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tion machinery? What is the role of the spe-
cific chaperones? What are the cues that stim-
ulate type III secretion? How do the different
effector proteins function inside the host cell?
The study of these systems will continue to
provide insight into the mechanisms of ma-
nipulation of host cell functions by bacterial
pathogens. The presence of type III secretion
systems exclusively in bacteria with patho-
genic potential may provide a unique target
for the development of therapeutic agents that
may spare normal flora. Furthermore, har-
nessing the type III secretion system for the
delivery of heterologous proteins may pro-
vide a valuable tool for the development of
novel vaccines and therapeutic approaches.
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Helicobacter pylori Virulence and Genetic

Geography
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Isolated for the first time in 1982 from human gastric biopsy, Helicobacter
pylori is responsible for gastritis, peptic ulcer, and gastric cancer. A
pathogenicity island acquired by horizontal transfer, coding for a type IV
secretion system, is a major determinant of virulence. The infection is now
treated with antibiotics, and vaccines are in preparation. The geographic
distribution suggests coevolution of man and Helicobacter pylori.

Human, plant, and animal diseascs are often
caused by infection with unrecognized or un-
cultivated (or both) etiologic agents. Until
1982, when it was isolated by accidental ex-
tended incubation, Helicobacter pylori (Hp)
was part of the unknown microbial world (/).
Today it is a well-recognized pathogen that
chronically infects up to 50% of the world’s

human population. It is a Gram-negative, mi-
croaerophilic bacterial rod, associated with
gastritis, peptic ulcer, and gastric cancer.
Hp lives for decades in the extreme envi-
ronment of the human stomach. Like other
bacteria specialized to live in a single envi-
ronment, Ap has a small genome (1.67 mega-
bases) containing a minimal set of metabolic

genes (2). The mechanisms for environmen-
tal adaptation such as the stringent response
and the two-component regulatory systems
are absent or rare, respectively (3). For ex-
ample, Pseudomonas aeruginosa, an oppor-
tunist bacterium able to survive in most en-
vironments, contains 90 two-component reg-
ulatory systems, wherecas Hp contains only
four (3, 4).

'IRIS, Chiron SpA, Via Fiorentina 1, 53100 Siena, Italy.
?Department of Medicine/Infectious Diseases Hrp
T152, Stanford University, CA 94305, USA.

*To whom correspondence should be addressed. E-mail:
rappuoli@iris02.biocine.it

21 MAY 1999 VOL 284 SCIENCE www.sciencemag.org


mailto:rappuoli@iris02.biocine.it
http://www.sciencemag.org

Population Genetics and Diversity

Hp isolates from unrelated individuals have
totally different genetic fingerprints, so that Hp
can be considered a “quasi-species” (5). How-
ever, the genome itself is not so diverse. Vari-
ability is due to changes at the third base of
codons, to inversions, and to translocations,
events that modify the DNA but not the protein
sequences. Comparison of the genomic se-
quence of two independent clinical isolates has
shown that they are highly conserved, with only
7% of the proteins being strain-specific (6).

Infection is disproportionately acquired in
childhood. Once the stomach is colonized,
the same organism persists for decades, if not
for a lifetime. Bacteria isolated from the same
patient at intervals of several years have iden-
tical DNA fingerprints, and mixed infections
are uncommon (7). In spite of the fact that
DNA fingerprints are maintained, however,
continuous evolution occurs within the stom-
ach of the infected person, because of (i)
nucleotide mutations, (ii) excision of the cag-
pathogenicity island (PAI) (see below), (iii)
transposition of insertion elements, (iv) re-
combination with DNA from incoming
strains that do not establish a chronic infec-
tion, and (v) horizontal transfer of new genes
(7, 8). As a consequence, bacteria isolated
from adult patients, although similar in DNA
fingerprint to that acquired at a younger age,
have accumulated much genetic variability
that can be detected as single-nucleotide
polymorphism.

The family is the core unit of Hp trans-
mission. Frequently children are infected by a
strain with a genetic fingerprint identical to
that of one of the parents. The children chron-
ically maintain the same strain even after
leaving home and establishing their own fam-
ily (9). Hence, transmission is likely to be
more frequent within the family or among
infants within a community. Once infection is
established, subsequent infection by other Ap
strains appears to be rare (7). Husbands and
wives do not exchange their strains, and in-
fection is rarely transmitted to an uninfected
partner. It is likely, however, that transiently
infecting Hp strains, although unable to col-
onize, provide genetic material to the resident
strain and increase its fitness.

