candidates for participating in a
general stress response since toxin overexpression down-regu-
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lates macromolecular synthesis and thus affects growth rate
(9-11, 38).

Numerous and various short-term stresses (e.g., SHT-
induced amino acid starvation, antibiotic treatment, DNA-
damaging agents, and heat shock) were reported to rapidly and
dramatically decrease the viabilities of wild-type strains in a
mazEF-dependent manner (1, 2, 16, 25, 26, 31, 44, 45). The
mazEF system was thus proposed to be a PCD system. Al-
though expression of the MazF toxin does not seem to induce
cell lysis, it was proposed by Engelberg-Kulka and colleagues
that the altruistic death of a portion of the bacterial population
could supply nutrients and therefore enable the survivors to
grow (15, 45). Another well-studied chromosomal TA system is
relBE. This TA system was also shown to be involved in the
amino acid starvation response induced by SHT (10). Although
tested with three different genetic backgrounds (among which
the MC4100 background was used by the Engelberg-Kulka
group), amino acid starvation did not cause cell death but
rather induced a reversible cessation of growth (11). re/BE has
been reported to be involved in this phenomenon since inhi-
bition of protein synthesis caused by amino acid starvation was
reduced in the relBE-deleted mutant compared to what was
observed in the wild-type strain (10). This led Gerdes and his
collaborators to propose that TA systems are stress response
elements that modulate growth by reducing protein synthesis.
A decrease of the rate of translation could spare energy and
amino acids under stress conditions, which could in turn re-
duce translational errors and therefore enhance fitness and
competitiveness (18).

To gain insights on possible synergetic effects of the five TA
systems, we analyzed the behavior of an E. coli mutant strain
deleted for all five known TA systems (the A5 strain) under a
variety of stress conditions (amino acid starvation, rifampin
treatment, acidic stress, and nutritional downshift) and during
the poststress recovery phase. Under all the conditions tested,
the wild-type and mutant strains showed similar reversible
growth inhibitions, indicating that neither the growth inhibi-
tion nor the poststress recovery phase was dependent on any of
the five TA systems. Our observations are in agreement with
data from several groups that have tested single-TA-deletion
mutants and could not observe TA-dependent PCD under
various stress conditions and in different bacterial species, e.g.,
amino acid starvation in E. coli (11), antibiotic treatments
(chloramphenicol and kanamycin) in Vibrio cholerae (5), and
long-term starvation, antibiotic treatments (spectinomycin and
rifampin), and acidic treatment in S. mutans (34). Conflicting
results about the involvement of the mazEF system in thym-
ineless death (TLD) were also recently reported. mazEF was
first reported by Sat et al. as being the sole element responsible
for TLD (45). However, recent data showed that re/BE is also
involved in this pathway but that the contribution of both
systems to death is far lower than what was previously reported
(19). Moreover, as discussed by Morganroth and Hanawalt,
relBE and mazEF cannot account solely for TLD and other
types of molecular controls are certainly involved (37).

We also performed competition experiments in which the
wild-type and A5 strains were mixed in equal proportions.
Under nutrient-limited conditions (amino acid starvation, nu-
tritional downshift, and long-term cultures), the AS strain was
not disadvantaged compared to the wild-type strain, except
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during the death phase for long-term-starvation cultures,
though in a transient way. These results indicate that the ab-
sence of the five TA systems does not reduce competitiveness.

Altogether, our results show that the five TA systems are
dispensable for the physiological responses to a variety of
stresses applied under different culture conditions, including
stresses that were never tested before for TA system activation.
Nevertheless, we cannot rule out that other TA systems in the
E. coli chromosome might contribute to such stress responses.
A certain level of redundancy might exist, as an increasing
number of chromosomally encoded TA systems have been
reported, notably TA systems in which the antitoxin is an
antisense RNA (for a review, see reference 18).

At the molecular level, activation of TA systems has been
defined by the detection of the toxin’s enzymatic activity (i.e.,
mRNA cleavage) and by an increase of TA operon transcrip-
tion (10). While the mazEF and relBE systems have been
shown to be activated by SHT and chloramphenicol treatments
(10, 11), we showed that their deletion did not give any par-
ticular phenotype under these conditions. Therefore, it seems
that the correlation between the molecular activation of a TA
system under a particular stress condition and its involvement
in the stress response has to be taken with caution. Similarly,
transcription of dinJ-yafQ, yefM-yoeB, relBE, and mazEF is
increased in persister cells while single deletions of each system
do not affect persister formation frequency (30). On the con-
trary, the hipBA module (which accounts most likely for a sixth
TA system in the E. coli chromosome) is involved in persister
cell formation since its deletion significantly reduces the for-
mation frequencies of these cells (30). HipA is a kinase that
inhibits macromolecular synthesis (32). Transcription and/or
translation inhibition mediated by HipA might cause subse-
quent activation of the four TA systems cited above. Thus, we
propose that TA molecular activation under certain circum-
stances might be a side effect of the transcriptional/transla-
tional arrest that is mediated by other specific pathways.

However, it is possible that conditions under which specific
factors directly modulate the regulation (at the transcriptional
and/or posttranscriptional level) of TA systems could effi-
ciently trigger them and lead to a detectable modification of
bacterial physiology. For instance, the existence of a cofactor
modulating the specificity of the Lon ATP-dependent protease
was proposed by Gerdes and colleagues and might provide a
molecular explanation for the specific activation of yefM-yoeB
under Lon overproduction conditions (9, 10). The identifica-
tion of such factors will certainly clarify how chromosomally
encoded TA systems function.

Another hypothesis that has been neglected in the field is
that TA systems might have different functions depending on
their genomic locations. Recent studies indicate that TA sys-
tems located in the superintegron of Vibrionaceae promote
genomic stability either by stabilizing the superintegron struc-
ture (12, 46) or by preserving the integrity of an entire chro-
mosome (chromosome II of V. cholerae) (51). In E. coli, relBE
is actually located in the cryptic Qin prophage while the other
four systems seem to be part of the genomic core (43). Inter-
estingly, when cloned in an unstable plasmid, relBE is able to
stabilize it (22). In contrast, other systems that are settled in
the chromosome, like the ccd,,; 5, gene of E. coli O157:H7, are
unable to stabilize a plasmid (49). Moreover, indirect experi-
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ments indicate that dinJ-yafQ is unable to promote genomic
stabilization (46). Thus, the ability to stabilize genomes might
be characteristic of TA systems resident on or recently origi-
nated from mobile genetic elements. However, the stabiliza-
tion potential of some of these systems might fade and even-
tually be lost once the systems are integrated in the genomic
core. Such TA systems could have adapted to their new chro-
mosomal environments by evolving toward a new function that
could provide benefit to their host under specific conditions. In
the case of the five TA systems considered in this work, these
conditions seem not to be linked to general stress responses
and remain to be discovered. One might also consider that
during adaptation, the activity of the chromosomally encoded
toxin becomes neutralized by appropriate regulation and/or
repair functions in such a way that fortuitous activation of TA
systems (e.g., by transcription and/or translation inhibition) has
no effect on bacterial physiology. In such a view, TA systems
might not be beneficial to bacteria on a short-time life scale but
might rather be elements of long-term evolution.
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