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broadly conserved and required for the success of several pathogenic interactions, it was previously reported that Helicobacter
pylori, a widespread gram-negative bacterium that colonizes the
stomach and causes peptic ulcer disease and gastric carcinoma
(7), lacks a stringent response (18). In that study, initiation of the
stringent response in H. pylori was tested by addition of the amino
acid biosynthesis inhibitors pseudomonic acid and serine hydroxamate (SH). After addition of these compounds, the authors
assayed protein synthesis and the abundance of a single rRNA
transcript. They observed that although translation was inhibited,
rRNA continued to accumulate. The authors concluded that H.
pylori does not initiate the stringent response during translational
pausing and that this characteristic was unique among all eubacteria (18). Despite the fact that both sequenced H. pylori strains
harbor relA/spoT homologs annotated as spoT (8), the authors
further hypothesized that bacteria inhabiting “protected” niches
(e.g., the epithelium of the stomach), in contrast to those found in
the general environment, do not require and thereby have lost the
ability to induce the stringent response (18).
We demonstrate that, in contrast to the previous conclusions
(18), H. pylori has a pronounced stringent response, as evidenced by the production of significant amounts of ppGpp and
a marked decrease in sRNA under stringent total nutrient
starvation conditions. Three H. pylori strains were assayed for
ppGpp production: the sequenced strains J99 and 26695 (1, 20)
and strain G27, a strain commonly used to investigate H. pylori
interactions with gastric epithelial cells (10, 11, 19). Strains
were grown in rich medium (brucella broth plus 10% fetal
bovine serum) under microaerobic conditions to an early log
optical density at 600 nm of ⬃0.2. The bacteria were then
washed and transferred to either morpholinepropanesulfonic
acid (MOPS)-MGS (14) lacking mannitol (22), a defined minimal medium that contains no carbon or phosphate, or fresh
rich medium. ppGpp production was assayed by an established
protocol (3). In brief, immediately after transfer to new medium, samples were labeled with 100 Ci/ml 32Pi (Amersham)
for 45 to 60 min under microaerobic conditions and then
treated with an equal volume of 2 M formic acid to lyse cells
and extract nucleotides. Small volumes (typically 3 l) were
spotted onto polyethyleneimine-cellulose thin-layer chromatography (TLC) plates and developed in 1.5 M KH2PO4 to
visualize intracellular nucleotide pools. Intensity was deter-

The stringent response controls the ability to adapt to certain nutrient stress conditions, is associated with the onset of
stationary phase in many bacteria, and directs a general decrease in metabolic activity. Hallmarks of the stringent response include rapid accumulation of guanosine tetraphosphate (ppGpp) and inhibition of stable RNA (sRNA [rRNA
and tRNA]) synthesis.
Using model systems like Escherichia coli, it has been shown
that upon amino acid starvation, the presence of uncharged
tRNA molecules triggers ribosome-associated RelA to produce guanosine pentaphosphate (pppGpp), which is subsequently hydrolyzed to ppGpp (4). ppGpp is thought to bind to
and alter the affinity of RNA polymerase for various promoters, such as those associated with adaptation to adverse conditions (4, 6). In E. coli, SpoT, a protein homologous to RelA,
is responsible for ppGpp hydrolysis (4) but also has the capacity to synthesize pppGpp (25) under certain conditions (21).
All bacteria have either separate RelA and SpoT proteins,
similar to E. coli, or dual-function enzymes (23, 24) that both
synthesize pppGpp and hydrolyze ppGpp at different active
sites (13). Since there is at least one relA/spoT homolog in all
bacteria (16), the stringent response serves as a highly conserved means of fine-tuning metabolic activity in response to
stresses.
Recent work has shown that persistence of pathogenic bacteria within specialized host niches requires the stringent response (9, 12, 17). For example, the stringent response allows
the persistence of Mycobacterium tuberculosis within the host
(17), the activation of pathogenesis-related genes in Legionella
pneumophila (2, 12), and the interaction of the enteric pathogen Campylobacter jejuni with host cells (9). Such observations
strongly suggest that changes brought about by ppGpp allow
these bacteria to adjust to and thrive within a specialized host
environment.