Present Epidemiology

Although in most developing countries infec-
tion is almost universal in adults, today in
northern Europe and the United States infec-
tion is less frequent, and although it is still
present in 30 to 50% of adults who acquired
the infection in childhood, it is rare in today’s
children (“birth cohort effect”) (10). Hp more
commonly infects people of lower socioeco-
nomic status. Yet, even when socioeconomic
status is taken into account, certain racial or
ethnic groups (in the United States, blacks
and Hispanics) still have higher rates of Hp.

MICROBES,

This may be due to genetic predispositions to
infection that are as yet poorly understood.
Males in many populations also appear to
have 20 to 30% higher rates of infection than
females (/7).

The mode of transmission of Hp is un-
known. The most widely held hypotheses are
that the organism is transmitted directly from
person to person by human feces (fecal-oral
spread), gastric contents (gastric-oral spread),
or improperly cleaned endoscopic equipment.
The handful of documented cases of acute Hp
infection have all suggested gastric-oral routes
of transmission. Hp has been cultured from
vomitus, saliva, and diarrheal stools (/0). There
is evidence that Hp, by decreasing the gastric
acidity, permits acid-sensitive gastrointestinal
pathogens to pass through the stomach into the
intestines (/2). By thus increasing the risk for
gastroenteritis, Hp may be favoring its own
excretion and perpetuation.

Links Between Hp and Disease

Hp causes acute and chronic inflammation in
the stomach, although the magnitude of in-
flammation varies from strain to strain and
from host to host. In the majority of infected
humans, there are no clinical consequences to
Hp gastritis. In 20 to 30%, however, the end
result of infection can be life-threatening.
Four diseases are now widely acknowledged
to be caused by Hp: duodenal ulcer, gastric
ulcers, adenocarcinoma of the distal stomach
(antrum and fundus), and gastric mucosa-
associated lymphoid tissue (MALT) lympho-
ma. Taken together, each year, at least 7
million cases of these diseases occur world-
wide, resulting in hundreds of thousands of
deaths (/3). Gastric adenocarcinoma is the
14th leading cause of death in the world and,
with the aging of the world’s population, is
expected to be the 8th leading cause of death
by the year 2010.

Evidence for the association between Hp
and the aforementioned discases includes
randomized clinical trials (duodenal and gas-

Table 1. Reported virulence factors.
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tric ulcers), nonrandomized trials (gastric
lymphoma), and large epidemiological stud-
ies (all four diseases). However, the epidemi-
ology of duodenal ulcer disease and gastric
cancer incidence do not completely parallel
one another (/4). Moreover, people with Hp-
related ulcer disease are less likely to develop
gastric adenocarcinoma than the average pop-
ulation (/4). This reflects the importance of
the unknown cofactors that contribute to dis-
ease outcome. Variability in host factors such
as blood group antigens, human lymphocyte
antigen type, age of infection, and environ-
mental exposures has been suggested to ex-
plain the different clinical outcomes. Syner-
gistic or antagonistic interactions between Hp
and putative risk factors-—whether they be
genetic, dietary, infectious, or occupational—
require rigorous investigation.

In addition to the above diseases, Hp has
been linked to dyspepsia and to a multitude of
nongastric conditions including atherosclero-
sis, allergic skin diseases, hepatic encepha-
lopathy, childhood anemia, and growth retar-
dation. It has also been reported that Hp
infection may be beneficial and protect
against reflux esophagitis and adenocarcino-
ma of the distal esophagus and gastric cardia
(15). None of these associations has been
consistently demonstrated.

Virulence

Many factors contribute to the virulence of
Hp (Table 1). Expressed by all isolates are
factors required for colonization and survival
in the human stomach. Most notable among
these factors are the urease and flagella. Ure-
ase metabolizes urea to carbon dioxide and
ammonia to buffer the gastric acid. Flagella
allow the bacterium to swim across the vis-
cous gastric mucus and reach the more neu-
tral pH below the mucus. Knockout mutants
of the urease or flagellar genes are defective
in colonization in a gnotobiotic piglet model
of infection (/6).

