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Accumulation of 16S rRNA and production of guanosine polyphosphates (pppGpp and ppGpp) were studied
during amino acid starvation in three wild-type strains of Helicobacter pylori. All strains exhibit a relaxed phe-
notype with respect to accumulation of 16S rRNA. This constitutes the first example of a wild-type eubacterium
showing a relaxed phenotype. The guanosine polyphosphate levels do not rise as a result of amino acid star-
vation, as expected for relaxed organisms. However, in both growing and starved cells, basal levels of the two
polyphosphates appeared to be present, demonstrating that the enzymatic machinery for guanosine polyphos-
phate production is present in this organism. These findings are discussed within the framework of the hypoth-
esis that stringent control is a physiological control mechanism more important for the fitness of prokaryotes
growing in the general environment than for those that inhabit protected niches.

Stringent control (SC) was originally identified as a mecha-
nism that enables wild-type bacterial cells to rapidly inhibit
stable RNA (sRNA) synthesis during amino acid starvation
(10, 31). Experimentally, this response can be provoked by
amino acid starvation, although the signal for SC involves
charging of tRNA rather than unavailability of the free amino
acids themselves (26). Over the years, a number of rel muta-
tions have been isolated in several loci, defined relaxed in
contrast to the wild-type, stringent behavior (2). The first such
mutation to be defined was the relA gene, the central gene for
SC; mutations in this gene completely abolish the stringent
response in the eubacteria. The mutant response consisted of
continued sRNA accumulation during amino acid deprivation
(7). It was later shown that many other aspects of cell physi-
ology are positively or negatively regulated during the stringent
response (7).

Most stringent eubacteria accumulate ppGpp and pppGpp
during SC (5–7). Accumulation of (p)ppGpp can also be pro-
voked by nutritional or other stress conditions (4, 13). The
enzymes responsible for (p)ppGpp synthesis are the relA gene
product, (p)ppGpp synthetase I, and the spoT gene product,
(p)ppGpp synthetase II. The spoT gene product is a bifunc-
tional enzyme possessing both (p)ppGpp synthetic activity as
well as (p)ppGpp degrading activity and is responsible for
(p)ppGpp production independently of amino acid starvation
and SC (39).

SC over sRNA synthesis has been shown to be present in all
eubacteria examined (1, 7, 8, 11, 21, 28, 30, 34, 38) but in only
one of the six archaeal strains studied to date (3, 9). It is widely
accepted that ppGpp has a role in effecting several aspects of
the stringent response, including SC over sRNA accumulation
(7). In fact, an increase in the levels of ppGpp and pppGpp
during the stringent response occurs in most eubacteria, but
there are notable exceptions in which the correlation between
increase in the level of ppGpp and inhibition of sRNA accu-
mulation is absent (1, 7, 12, 29, 33). It should be noted that in
wild-type eubacteria, a basal level of (p)ppGpp is always
present, presumably as a result of the activity of the spoT gene.
In all archaea examined, (p)ppGpp production has been shown

to be totally absent, both during amino acid starvation in the
unique (p)ppGpp-independent stringent case (9), as well as
under a number of other conditions (3, 32). Thus, in most eu-
bacteria, ppGpp may be the effector for SC over sRNA, where-
as in some eubacteria, SC operates in the absence of ppGpp.
In the archaea, SC is mostly absent, and ppGpp is never pro-
duced.

Archaeal organisms are extremophilic, that is to say, organ-
isms that have become adapted to harsh environmental con-
ditions, such as high temperature, extreme pH, high salt, or to
a combination of such conditions, while the eubacteria are
mostly mesophilic. Extremophiles live in protected niches
where competition with other organisms is scarce or absent,
whereas mesophiles are generally in active competition with
other organisms. This suggests two different explanations for
the fact that all eubacterial strains are stringent and produce
ppGpp, whereas the archaea never produce ppGpp and tend to
be relaxed: (i) SC and ppGpp production arose as part of the
evolutionary process that defined the eubacteria as distinct
from the archaea and the eukaryotes, and (ii) SC is an impor-
tant element of the set of functions that enhance the fitness of
microorganisms that compete for survival with other organisms
in an environment that often undergoes rapid changes in sur-
rounding conditions. This is probably not the case for organ-
isms adapted to an extreme but stable environment where
interspecific competition is lower. In order to distinguish be-
tween the two hypotheses, it would be useful to determine the
phenotypes of eubacteria living in protected niches, with re-
spect both to SC and to the presence or absence of (p)ppGpp.
Under the second hypothesis, one would expect that wild-type
eubacteria belonging to the latter category could have the
relaxed phenotype.

