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ABSTRACT Bacteria grow in constantly changing environments that can suddenly
become completely depleted of essential nutrients. The stringent response, a rewir-
ing of the cellular metabolism mediated by the alarmone (p)ppGpp, plays a crucial
role in adjusting bacterial growth to the severity of the nutritional stress. The ability
of (p)ppGpp to trigger a slowdown of cell growth or induce bacterial dormancy has
been widely investigated. However, little is known about the role of (p)ppGpp in
promoting growth recovery after severe growth inhibition. In this study, we per-
formed a time-resolved analysis of (p)ppGpp metabolism in Escherichia coli as it
recovered from a sudden slowdown in growth. The results show that E. coli recovers
by itself from the growth disruption provoked by the addition of serine hydroxa-
mate, the serine analogue that we used to induce the stringent response. Growth in-
hibition was accompanied by a severe disturbance of metabolic activity and, more
surprisingly, a transient overflow of valine and alanine. Our data also show that
ppGpp is crucial for growth recovery since in the absence of ppGpp, E. coli’s growth
recovery was slower. In contrast, an increased concentration of pppGpp was found to
have no significant effect on growth recovery. Interestingly, the observed decrease
in intracellular ppGpp levels in the recovery phase correlated with bacterial growth,
and the main effect involved in the return to the basal level was identified by flux cal-
culation as growth dilution. This report thus significantly expands our knowledge of
(p)ppGpp metabolism in E. coli physiology.

IMPORTANCE The capacity of microbes to resist and overcome environmental insults,
known as resilience, allows them to survive in changing environments but also to
resist antibiotic and biocide treatments and immune system responses. Although the
role of the stringent response in bacterial resilience to nutritional stresses has been
well studied, little is known about its importance in the ability of the bacteria to not
just resist but also recover from these disturbances. To address this important ques-
tion, we investigated growth disruption resilience in the model bacterium Escherichia
coli and its dependence on the stringent response alarmone (p)ppGpp by quantify-
ing ppGpp and pppGpp levels as growth was disrupted and then recovered. Our
findings may thus contribute to understanding how ppGpp improves E. coli’s resil-
ience to nutritional stress and other environmental insults.

KEYWORDS Escherichia coli, metabolic adaptation, metabolic regulation, stringent
response

As single-cell organisms, bacteria face constant changes in their direct physico-
chemical and nutritional environments. To overcome these disturbances, bacteria

have developed adaptive properties that allow them to survive, grow, and eventually
evolve. Depletion of external nutrients is one of the most serious insults for these
organisms because they have very little internal storage, and their ability to rapidly
modulate metabolic functions is key to their survival. A central component of this
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metabolic adaptation to nutrient stress is the stringent response, a pleiotropic mecha-
nism in bacteria that coordinates growth and nutrient availability (1) and affects a wide
range of cellular processes (2). The stringent response is mediated by the accumulation
of guanosine tetra- and pentaphosphates [guanosine 39,59-bis(diphosphate) and gua-
nosine 39-diphosphate,59-triphosphate], collectively known as (p)ppGpp, which act as
second messengers to fundamentally reprogram cellular physiology from rapid growth
in rich nutritional environments to survival and adaptation when nutrients become
scarce (3, 4). (p)ppGpp also plays other important roles in the regulation of bacterial
virulence (5), survival during host invasion (6), and antibiotic resistance and persist-
ence (7–9). Intracellular levels of (p)ppGpp are controlled by RSH (RelA-SpoT homo-
logue) enzymes (10), whose name derives from the (p)ppGpp synthetase RelA and
the (p)ppGpp synthetase/hydrolase SpoT in Escherichia coli, where (p)ppGpp was
originally detected (11).