Once below the mucus, Hp adheres tightly

Factor Function Distribution Reference
Urease Buffers stomach acid All strains (5m
Flagella Motility All strains (52)
NAP Neutrophil activation All strains (20)
BabA Adhesin for Le” Prevalent on type | (18)

strains
LPS Low toxicity All strains (53)
Lewis*¥ antigens Molecular mimicry Some strains (19)
IceA Homolog of Nla Ill restriction Some strains (54)
endonuclease
VacA Cytotoxicity (two alleles) All strains (21,23)
cag PAI 31 genes coding for type IV Type | strains (26)
secretion system
CagA Immunodominant antigen Type | strains (33)
(part of cag PAI)
PicB Equivalent to CagE Type | (26)
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to the underlying cells. Several epithelial
structures have been implicated in adhesion,
including lipids, gangliosides, and sulfated
carbohydrates, but to date, the adhesins on
the bacterial surface that bind to the epitheli-
um are poorly understood (/7). The best
characterized Hp adhesin is a protein (BabA)
that binds the Lewis b blood group antigens
on the gastric epithelium (/8). Lewis blood
group antigens have also been implicated in
another variable aspect of Hp pathogenesis;
the lipopolysaccharide of some strains con-
tains structures identical to the fucosylated
Lewis x and Lewis y blood group antigens
expressed on the gastric mucosa. This anti-
genic mimicry may result in immune toler-

MICROBES,

ance against antigens of the pathogen or in
induction of autoantibodies that recognize
gastric epithelial cells, frequently observed in
patients with chronic active gastritis (/9).

Among the molecules that act directly
on the surrounding tissues, the most impor-
tant are the neutrophil activating protein
(NAP) and the vacuolating cytotoxin
(VacA). The former is an oligomeric pro-
tein made of 10 to 12 copies of a 17-kD
polypeptide with homology to iron-binding
proteins. This protein has the capacity to
activate neutrophils and may be involved in
the recruitment of these cells to the gastric
mucosa and hence may contribute to the
inflammatory response (20).

Escherichia coli
Agrobacterium tumefaciens
Brucella suis

Bordetella pertussis

o

outer membrane

inner membrane

cytoplasm

|
) (6 ;--L-— tra (pKM101)
I 3
39 B1 l@ @ vir

Helicobacter pylori
Rickettsia prowazekii

Legionella pneumophila

core subunits

Fig. 1. Schematic representation of the putative structure (top) of the type IV organelle and the
operons coding for it in different bacteria (bottom). The scheme is drawn with the conjugative pilus
of E. coli and A. tumefaciens as a prototype. The product of each gene, named with the
Agrobacterium VirB system (B indicates VirB), is wired to the corresponding protein in the
organelle. NTP indicates ATPase activity. The large red arrow indicates transfer of a secreted
component across the bacterial envelope. Homologous genes are indicated by the same color. For
Hp, indicated in red, only the cag genes with sequence homology to the vir genes of Agrobacterium
are reported. Genes boxed in gray identify the core subunits that have been proposed to be
necessary for assembly of the minimal type IV structure. ORF, open reading frame.
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VacA is a secreted protein toxin that is
responsible for the gastric epithelial erosion
observed in infected hosts. It causes vacuolar
degeneration of target cells by interfering
with intracellular membrane fusion. The
vacuoles appear to be a hybrid between lyso-
somal and late endosome compartments, and
their generation requires the vacuolar adeno-
sine triphosphate—dependent proton pump
and the small guanosine triphosphate—bind-
ing protein Rab7. More recently, the toxin
has been shown to reduce transepithelial re-
sistance by loosening tight junctions (217).

VacA is an oligomeric toxin, with flow-
er-shaped structure and sixfold or seven-
fold radial symmetry (22). The oligomeric
toxin is inactive, and dissociation into the
90-kD monomer by treatment at low pH is
required to reveal its activity. VacA asso-
ciated with the surface of the bacteria is,
however, active in the absence of low pH
dissociation, suggesting that the toxin
forms oligomers only after release from the
bacteria (21). :

There are two alleles (m1 and m2) of a
300—amino acid region containing the cell-
binding domain of VacA, which have differ-
ent target cell specificities. Only the m1 form
is toxic on HeLa cells in the standard assay of
vacuolization (23); however, both of them are
active on primary gastric cells. It is not clear
why this functional polymorphism has
evolved, but it may reflect human genetic
polymorphism, because the m1 form is pre-
dominant in western, Korean, and Japanese
isolates, whereas the m2 form is found in
75% of Chinese isolates (24).