Helicobacter pylori, the organism that is strongly associated
with some forms of human gastroduodenal disease (15, 37), is
the only organism capable of colonizing the gastral antral mu-
cosa (22). A number of adaptative mechanisms allows H. pylori
to occupy a protected niche where significant competition with
other microorganisms does not occur (20, 35). We have there-
fore set out to examine various clinical isolates and collection
strains of H. pylori in order to determine both the presence of
SC and production of (p)ppGpp in this organism.

MATERIALS AND METHODS

Bacteria and plasmids. One strain (H. pylori NCTC11637) is a collection
organism obtained from the National Collection of Type Cultures, London,
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United Kingdom. All other strains were supplied by Ida Luzzi (Istituto Superiore
di Sanità, Rome, Italy). Three H. pylori strains, NCTC11637, C3, and D1, among
a number of strains analyzed, were able to grow in the complex liquid medium
used in this study. Two strains, NCTC11637 and C3, bearing an 8-kb plasmid, are
cytotoxic. The D1 strain neither bears a plasmid nor is cytotoxic. Salmonella
typhimurium TA997 (aroC5 purF145 hisD2655) was obtained from R. Cortese
(IRBM, Pomezia, Italy). The Escherichia coli CF5746 and CF5969, bearing the
plasmids pALS10 (relA) and pHX41 (spoT), respectively, were both furnished by
M. Cashel (National Institute of Health, Bethesda, Md.).

Sources of reagents. Dehydrated Bacto Brucella Broth, Bacto Yeast Extract,
and Bacto Tryptone were furnished by Difco (Detroit, Mich.); Columbia agar
base, laked horse blood, growth (Vitox) and selective (Dent) supplements were
from Oxoid, Unipath Ltd., Basingstoke, Hampshire, England; fetal calf serum
was from Biological Industries, Kibbutz Beit Haemek 25155, Israel; pseudo-
monic acid (PA) was furnished by SmithKline Beecham Pharmaceuticals
(Worthing, United Kingdom); DL-serine hydroxamate, guanidine thiocyanate,
betacyclodextrin, and 2-chloro-6-(trichloro-methyl)pyridine (nitrapyrin), were
from Sigma, St. Louis, Mo. All other chemicals, unless otherwise noted, were
obtained from Merck (Darmstad, Germany). 3H-labeled amino acids were from
New England Nuclear (Du Pont de Nemours, Firenze, Italy); [14C]uridine and
32Pi were from Amersham (Amersham, United Kingdom). Type I DNase was
obtained from Boehringer Mannheim Biochemicals (Indianapolis, Ind.).

Media and growth conditions. Solid medium for H. pylori was composed as
follows: Columbia agar base (39 g/liter), laked horse blood (5%), Vitox and
Dent, diluted according to the suppliers’ instructions, i.e., one vial per 500 ml of
medium. Liquid media were BBCD, consisting of 2.8% brucella broth supple-
mented with 0.1% cyclodextrin, pH 7 (19, 24, 27); BBSN, modified from that of
Kangatharalingam and Amy (17) and containing 2.8% brucella broth, 15 mM
K2HPO4, 15 mM KH2PO4, 10 mM NH4Cl in 90 ml of H2O. Ten milliliters of
sterile fetal calf serum and 0.5 mg of filter-sterilized nitrapyrin per ml were added
to BBSN at 40 to 50°C after being autoclaved. Liquid cultures were prepared as
follows: sterile tubes containing 2 to 6 ml of liquid medium were incubated
overnight at 37°C under microaerophilic conditions on a rotor rotating at 40 to
60 rpm, after which the tubes were inoculated. In particular, use of BBSN
resulted in a considerable improvement over previous work (17, 24, 27), as yields
greater than 3.5 optical density at 600 nm (OD600) units were routinely obtained.
S. typhimurium, when used in control experiments, was grown in BBCD and
BBSN supplemented with 0.5% NaCl.