For this bacterium, it has been established for decades that the reaction to amino
acid limitation is a RelA-mediated stringent response (3). RelA is a GDP/GTP pyrophos-
phokinase that, depending on whether the substrate is GDP or GTP, catalyzes the for-
mation of ppGpp or pppGpp via a ribosome-associated mechanism (12, 13). SpoT-
mediated stringent responses occur under other nutritional stresses such as fatty acid
starvation (14), carbon source starvation (15), phosphorus limitation (16, 17), and iron
limitation (18). In the case of carbon source diauxic growth transitions, there is evi-
dence that both RelA- and SpoT-mediated responses are involved (19). (p)ppGpp, the
alarmone that these enzymes synthesize, acts globally, directly and indirectly, on repli-
cation, transcription, translation (20), and protein activities (21, 22). In addition to RelA
and SpoT, the pppGpp pyrophosphatase GppA also modulates intracellular levels of
(p)ppGpp by converting pppGpp into ppGpp. To date, the physiological role of
pppGpp remains unclear as it has been shown to be a less potent regulator than
ppGpp (21, 23, 24).

It is well established that basal levels of (p)ppGpp control growth by modulating
the number of ribosomes (3, 25). The sudden accumulation of (p)ppGpp provokes a
quasi-immediate inhibition of growth (26) and protein synthesis (27, 28). The nature
(transient and reversible) and the potency of (p)ppGpp interactions with ribosome-
associated GTPases may explain how (p)ppGpp buildup contributes to slowing down
growth and reduces translational activity (21). Remarkably, the ability of bacterial cells
faced with nutritional stress to resume growth and recover the predisturbance rate
and the role of (p)ppGpp in promoting this resilience have not been systematically
studied.

In this study, therefore, we investigated (i) the ability of E. coli to cope with severe
growth inhibition and (ii) the contribution of (p)ppGpp metabolism to E. coli’s capacity
to adapt to disruptions such as these. We triggered a stringent response using serine
hydroxamate (SHX), a serine analogue known to have this effect on E. coli (11). SHX addi-
tion promotes (p)ppGpp accumulation and provokes growth arrest (29, 30) because of
presumed competitive inhibition with serine binding to seryl-tRNA synthetase (29, 31),
along with other inhibitory effects on cellular component synthesis, notably on phos-
pholipid synthesis (32). The response to SHX-induced homeostasis disruption was dis-
sected by analyzing growth rate dynamics and quantifying the intracellular levels of
ppGpp and pppGpp in perturbation experiments using the wild-type (WT) K-12 strain
of E. coli and DrelA and DgppA mutants. Our results provide clear evidence of the re-
silience of E. coli to growth disruption caused by SHX addition and demonstrate the
key role played by ppGpp, and not by pppGpp, in E. coli’s ability to recover its full
growth capacity.

RESULTS
Dynamic response to SHX addition. The macroscopic effects of SHX addition were

characterized in Escherichia coli K-12 MG1655 cells growing exponentially in minimal
medium with 110mM glucose (20 g · liter21) as the sole carbon source. Growth was
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performed aerobically under controlled conditions in bioreactors. SHX (0.8mM) was
added when the optical density (OD) reached 3.5.

As expected, adding SHX immediately led to severe growth inhibition (Fig. 1A),
with concomitant decreases in the OUR (oxygen uptake rate) and CER (carbon dioxide
evolution rate) (Fig. 1B), indicating a strong decrease in respiratory activity. Combined
with the interruption of acetate production (Fig. 1C) and, to a lesser extent, glucose
consumption (Fig. 1D), these events reflect a sharp reduction in metabolic activity.
However, the inhibition of growth and reduction in metabolic activity were transient,
and about 1.5 h after SHX addition, the biomass concentration, respiratory activity, and
acetate production began to increase once again (Fig. 1A).

During the exponential growth phase, we detected relatively low levels (micromolar
range) of alanine and valine in the culture medium (Fig. 1E), along with other meta-
bolic by-products (orotate and dihydroorotate) (data not shown) and traces of leucine
(data not shown). Interestingly, SHX addition led to sharp increases in the concentra-
tions of alanine and valine, which were about 8 times and 2 times higher, respectively,
20min after than just before SHX addition and peaked 50min after SHX addition (at 20
times and 3 times their pre-SHX levels, respectively). In this period, the estimated fluxes
of alanine and valine excretion were 9% and 2%, respectively, of the fluxes required to
support growth during the exponential phase (see Table S1 in the supplemental mate-
rial). The alanine and valine concentrations in the medium then dropped and finally
increased once again as growth resumed as it was before SHX addition.