A Type IV Secretion Machinery
Building a Pathogen

The major disease-associated, genetic differ-
ence in Hp isolates is the presence or absence
of a so-called PAI, which, as in other bacte-
rial pathogens, has been acquired by horizon-
tal transfer of a genetic cassette. It is not
known from which organism the “alien”
DNA was acquired; however, this DNA has
maintained a GC content that is different
from that of Hp, a signature of the donor
organism (25). The Hp PAI, named cag, is a
40-kb locus, containing 31 genes, inserted
into the chromosomal glutamate racemase
gene. At some point during evolution, 1S605,
a mobile sequence encoding two trans-
posases, entered the Hp genome and in some
strains interrupted, mutilated, or deleted parts
of the PAI (26).

Six of the cag genes are homologous to
well-known genes present in a collinear ar-
rangement in operons of Bordetella pertussis,
Agrobacterium tumefaciens, Escherichia coli,
Legionella pneumophila, Rickettsia prowazeki,
and Brucella suis (Fig. 1). These operons code
for type IV export machineries specialized in
transfer of a variety of multimolecular com-
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plexes across the bacterial membrane to the
extracellular space or into other cells (27). The
known functions of type IV secretion systems
are summarized schematically in Fig. 2. In E.
coli, the system codes for the conjugative pilus
and the necessary components to transfer DNA
from one bacterium to the other (1 in Fig. 2). In
A. tumefaciens, it codes for the system that
transfers the Ti plasmid DNA from the bacte-
rium to the nucleus of the plant cell (4 in Fig. 2).
In B. pertussis, it codes for the apparatus that
allows secretion of pertussis toxin into the me-
dium (2 in Fig. 2). In L. preumophila and R.
prowazekii (28), pathogens that live in intracel-
lular vacuoles, the type IV systems are believed
to export to the vacuolar membrane or to the
cytoplasm of the host cell macromolecules that
adapt the vacuolar environment to the bacterial
needs (5 in Fig. 2).

The function and the localization of some of
these homologous genes are known (Fig. 1).
For instance, VirB2 is the structural subunit of
the conjugative pilus, whereas VirB4, VirB9,
and VirD4 have a functional adenosine triphos-
phatase (ATPase) activity. It has been suggest-
ed that VirB4, VirB7, VirB9, VirB10, VirB11,
and VirD4 (indicated by a gray area in Fig. 1)
assemble as a complex and constitute the min-
imum core structure necessary for type IV
transporter biogenesis (27). VirD4 is necessary
when transfer of nucleoproteins occurs, and
therefore the presence of the VirD4 homolog in
several type IV systems suggests that conjuga-
tive DNA transfer to mammalian cells may be
possible. In summary, there are many similari-
ties between the type IV system described here
and the type III secretion system described in a
separate article in this issue (29). Both systems
evolved—possibly by gene duplication—from
transmembrane structures with extracellular, tu-
bular protrusions (the flagellus and the conju-
gative pilus, respectively) and mediate commu-
nication processes between cells by delivering
macromolecular messengers.

In Hp, the cag PAI induces epithelial cells
to secrete interleukin 8, a mediator of inflam-
mation, by activating nuclear factor kappa B
complexes; it also induces (i) remodeling of the
cell surface and pedestal formation, (ii) tyrosine
phosphorylation of a 145-kD host protein (30),
(iii) activation of the transcription factor AP-1,
and (iv) expression of the proto-oncogenes c-
fos and c-jun by activation of the ERK/MAP
kinase cascade, thus resulting in ELK-1 phos-
phorylation and increased c-fos transcription
(31). Hp mutated in cag genes does not induce
any of the above activities.