Analysis of protein synthesis. Bacteria from a 2-day-old plate were resus-
pended in 2 ml of BBCD or BBSN to an OD600 of approximately 2.5 and
incubated for 10 to 30 min under microaerophilic conditions at 37°C; this culture
was used as an inoculum for 3-ml cultures. The inoculum was added to an initial
OD600 of approximately 0.25. After 30 min, [3H]serine or [3H]glutamic acid was
added, both at 15 mCi/ml (final concentration). After at least one doubling,
amino acid starvation was accomplished by adding either PA or serine hydrox-
amate to the cultures. The antibiotic PA produces cellular effects similar to those
of isoleucine starvation by preventing the charging of tRNAIle due to inhibition
of isoleucyl tRNA synthetase in prokaryotes (3, 8, 9, 14, 16, 21, 38), whereas
serine hydroxamate is a competitive inhibitor of seryl-tRNA synthetase (36). The
MICs of these drugs for the various strains used were determined, and inhibition
of protein synthesis was achieved by using a concentration of either drug corre-
sponding to four times the MIC. Samples were then placed in 5% trichloracetic
acid at different time intervals. The bacterial precipitates were collected on
Millipore filters (pore size, 0.45 mm), and the radioactivity was counted as
previously described (11).

Analysis of rRNA synthesis. Preliminary experiments showed that, unlike
amino acids, uridine was not significantly taken up by H. pylori from the growth
medium (unpublished data). To detect rRNA synthesis in H. pylori, we used a
specific oligonucleotide-rRNA hybridization technique. Bacteria from a 2-day-
old plate were resuspended in 2 ml of BBCD or BBSN to an OD600 of approx-
imately 2.5 and incubated for 10 to 30 min under microaerophilic conditions at
37°C; this culture was used to inoculate 3-ml cultures at an initial OD600 of
approximately 0.25. At the appropriate times, 100-ml samples were taken and
lysed by dilution with 400 ml of GED solution (5 M guanidine thiocyanate, 0.1 M
EDTA [pH 7], 10 mM dithiothreitol solution). After 4 to 6 h (depending on the
doubling time of the strain used), the culture was split in two. Amino acid
starvation was accomplished in one of the two cultures by adding PA or serine
hydroxamate; the other culture served as a nonstarved control. Aliquots (50 to
200 ml) of the bacterial cell lysates were filtered onto a nylon transfer membrane
(Hybond-N1; Amersham International plc, Amersham, United Kingdom) by
vacuum aspiration with a microsample filtration manifold (Hybri-Dot Manifold;
BRL Life Technologies Inc, Gaithersburg, Md.) after which the filters were air
dried. The filters were then treated with DNase in a solution containing 46 U of
type I DNase per ml and 50 mg of bovine serum albumin fraction V per ml at
30°C for 30 min, washed three times with 23 SSC (13 SSC is 0.18 M NaCl, 10
mM NaH2PO4, and 1 mM EDTA [pH 7.7]) at room temperature for 5 min, and
allowed to air dry before hybridization (23). The oligonucleotide probe sequence
59d(GGACATAGGCTGATCTCTTAGC) used for hybridization is complemen-
tary to the 16S rRNA sequences of H. pylori reported by Morotomi et al. (23).
This oligonucleotide (polyacrylamide gel electrophoresis grade) was synthesized
and purified by Genenco (M-Medical srl, Florence, Italy).

Guanosine polyphosphate assay. Cells were labeled with [32P]orthophosphate,
and guanosine polyphosphate production was analyzed by one-dimensional chro-
matography of formic extracts (9). The locations of the polyphosphates were
detected by autoradiography.