Surprisingly, we observed that the SHX concentration in the cultivation medium
decreased immediately after it was added, becoming undetectable after 2.8 h (Fig. 1F).
The disappearance of SHX is biotic in origin since the SHX concentration did not
decrease under similar conditions but without cells (Fig. S2). In addition, nuclear mag-
netic resonance (NMR) did not detect any SHX degradation products. To our knowl-
edge, this has never previously been reported in the literature despite SHX being
widely used to trigger the stringent response.

FIG 1 Dynamics of the response of E. coli K-12 MG1655 to SHX addition during exponential growth
in a bioreactor: time evolutions of biomass (A), the oxygen uptake rate (OUR) (pink) and the carbon
dioxide evolution rate (CER) (blue) (B), the acetate concentration (C), the glucose concentration (D),
alanine (downward triangles) and valine (filled downward triangles) concentrations (E), and the
SHX concentration (F). Time zero was defined as the moment when SHX (0.8 mM) was added to
the bioreactor. The OUR and CER were determined from online measurements of O2, CO2, and N2

percentages as described in Materials and Methods. Biomass and extracellular metabolite concentrations
were measured in culture samples collected every 10min to 1 h. The data are highly reproducible (see
Fig. S1 in the supplemental material).
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Escherichia coli is resilient to SHX addition. Although the addition of SHX pro-
foundly perturbs its metabolism, these results reveal that E. coli recovers its growth
capacity, at least partially. To better characterize E. coli’s resilience to SHX addition, we
calculated the instantaneous growth rate throughout the experiment (Fig. 2A). The
growth rate before SHX addition was 0.716 0.01 h21 (Fig. S4A), in agreement with pre-
viously reported data on E. coli K-12 growing in minimal medium (33, 34). The growth
rate decreased suddenly down to near zero after SHX was added, before increasing
constantly and leveling off about 4 h after SHX addition at a value similar to the one
measured before SHX addition. Interestingly, the growth profiles measured here are
typical of those of resilience-engineered systems able to recover their initial perform-
ance levels after disruptive events (35, 36). Here, growth is the biological property that
E. coli is able to recover. In keeping with the concept of resilience engineering, we
defined three metrics to describe the resilience of E. coli to the disruptions caused by
SHX addition: (i) robustness, defined here as the residual growth rate after SHX addi-
tion; (ii) the recovery rate, which is the recovery profile of the growth rate (assumed
here to be linear); and (iii) the recovered steady state, which corresponds here to the
growth rate at the end of the recovery process (expressed relative to the initial growth
rate). These metrics are represented by dashed lines in Fig. 2A, and the corresponding
numerical values are given in Table 1.

Dynamics of intracellular (p)ppGpp levels. The intracellular concentrations of
ppGpp and pppGpp were measured throughout the experiment by liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) (37) (Fig. 2B). As expected, the addition
of SHX led to a sudden intracellular accumulation of ppGpp, whose concentration was

FIG 2 Resilience of E. coli K-12 MG1655 to growth disruption. (A) Instantaneous growth rate, m(t)

(blue circles), as a function of time before and after SHX addition. The cyan dashed line indicates the
robustness parameter, the slope of the blue dashed line is the recovery rate, and the dark blue dashed
line represents the recovered steady state. The values of these parameters are given in Table 1. (B)
Intracellular concentrations of ppGpp (diamonds) and pppGpp (filled diamonds) (micromoles per gram
of cell dry weight) before and after the addition of SHX. The data are highly reproducible (see Fig. S3
in the supplemental material).
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measured to be 1.45mmol · (g of cell dry weight)21 (gCDW
21) just a few minutes after

SHX addition. The maximal concentration (1.65mmol · gCDW
21) was reached approxima-

tively 1 h after SHX addition. The ppGpp concentration then decreased continuously,
tending toward the basal value measured during the exponential phase. Interestingly,
the pppGpp concentration followed a similar profile albeit at lower levels; the intracel-
lular concentration of pppGpp peaked at 0.94mmol · gCDW

21 within 1 h of SHX addition.
Because the concentrations of both extracellular SHX and intracellular (p)ppGpp

decrease during the recovery phase, it is difficult to distinguish between their respec-
tive contributions to growth recovery. Therefore, to verify that this phenomenon was
associated with the stringent response and was not the result of SHX disappearing
from the medium, the experiment was repeated with a DrelAmutant. In Bacillus subtilis,
the deletion of the counterpart gene of relA has been reported to suppress the accu-
mulation of (p)ppGpp in response to SHX (38).