It is not known which are the effector
molecules of the cag PAI and how the above
signals are integrated to increase virulence. In
the mouse model, however, cag " strains (also
named type I) induce visible gastric damage,
whereas cag™ strains (also named type II) do
not induce dramatic changes and resemble
commensal bacteria more than pathogens
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Fig. 2. Schematic representation of the functions of type IV secretion machineries. 1, Escherichia
coli conjugative transfer of DNA. 2, Export of pertussis toxin (PT) in the extracellular medium by
Bordetella pertussis. 3, Contact-dependent signaling of Hp to epithelial cells inducing pedestal
formation. 4, Mobilization of Ti plasmid DNA from Agrobacterium tumefaciens to the plant cell
nucleus. 5, Rickettsia, Legionella, and Brucella delivery of effector molecules to the cell cytoplasm
or to the vacuolar membrane.
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Fig. 3. World map indicating the direction of human migrations (arrows) and time range (years
since migrations happened), as taken from Cavalli-Sforza (47) and Diamond (48). The geographic
centers of the major Hp genotypes known today are indicated by concentric circles of different
colors. According to the hypothesis presented here, Hp followed man during the migrations
indicated by the arrows, giving rise to the present genotype distribution (indicated by circles). Light
green areas indicate the locations where the development of agriculture and animal breeding was
initially started, resulting in the expansion of the initial human populations (46—-48).
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(32). In humans, there is a strong correlation
between infection with cag™ organisms and
occurrence of peptic ulcers and cancer. Most
epidemiological studies have been done by
reporting the isolation of a single colony from
each patient. These studies indicate that 60 to
70% are cag™ and 30 to 40% are cag”.
Notable exceptions are Korea and Japan,
where cag™ represent nearly 100% of the
isolates (3, 33). When multiple colonies were
isolated from each patient, however, almost
invariably all patients were found to be coin-
fected by cag™ and cag ™ strains with identical
DNA fingerprints. This suggests that, during
the prolonged residence in the stomach, cag™
strains excise the cag PAI and generate iso-
genic cag™ strains (9, 34). Depending on the
host conditions, the cag™ strains may remain
a minority, disappear, or outgrow momentari-
ly the cag” strains. We should therefore
imagine in each stomach a dynamic equilib-
rium of cag™ and cag™ strains modulated by
the host, with alternating periods of disease
and remission mediated by overgrowth of
cag™ and cag~strains, respectively. Different
areas of the stomach harbor bacterial popula-
tions with different cag status and density.
This is consistent with the observed correla-
tion between cag™ isolates and disease. The

MICROBES,

IMMUNITY,

low frequency of cag ™ isolates in Japan and
Korea could be due to a decreased frequency
of cag excision or to host factors that restrict
the growth of cag™ strains.

Vaccines May End the Coexistence of
Man and Hp

The discovery of the infectious nature of peptic
ulcer has dramatically changed the medical ap-
proach to this disease. Although combinations
of antibiotics are effective in eradicating Hp,
strains resistant to antibiotics are already emerg-
ing (35), decreasing the efficacy of the currently
used triple therapy. Furthermore, antibiotics
cannot be used to eradicate the infection from
the whole population, especially in developing
countries. It is therefore predictable that al-
though antibiotics are a good solution for indi-
vidual treatment of disease, they will not repre-
sent a definitive solution for society. Hence,
vaccination—the most effective medical prac-
tice in controlling infectious diseases on a global
scale—may represent the ultimate solution.
The challenge to develop a vaccine has been
particularly successful in mouse models with
either the Hp-related species—Helicobacter fe-
lis (36 )—or the mouse-adapted Hp that mimics
human infection (32, 37). Vaccine-induced pro-
tection from infectious challenge and eradica-

Table 2. Helicobacter pylori antigens, vaccine formulations, and routes of administration proven
efficacious in animal models of infection. Hp antigens that have been shown to exhibit efficacy in animal
models in preventing infection or in eradicating an already established infection with Hp [reviewed in (36,
38); for nonmurine models, see (47, 55)]. Urease (and its subunits) and heat shock proteins have also been
tested in the murine model of infection with H. felis, because of the conservation of these proteins. Most
of these antigens have been given mucosally, more often orally, in association with mucosal adjuvants
such as CT and LT or the genetically inactivated LT mutant LTK63 (37, 39). More recently, other mucosal
routes have been tested (56). Finally, the parenteral route of immunization has been shown to represent

a potentially feasible approach (40).