RESULTS
Accumulation of rRNA under amino acid starvation in-

duced by the addition of PA was analyzed in three H. pylori
strains, NCTC11637, C3, and D1. Analysis of protein synthesis
showed that protein synthesis was shut down efficiently in all
strains. Amino acid starvation was also provoked, in NCTC
11637, by the addition of serine hydroxamate. The results of
two typical experiments, displayed in Fig. 1, show that H. pylori
NCTC11637 displays a relaxed phenotype. In fact, following
the inhibition of protein synthesis, rRNA synthesis is either not
affected or possibly enhanced, in the case of PA inhibition. A
relaxed phenotype is exhibited by all three strains, as shown in
Table 1, where rates of protein and rRNA synthesis under
amino acid starvation are reported.

All three H. pylori strains were then analyzed for the pro-
duction of guanosine polyphosphates. In a control experiment,
it was shown that the relA1 strain S. typhimurium TA997,
growing in a medium having the same organic composition as
that of BBCD or BBSN and amino acid starved using PA,
produced large amounts of (p)ppGpp, as expected. In contrast,
during amino acid starvation, none of the three H. pylori strains

FIG. 1. Protein synthesis and rRNA accumulation in H. pylori NCTC11637.
Protein synthesis (panels a) was measured by the incorporation of 3H-labeled
amino acids into acid-insoluble material; accumulation of 16S RNA (panels b)
was measured by a specific oligonucleotide-rRNA hybridization technique, as
described in Materials and Methods. (A) Experiments were performed during
either exponential growth (solid circles) or starvation for isoleucine (open cir-
cles); PA was added at 5.5 h. (B) Same as for panel A, except that starvation was
obtained by the addition of serine hydroxamate at 6.5 h. kcpm, 1,000 cpm.
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accumulated either ppGpp or pppGpp. The results of a typical
experiment carried out with H. pylori NCTC11637 is shown in
Fig. 2A. The (p)ppGpp assay was performed over extended
time periods: 9 h for the faster-growing C3 (doubling time,
;7 h), 16 h for NCTC11637 (doubling time, ;8 h), and 18.5 h
for D1 (doubling time, ;10 h). Figure 2A also shows the
presence of faint spots with chromatographic mobilities iden-
tical to those of pppGpp and ppGpp. Such spots did not in-
crease in intensity as a result of amino acid starvation and had
similar intensities in both the treated and control samples.
Figure 2B shows the results obtained by measuring the inten-
sities of the spots corresponding to ppGpp. The level of the
nucleotide increases with similar kinetics in the treated and
untreated samples, confirming that amino acid starvation does
not cause an immediate and significant increase in the level
of ppGpp. Experiments carried out with C3 and D1 gave
results very similar to those obtained with NCTC11637 (data
not shown).

Hybridization experiments carried out using labeled relA
and spoT E. coli gene fragments and NCTC11637 DNA gave
negative results (data not shown).

DISCUSSION

It seems reasonable to hypothesize that stringency is a phys-
iological mechanism primarily designed to prevent an imbal-
ance of cellular macromolecules when bacteria growing in
the wild are transferred from a nutritionally rich to a nutri-
tionally poor environment (10). To date, relA-dependent SC
over sRNA has been shown to be present in all wild-type eu-
bacterial species examined and to be absent in the archaea (3,
9, 32).

The work reported here was carried out to test the hypoth-
esis that SC is a physiological control mechanism more impor-
tant for the fitness of prokaryotes living in the general envi-
ronment than those living in protected niches. Our study shows
that three wild-type strains of the eubacterium H. pylori exhibit
a relaxed phenotype with respect to accumulation of 16S rRNA,
which constitutes the first case of a wild-type eubacterium
with a relaxed phenotype. Unlike the situation in the archaea,
(p)ppGpp is present at low levels in all H. pylori strains exam-
ined, both in control samples and starved samples, showing
that the enzymatic machinery for (p)ppGpp production ex-
ists in this organism. As expected for relaxed microorgan-

isms, the (p)ppGpp levels do not rise as a result of amino acid
starvation. These findings lend support to our proposition that
SC is present in eubacterial mesophiles as a genetic control
mechanism that increases the fitness of prokaryotes occupying
the general environment. In protected niches, SC is either
absent, such as in H. pylori and in most of the archaea exam-
ined, or present in a (p)ppGpp-independent form, such as in
the stringent halobacterium Haloferax volcanii (9). The pres-
ence of a stringent response in the latter organism may be
related to its inclusion among the “borderline” extreme halo-
philes (18, 25) that are capable of living in environments
where competition with other microorganisms is more likely
to occur.