The stringent response is crucial for growth recovery. Before SHX addition, the
growth rate of the DrelA mutant was slightly lower than that of the wild-type strain
(0.63 6 0.05 h21) (Fig. 3A; Fig. S4A). The addition of SHX also interrupted growth and
led to a reduction in metabolic activity (see the supplemental material). Note that for
the DrelA mutant, we did not measure pppGpp concentrations during the experiment,
only those of ppGpp (Fig. 3B). The concentration of ppGpp in the exponential phase
did not exceed 20 6 3 nmol · gCDW

21, lower than the value measured for the WT strain
(123 6 85 nmol · gCDW

21) (Fig. S4B) and close to the detection limit. The presence of
ppGpp in this DrelA mutant indicates that under these conditions, SpoT synthesizes
low levels of ppGpp in the exponential-phase regime. As expected, we did not detect
any transient accumulation of ppGpp after SHX addition. This confirms that the synthe-
tase activity of SpoT is mainly silent in this situation and that, in agreement with pre-
vious studies (23, 27), no other RSH is involved in this response in E. coli. More
importantly, this means that SHX addition induces growth inhibition by itself, with-
out (p)ppGpp. Finally, although SHX disappeared completely from the medium in
less than 3 h, as also observed for the WT strain (Fig. 3C), the cells had failed to fully
recover their initial growth rate 6 h after SHX addition (Fig. 3A). The recovery rate of
the DrelA mutant was a factor of 2 lower (0.0847 6 0.0261 h22) than the WT’s
(Table 1). These results highlight the crucial role of the stringent response in E. coli’s
ability to overcome the growth disruption caused by SHX. Based on the analysis of
instantaneous growth rates, the WT and DrelA strains had similar robustness.
Furthermore, alanine and valine were also found to accumulate in the culture me-
dium with the DrelA mutant, and the accumulation of alanine was even more pro-
nounced with the mutant than it was with the WT strain (Table S1), indicating that
this phenomenon is not related to the stringent response.

pppGpp overaccumulation has no effect on growth recovery. The physiological
role of pppGpp in the stringent response in E. coli has remained rather unclear to date.
To explore its effect on growth recovery, we applied our methodology to a mutant
deleted for the gppA gene, which encodes the enzyme pppGpp 59-gamma phosphohy-
drolase, which converts pppGpp to ppGpp. The DgppA mutant is known to accumulate
high concentrations of pppGpp after SHX addition (23, 39).

As expected, therefore, the intracellular levels of pppGpp in the DgppA mutant
were higher during the exponential phase than in the WT strain, while intracellular

TABLE 1Metrics used to quantify the resilience of E. coli to SHX-induced growth disruptiona

Strain
Mean robustness
(%)± SDb

Mean recovery
rate (h22)± SD

Mean recovered steady
state (%)± SDb

WT 2.86 2 0.19446 0.0201 96.76 3.3
DrelA 5.46 2* 0.08476 0.0261 ND
DgppA 10.56 0.5** 0.19416 0.0482 98.06 12.2
aResults are presented as means6 standard deviations (n=3). *, P=0.188; **, P=0.01332.
bThe robustness and recovered steady state are expressed relative to the initial growth rate. ND, not determined
(only one of the three biological replicates had recovered its initial growth rate 5.5 h after SHX addition).
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ppGpp levels were similar (Fig. S4B). In the DgppA mutant, the concentrations of
pppGpp and ppGpp were thus similar, as reported previously (24), with an estimated
pppGpp/ppGpp ratio of 0.62 6 0.38. Although the pppGpp concentration was about 1
order of magnitude higher than that in the WT strain, the growth rates were almost
identical (Fig. 3A), suggesting that pppGpp does not affect the growth rate.