Although the genes responsible for ppGpp production are
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Helicobacter pylori was previously reported to lack a stringent response. In contrast, we show that after
nutrient downshift, H. pylori produced abundant ppGpp and less total RNA. pH downshift also caused
(p)ppGpp accumulation. Our observations indicate that nutrient deprivation and acid shock activate the
stringent response in H. pylori.
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mined by autoradiograph, phosphorimager (Bio-Rad), and
densitometry analyses. Figure 1 shows that upon nutrient
downshift, all three H. pylori strains produced significant
amounts of ppGpp, whereas the same strains produced little to
no ppGpp when transferred to rich medium.
Stringent control in organisms such as E. coli also results in
inhibition of sRNA synthesis (4). To test this in H. pylori, we
measured total RNA produced upon a nutrient downshift. As
previously reported, H. pylori does not harbor uracil uptake machinery (18); thus, assays of RNA turnover involving [3H]uracil
uptake cannot be executed in H. pylori. Nonetheless, as cessation of sRNA synthesis will result in a net decrease in total
RNA (⬃90% of which is sRNA) over time, total RNA was
harvested from G27 grown to log phase and then either (i)
maintained in rich medium, (ii) shifted to minimal medium (as
in the ppGpp assays described above), or (iii) shifted to minimal medium plus chloramphenicol (25 g/ml), a bacteriostatic
agent that interferes with protein synthesis. It is known that, in
bacteria like E. coli, halting protein synthesis by treatment with
chloramphenicol causes a “relaxed” phenotype in which normal “stringent” responses do not occur, even under severe
starvation conditions (4). Viability (CFU) and RNA levels
were monitored for 3 h under microaerobic conditions. As
expected, H. pylori did not grow in the minimal medium, although numbers of CFU in both nutrient-downshifted samples
remained constant with no loss of viability over the entire 3 h
(data not shown). However, the total amount of RNA per CFU
declined dramatically for G27 shifted to minimal medium without chloramphenicol, in contrast to G27 maintained in rich
medium or to G27 shifted to minimal medium plus chloramphenicol (Fig. 2A).
To further support these findings, precise levels of spoT
RNA and 16S rRNA were assayed by reverse transcriptionquantitative PCR analyses. We observed a significant (⬎3fold) increase in the ratio of spoT RNA to 16S rRNA in the
minimal medium samples over time compared to rich medium
samples (Fig. 2B), suggesting either a relative increase in spoT
RNA, a relative decrease in 16S rRNA, or a combination of
both during starvation conditions. Together, the observations

FIG. 2. Nutrient downshift of H. pylori causes a protein synthesisdependent decrease in sRNA (A) and a relative increase in spoT RNA
versus 16S rRNA (B). (A) Strain G27 was grown to early log phase in
rich medium and then transferred either to new rich medium, to
minimal medium lacking carbon sources and phosphate (MOPS-MGS
without mannitol or phosphate), or to minimal medium plus 25 g/ml
chloramphenicol and incubated microaerobically at 37°C for 3 h. Samples were harvested at the indicated times and assayed for total RNA
(⬃90% of which is sRNA) and viability (CFU counts). RNA was quantified by spectrophotometric analysis. Average amounts (femtograms) of
RNA per CFU are shown. Samples from rich medium are solid black;
samples from minimal medium are gray; samples from minimal medium
plus chloramphenicol are hatched gray lines. CFU counts in minimal
medium-shifted samples remained constant throughout the experimental
time course (data not shown). (B) G27 was grown as described above and
shifted to either rich or minimal medium for the indicated times. RNA
was harvested, reverse transcribed, and subjected to quantitative PCR
analyses using the TaqMan system from ABI. Primers used were 16S-fwd
(5⬘-CAGCCATGTTGCGGTGAAT-3⬘), 16S-rev (5⬘-TGTGACGGGCG
GTGAGTA-3⬘), 16S probe (5⬘-6FAM-CGTTCCCGGGTCTT-3⬘), spoTfwd (5⬘-ACCTCGTTTCATTTGGATGGAT-3⬘), spoT-rev (5⬘-TGGAT
GCGCAAATGGTTTT-3⬘), and spoT probe (5⬘-6FAM-AGCTTAAAA
CTTCTAAGGCT-3⬘).

presented in Fig. 2 are consistent with the notion that H. pylori
indeed mounts a stringent response that is induced during total
nutrient deprivation.