Tomb and his colleagues have reported the complete ge-
nome sequence of H. pylori (35), and sequence analysis shows
no sequence homology to the relA gene of E. coli, whereas the
putative gene region HP0775 has a 36.7% base identity in
common with the E. coli spoT gene. The lack of a relA gene in
H. pylori provides a convincing explanation for our finding that
this organism exhibits a relaxed phenotype. Moreover, the se-
quence data also account for our inability to detect sequence
homology between the two E. coli genes and the H. pylori ge-
nome by hybridization. In fact, a 36.7% DNA homology is not
easily detectable by standard hybridization techniques. The
presence of a spoT-like gene in the H. pylori genome explains
the existence of basal levels of (p)ppGpp, presumably a result
of the activity of this gene. To this end, it would be useful to
subject H. pylori to a set of physiological conditions other than
amino acid starvation (temperature shifts, carbon or total star-
vation, cyanide treatment) that are known to cause production
of guanosine polyphosphates in mesophilic eubacteria via the
relA-independent (spoT) pathway (13).

The fact that the eubacterium H. pylori is a (p)ppGpp pro-
ducer, despite having a relaxed phenotype, confirms the notion
that (p)ppGpp production appears to be a feature that sepa-
rates the eubacteria from the archaea and the eukaryotes. The
evolution of (p)ppGpp production and its involvement in some
aspects of SC may be a part of the process that has caused an
efficient form of SC to evolve among the mostly mesophilic
eubacteria.

FIG. 2. Guanosine polyphosphates in H. pylori NCTC11637. (A) (p)ppGpp
in growing and amino acid-starved cells. Lane 1, control (S. typhimurium TA997),
10 min after addition of PA; lanes 2 to 5, H. pylori 0, 45 min, 6 h, and 16 h after
addition of PA, respectively; lanes 6 and 7, H. pylori control samples 3.5 h and
16 h after time 0, Abbreviations: Or., origin; 5p, pppGpp; 4p, ppGpp. (B) Basic
ppGpp levels in H. pylori NCTC11637. The spots corresponding to ppGpp on the
polyethyleneimine-cellulose chromatograms from the experiment shown in panel
A were counted with a PhosphorImager scan analysis apparatus. The counts
were normalized to the corresponding optical densities at 600 nm (OD). Exper-
iments were performed during either exponential growth (solid circles) or star-
vation for isoleucine (open circles). The computer-generated image shown in
panel A was acquired with Adobe Photoshop 4.0 software on a Umax Astra 1200
scanner.

TABLE 1. Effect of amino acid starvation on
RNA and protein synthesis

Inhibitor
Inhibitor

concn
(mg/ml)

Bacterial strain

Rate of
synthesisa of:

RNA Protein

PA 0.06 H. pylori NCTC11637 1.53 0.12
0.05 H. pylori C3 1.07 0.11
0.04 H. pylori D1 0.69 0.04

Serine hydrox-
amate

4,800 H. pylori NCTC11637 1.07 0.005

Noneb E. coli (relA1) 0.06 0.08
E. coli (relA) 0.60–1.00 0.05

a The values reported are for treated cultures and are expressed as percentages
of the rates of synthesis in the untreated cultures. Rates of synthesis were
obtained by carrying out regression analyses on the portion of the incorporation
curves after addition of the inhibitor.

b Starvation was performed by removing the required amino acid from the
growth medium of the auxotrophic strain; values reported are from Donini et al.
(12).
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