As in the WT strain, the addition of SHX triggered the accumulation of ppGpp and
pppGpp. However, while the ppGpp concentration varied around the same levels as
those measured for the WT strain, the pppGpp concentration was roughly twice as
high as that in the WT (Fig. 3B and D). The total concentration of ppGpp and pppGpp
was therefore significantly higher, with the pentaphosphate form predominating, con-
trary to what is observed under other conditions. In this strain, the principal product of
RelA is therefore pppGpp. The pppGpp/ppGpp ratio decreased over time (Fig. 3D),
tending toward the value measured before SHX addition. Although this ratio is mark-
edly different in the DgppA mutant, the growth recovery profile of the mutant was sim-
ilar to that of the WT strain (with an estimated recovery rate of 0.1941 6 0.0482 h22 for

FIG 3 Importance of ppGpp for E. coli’s resilience. (A) Instantaneous growth rate, m (t), as a function of time
before and after SHX addition, of the DrelA mutant (blue circles), the DgppA mutant (filled blue circles), and the
WT (black circles). (B) Intracellular concentrations of ppGpp (diamonds) and pppGpp (filled diamonds)
(micromoles per gram of cell dry weight), before and after the addition of SHX, for the DrelA mutant (light blue
diamonds), the DgppA mutant (blue diamonds), and the WT (black diamonds). (C) Time evolution of the
extracellular concentration of SHX (millimolar) for the DrelA mutant (blue circles), the DgppA mutant (filled blue
circles), and the WT strain (black circles). (D) Time evolution of the pppGpp/ppGpp ratio after SHX addition for
the DgppA mutant (filled blue circles) and the WT strain (filled black circles). The corresponding results for the
biological replicates are shown in Fig. S5 and S6 in the supplemental material.
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the DgppA mutant) (Fig. 3A and Table 1). This means that the buildup of pppGpp has
no significant effect on growth recovery, with the only difference in this strain being
slightly greater robustness (Table 1). Note that alanine and valine accumulated in the
culture medium once again, as observed for the WT strain (Table S1).

The decrease in the (p)ppGpp concentration can be explained by growth. As
described above for the WT and DgppA strains, the addition of SHX leads to the rapid
accumulation of ppGpp and pppGpp (in a few minutes), a plateau stage that lasts for
less than 1 h, and then a slow decrease of the concentrations of (p)ppGpp. It takes
about 3 h in the latter phase for the intracellular concentrations of ppGpp and pppGpp
to drop to the levels measured in the exponential phase (Fig. 2B). The question then
arises as to whether the decrease in the concentration of (p)ppGpp is the result of an
active degradation process or simply due to growth-driven dilution, as suggested by
the ppGpp and pppGpp levels being correlated with growth during this phase. To an-
swer this question, we first calculated what the intracellular concentrations of ppGpp
and pppGpp would be if they were diluted only by growth. This would require that the
formation fluxes of ppGpp (via RelA or GppA, for instance) be equal to its degradation
fluxes (via SpoT, for instance) and, likewise, that the formation flux of pppGpp via RelA
be equal to its degradation fluxes via GppA and SpoT. In the case of the DgppAmutant,
the absence of GppA makes the situation easier to evaluate. In Fig. 4A and B, the solid
black lines are the intracellular levels of ppGpp or pppGpp during the recovery phase
considering growth dilution only. Because this line fits the measured intracellular con-
centrations of ppGpp and pppGpp relatively well, this means that the formation and
degradation fluxes are equal and shows that in this strain, the decreases in ppGpp and
pppGpp levels are mainly due to growth dilution rather than an active degradation