Recently, a pH downshift was shown to result in numerous
gene expression changes in H. pylori (15). We therefore sought
to determine whether H. pylori initiates the stringent response
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FIG. 1. H. pylori produces ppGpp upon nutrient downshift. Three
wild-type strains of H. pylori, J99, 26695, and G27, were grown to early
log phase in rich medium (brucella broth plus 10% fetal bovine serum), shifted to either new rich medium or minimal medium lacking
carbon sources and phosphate (MOPS-MGS without mannitol or
phosphate: 50 mM MOPS [pH 7.4], 1 mM MgSO4, 0.25 mM CaCl2, 19
mM glutamic acid, and 0.004 mM biotin), and immediately labeled
with 32Pi. Nucleotides were resolved by TLC.
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during a pH downshift. Strain G27 was grown to early log
phase in rich medium at pH 7.0 and then either downshifted to
pH 4.5 by a 1:1 dilution in rich medium at pH 3.0 (achieved by
addition of HCl to the medium) or maintained at pH 7.0 by
dilution in medium at pH 7.0 and labeled with 32Pi for 50 min.
CFU stability in mock-labeled samples indicated that bacterial
viability was unaffected by the incubation at pH 4.5 and that
the pH of the media remained constant throughout the experiment (data not shown). We also note that a pH of 4.5 is
slightly lower than that used in the above-mentioned work
(15). We observed moderate but significant and reproducible
(p)ppGpp accumulation during pH downshift compared to the
nonshifted control (Fig. 3). By densitometer analysis, the
amount of (p)ppGpp produced upon pH downshift was ⬃4.5fold higher than the nonshifted control. These data, consistent
with the observation that the stringent response-related gene
gppA is up-regulated upon acid induction (15), imply a role for
the stringent response in the adjustment of H. pylori to survival
within its specialized niche, the stomach.
It has recently been shown in E. coli that only very specific
amino acid deprivations trigger the stringent response (5).
Furthermore, stringent response regulation in organisms harboring a single dual-function RelA/SpoT protein is neither well
understood nor necessarily directed by the same signals that
activate RelA (i.e., SH, uncharged tRNA, etc.) in E. coli. In
our assays for ppGpp production in bacteria such as Sinorhizobium meliloti, C. jejuni, and H. pylori, we have found that
addition of amino acid analogs such as SH to rich medium is
ineffective (data not shown). Therefore, signals that trigger the
RelA-dependent stringent response in E. coli might fail to do
so in these organisms. Although the authors of the prior publication observed an effect on protein synthesis, they also concluded that sRNA continued to accumulate (18). However,
only a single rRNA transcript was analyzed. Thus, two alter-
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FIG. 3. H. pylori produces (p)ppGpp upon pH downshift. H. pylori
strain G27 was grown to early log phase in rich medium at neutral pH
and then diluted 1:1 either in rich medium at neutral pH (final pH 7.0)
or in rich medium at pH 3.0 (final pH 4.5) and labeled with 32Pi.
Nucleotides were resolved by TLC. (p)ppGpp corresponding to
guanosine penta- and tetraphosphate in the pH 4.5 sample is indicated
by the arrow. This spot was quantified by densitometer analysis and
found to be ⬃4.5-fold higher than in the pH 7.0 control.

native explanations are that (i) the particular rRNA transcript
assayed was expressed from an unregulated rRNA promoter
and (ii) as with ppGpp accumulation, addition of SH to rich
medium fails to elicit a strong effect on sRNA levels in H.
pylori. Finally, the authors suggested that the presence of only
a spoT homolog (and not relA) in H. pylori could explain the
lack of a traditional stringent response under the conditions
observed. We and others have found that an increasing number of gram-negative bacteria, including S. meliloti and the
close H. pylori relative C. jejuni, harbor a single, dual-function
RelA/SpoT enzyme that mediates the stringent response in
these bacteria (9, 22). Indeed, we have recently found that the
H. pylori spoT gene fully mediates its stringent response, which
in turn controls several important phenotypes (K. Mouery, B.
Rader, E. Gaynor, and K. Guillemin, unpublished observations).
In summary, we have found that H. pylori has a clear and
defined stringent response during a total nutrient downshift.
Our work suggests that ppGpp accumulation may be important
for survival of H. pylori in the acidic stomach environment,
implying possible roles for the H. pylori stringent response not
only in surviving general stresses but also in adaptation to a
highly specialized niche.
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