FIG 4 Dilution by growth of the intracellular concentrations of ppGpp and pppGpp for the DgppA
mutant (A and B) and the WT strain (C and D) of E. coli. In all panels, the solid lines are the
concentrations of (p)ppGpp calculated using the equation d(p)ppGpp/dt = JF 2 JD 2 m(t) · (p)ppGpp,
where (p)ppGpp is the amount of ppGpp or pppGpp; JF and JD are the fluxes of (p)ppGpp formation
and degradation, respectively; and m (t) is the instantaneous growth rate. The black lines were calculated
with JF = JD, and the gray lines were calculated with (JF 2 JD) = a · [m(t) · (p)ppGpp], with a ranging from
1 to 8, using as initial conditions the mean values of the (p)ppGpp concentrations and m(t) calculated
from the three biological replicates of each strain. m (t) was calculated from the recovery rates
determined for each strain, as listed in Table 1. Time zero on these graphs corresponds to the moment
at which the ppGpp and pppGpp concentrations started to decline, i.e., 1 h after SHX addition for the
DgppA mutant and 1 h 20min after SHX addition for the WT. The mean values of the concentrations of
ppGpp and pppGpp measured in three independent repeats (blue, green, and red) are plotted in
panels A and B for the DgppA mutant and in panels C and D for the WT strain.
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process. In contrast, the measured intracellular levels of ppGpp and pppGpp do not
follow this line for the WT strain (Fig. 4C and D), meaning that a degradation process is
involved. To estimate its contribution, we calculated what the intracellular ppGpp and
pppGpp concentrations would be if the degradation flux were 1 to 8 times the growth
dilution rate (Fig. 4, gray lines). For pppGpp (Fig. 4D), most of the experimental points
are located between the first and the second gray lines, indicating that the degrada-
tion flux, likely via GppA, is about twice the growth dilution rate. The flux of ppGpp
degradation is even more modest since the experimental points fall mostly between
the black line and the first gray line (Fig. 4C). Altogether, these results indicate that the
decrease in the concentration of (p)ppGpp is mostly accounted for by growth, even if
GppA appears to participate somewhat in the degradation of pppGpp.

DISCUSSION

In this study, we investigated the dynamic response of E. coli to severe growth dis-
ruption and the role of the stringent response in this bacterium’s ability to recover
growth. With this aim, we monitored the growth and quantified consumed and
excreted metabolites and intracellular levels of ppGpp and pppGpp in E. coli cultures
before and after the addition of SHX.

The results demonstrate first that the K-12 WT strain of E. coli is resilient to SHX-
induced growth disruption since its growth rate returned to pre-SHX levels a few hours
after the perturbation. This recovery was first shown in the pioneering work of Tosa
and Pizer (29), where growth inhibition was released by the addition of serine. In our
work, E. coli appeared to recover growth by itself. Intriguingly, we observed that SHX
disappeared rapidly from the medium and identified the cause as being a cell-related
process, but it remains unclear whether SHX was degraded or simply internalized into
the cells. The results of the experiment with the DrelA mutant of E. coli K-12 indicate
that resumption of growth is conditioned on the stringent response. Although just as
with the WT, SHX disappeared from the medium, the DrelA mutant failed to fully
recover its pre-SHX growth rate, indicating that the stringent response is the major de-
terminant of E. coli’s resilience to growth disruption. We also observed that this resil-
ience is not affected by an overaccumulation of pppGpp. By eliminating GppA, we
inverted the pppGpp/ppGpp concentration ratio, but the DgppA mutant’s recovery
from SHX addition was nevertheless similar to that of the WT. Although the robustness
of the DgppA mutant was slightly greater, these results indicate that pppGpp does not
play a significant role in growth recovery. This is in keeping Mechold et al.’s conclusion
that pppGpp is a less potent growth regulator than ppGpp (23).

The concentrations of both pppGpp and ppGpp peaked rapidly after the addition
of SHX (in less than 10min), which is in line with a previous study of a different bacte-
rium (40). As mentioned above, in the WT strain, the concentrations of ppGpp were
higher than those of pppGpp. This is in agreement with a previous report (24) and can
be explained by the activity of RelA. In the absence of gppA, indeed, pppGpp was the
dominant form in the first 2.5 h after SHX addition, as has also been reported by
Mechold et al. (23). In line with these authors’ interpretation (23), this suggests that
RelA may favor the synthesis of pppGpp over ppGpp, while GppA adjusts the level of
ppGpp. This also supports the argument that the principal pyrophosphate acceptor is
GTP (11), which remains a matter of debate in the literature (41).

Our flux calculations show that the decrease in intracellular (p)ppGpp levels is
mainly explained by growth-driven dilution during the recovery phase, meaning that
the formation and degradation fluxes of (p)ppGpp are similar under this regime. One
possibility might be that both RelA and SpoT are inactive. SpoT’s hydrolase activity is
indeed thought to be inhibited under physiological stress, notably in the presence of
high levels of uncharged tRNA (15). It may be that the accumulation of ppGpp follow-
ing the addition of SHX activates stress survival genes in an RpoS-dependent manner
(27). Another possibility is that RelA and SpoT act at the same rate, with SpoT
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continuously hydrolyzing the (p)ppGpp synthesized by RelA as a result of SHX expo-
sure. Further experiments are required to unequivocally resolve these possibilities.

Our results also show that it is SHX itself that provokes growth arrest and that this
growth arrest is associated with the excretion of alanine, valine, and, to a lesser extent,
leucine. These three amino acids are derived from pyruvate and, along with glycine,
are the most abundant amino acids in terms of biomass (42). Because this excretion is
substantial and occurs after SHX addition, it can be interpreted as a (transient) meta-
bolic overflow in response to a sudden drop in the demand for proteinogenic amino
acids. However, further investigations are required to elucidate the regulatory mecha-
nism underlying this metabolic overflow.

Concluding remarks. This report promotes a better understanding of the resil-
ience of E. coli to severe growth disruption and the role of (p)ppGpp metabolism in
this phenomenon. Our results and data, specifically the ppGpp and pppGpp con-
centrations, will hopefully serve as a hypothesis-generating resource for future stud-
ies on (p)ppGpp metabolism and more generally on the stringent response, a crucial
process in bacterial adaptation and survival.

MATERIALS ANDMETHODS
Chemicals and reagents. DL-Serine hydroxamate (SHX) was purchased from Sigma-Aldrich (St.

Quentin-Fallavier, France). LC-MS-grade solvents (methanol and acetonitrile) were obtained from
Instrumentation Consommables et Service (ICS) (Lapeyrousse-Fossat, France).

Bacterial strains and growth conditions. All strains were derived from E. coli strain K-12 MG1655.
The DrelA and DgppA strains were constructed by P1 transduction of gene deletions marked with a kana-
mycin resistance cassette from the Keio collection (43). The kanamycin resistance cassette was removed
using FLP recombinase from the pCP20 plasmid (44). All strains, plasmids, and primers are listed in
Table S2 in the supplemental material, and the genetic modifications were checked by PCR.

Cells were cultured on M9-based synthetic minimal medium with the following composition per li-
ter: 2.0 g KH2PO4, 17.4 g Na2HPO4 · 12H2O, 0.5 g MgSO4, 0.5 g NaCl, 2.0 g NH4Cl, 0.1 g thiamine-HCl, and
1ml of a trace element solution. The medium was supplemented with glucose. Glucose, thiamine,
and MgSO4 were sterilized by filtration (Minisart 0.2-mm syringe filter; Sartorius, Göttingen, Germany),
and other solutions were autoclaved separately. Na2HPO4 · 12H2O is not added to the medium for cul-
ture in bioreactors. All stock cultures were stored at 280°C in lysogeny broth (LB) medium containing
glycerol (40%, vol/vol). For the cultures, 5ml of cultures grown overnight in LB were used as the inocu-
lum and then subcultured in shake flasks containing 50ml of minimal medium with 3 g/liter glucose
starting at an OD at 600 nm of 0.05 and incubated at 37°C at 210 rpm for 15 h in an orbital shaker (Inova
4230; New Brunswick Scientific, New Brunswick, NJ, USA). Cells were harvested during the exponential
growth phase by centrifugation for 10min at 10,000 � g at room temperature with a Sigma 3-18K centri-
fuge (Sigma-Aldrich, Seelze, Germany), washed with the same volume of fresh medium, and used to in-
oculate 500-ml bioreactors (Multifors; Infors HT, Bottmingen, Switzerland) containing 300ml of minimal
medium with 20 g/liter glucose (110mM) at an OD at 600 nm of 0.15. The temperature was set to 37°C,
and the pH was maintained at 7 by automatically adding 14% (g/g) ammonia or 11% (g/g) phosphoric
acid. Aeration and the stirrer speed were controlled to maintain adequate aeration (dissolved oxygen
tension [DOT]. 30% saturation). Cell growth was monitored by measuring the optical density at 600 nm
with a Genesys 6 spectrophotometer (Thermo, Carlsbad, CA, USA) The percentages of O2, CO2, and N2

were measured in the gas output during the culture process using a Dycor ProLine Process mass spec-
trometer (Ametek, Berwyn, PA, USA), and the data obtained were used to calculate the oxygen uptake
rate (OUR) and the carbon dioxide evolution rate (CER). The stringent response was triggered by adding
SHX at 0.8mM to the culture when the OD reached 3.5.

Calculation of the instantaneous growth rate. The instantaneous growth rate [m(t)] was deter-
mined by fitting the time evolution of the biomass concentration to (i) an exponential function prior to
SHX addition and (ii) a parametric function after SHX addition, from which m (t) was calculated as m(t) =
dX/(X · dt).

Sampling and (p)ppGpp extraction. Culture medium (400 ml) was withdrawn from the bioreactor
and vigorously mixed with 4.5ml of a precooled acetonitrile-methanol-H2O (4:4:2) solution at 240°C to
rapidly quench metabolic activity (37). Immediately thereafter, 100 ml of 13C-labeled metabolites was
added to the latter mixture as an internal standard. The tubes were then placed in a cooling bath of etha-
nol precooled at 240°C, evaporated to dryness in a SpeedVac (SC110A SpeedVac Plus; ThermoSavant,
Waltham, MA, USA) under a vacuum for 4 h, and then stored at280°C until needed.

IC-ESI-HRMS quantification of (p)ppGpp. ppGpp and pppGpp were quantified as described previ-
ously (37). Briefly, after resuspension of the cell extract samples in 20mM ammonium acetate buffer at
pH 9 to a final volume of 500 ml, cell debris was removed by centrifugation at 10,000 � g for 10min at
4°C. The samples were then analyzed using an ion chromatograph (IC; Thermo Scientific Dionex ICS-
50001 system; Dionex, Sunnyvale, CA, USA) coupled to an LTQ Orbitrap mass spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA) equipped with an electrospray ionization (ESI) probe. Mass spec-
trometry analysis was performed in the negative Fourier transform mass spectrometry mode at a
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resolution of 30,000 (at m/z 400) in full-scan mode, with the following source parameters: a capillary
temperature of 350°C, a source heater temperature of 300°C, a sheath gas flow rate of 50 AU (arbitrary
units), an auxiliary gas flow rate of 5 AU, an S-lens RF level of 60%, and an ion spray voltage of 3.5 kV.
The data were acquired using Xcalibur software (Thermo Fisher Scientific, Waltham, MA, USA). Three
samples from three independent biological replicates were analyzed.

NMR analysis of culture supernatants. Exocellular metabolites were identified and quantified by
nuclear magnetic resonance (NMR). Broth samples were collected at different times and filtered
(Minisart 0.2-mm syringe filter; Sartorius, Göttingen, Germany). The supernatants, consisting of the cul-
ture medium, were mixed with 100 ml of D2O with 2.35 g/liter of TSP-d4 (deuterated trimethylsilylpropa-
noic acid) as an internal reference. Proton NMR spectra were recorded on an Avance III 800-MHz spec-
trometer equipped with a 5mM QCI-P cryoprobe (Bruker, Rheinstatten, Germany). Quantitative 1H NMR
was performed at 280 K, using a 30° pulse and a relaxation delay of 10 s. Two-dimensional 1H-13C hetero-
nuclear single quantum coherence (HSQC) spectra were recorded at 280 K to quantify SHX in the super-
natant. Sixteen scans were acquired with 4,096 by 128 datapoints and 13.35- by 60-ppm spectral widths.
The spectra were processed and the metabolites were quantified using Topspin 3.1 (Bruker, Rheinstatten,
Germany). Extracellular metabolites from three independent biological replicates were analyzed.
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