. H. pylori Adjuvant* or . Infection
Animal model antig);n(s) Jvector Route withi
Prophylactic vaccination
Mice Whole-cell lysate CT, LT, LTK63 0s Hf, Hp
Urease CT, LT, LTK63 os Hf, Hp
CT, LT in Hf, Hp
Saponin derivative sC Hp
UreB subunit CT, LT os Hf, Hp
S. typhimurium in Hp
HspA CT, LT os Hf
HspB CT, LT, LTK63 0s Hf, Hp
UreB + HspA LT os Hf
Catalase CT, LT 0s Hp
VacA LT, LTK63 0s Hp
CagA LTK63 0s Hp
LTK63 in Hp
VacA + Urease LT, LTK63 0s Hp
Gnotobiotic piglets Whole-cell lysate LT os Hp
Freund’s sC Hp
Therapeutic vaccination
Mice Whole-cell lysate CT, LTK63 0s Hf, Hp
UreB cT os Hf
VacA LTK63 0s Hp
CagA LTK63 . 0s Hp
Ferrets Urease cT 0s Hm
Rhesus monkeys UreB LT os Hp

*CT, wild-type cholera toxin; LT, wild-type E. coli heat-labile enterotoxin; LTK63, genetically detoxified LT mutant

carrying a Ser — Lys substitution at position 63 of the A subunit (57).

intranasal.

tos, peroral; sc, subcutaneous; in,

iHf, Helicobacter felis; Hp, Helicobacter pylori; Hm, Helicobacter mustelae.

AND DISEASE

tion of established infection have been proved
with many antigens, including whole inactivated
cells, bacterial lysates, and several purified an-
tigens (36, 38) (Table 2). The most successful
approach has been mucosal immunization with
adjuvants such as cholera or E. coli enterotoxing
or the genetically detoxified derivative, LTKS,
mixed with one or more of the above antigens
(39). Recently, however, it has been reported
that systemic vaccination can also induce pro-
tection in the mouse model (40). The question
we face now is whether the promising results
obtained in mice will be reproduced in man.

While clinical trials are being prepared,
other animal models have been developed
and tested. Among these are Mongolian ger-
bils, in which induction of gastric adenocar-
cinoma has been shown, and gnotobiotic pig-
lets (41). Another model recently developed
in beagle dogs permits periodic endoscopic
observation of disease progression, without
the need to kill the animal (42). Although no
correlate of protection has been found,
progress has been made in understanding the
mechanism of protection. Experiments with
B cell (antibody)—deficient mice (WMT) have
shown that antibodies are not required for
protection that can be mediated entirely by
CD47 T cells (43), although a role for CD8™
cells has also been evoked (44). Whereas
CD4% -mediated immunity is a common
mechanism of protection against intracellular
parasites, it is an unusual mechanism to in-
duce immunity against a bacterium that re-
mains in the extracellular environment.

A major question is why immunization
would be successful if the natural immune
response does not clear the infection. There is
evidence showing that the majority of CD4™
T cells from infected patients with peptic
disease have a Thl phenotype (45) and are
specific for CagA. This suggests that Hp
infection induces an interferon-y (Thl)-me-
diated proinflammatory response that is not
able to eliminate the bacteria. It is possible
that vaccination triggers a Th2 immune re-
sponse capable of mediating protection (45).

Animal models have their limits, howev-
er. Well-designed clinical trials are now re-
quired to answer whether the promising re-
sults obtained in animals apply to humans. If
successful, vaccination may indeed be able to
end the coexistence of humans and Hp.

Did Hp Coevolve with Man?

The long permanence of each strain within
the same person and the family-linked mode
of transmission suggest that the evolution of
Hp is linked to the social behavior of man.
For most of history, humans have been so-
cially organized in small, isolated communi-
ties with limited genetic exchange. As a con-
sequence, human genetic traits segregated in
different villages and, on a larger scale,
among cities and countries (46—48). It is
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likely that during the social evolution, while
mutations accumulated and segregated in the
human genes, a cosegregation of the genes of
Hp occurred.

Although our knowledge of the population
genetics of Hp is limited, on the basis of the
nucleotide sequence, we can differentiate Asian
strains from those isolated from the white pop-
ulation in Europe, North America, and South
Affica (8, 49), and on the basis of the frequency
of the ml and m2 alleles of vacA, we can
differentiate between strains from northern and
southern Asia (24). A study on strains isolated
from the indigenous Maori population of New
Zealand has shown that these differ from strains
of late colonizers (50). Thercfore, at least for
the four groups of isolates indicated as concen-
tric circles in Fig. 3, the genetic geography of
Hp coincides with that described for man by
Cavalli-Sforza (47) and Diamond (48). The
overlap between genetically distinct human and
Hp populations supports the hypothesis that
Helicobacter was already established in man’s
stomach at least 100,000 years ago before the
beginning of human migrations and followed
him thereafter (Fig. 3). The hypothesis present-
ed here suggests that we could expand our
understanding of human and bacterial evolution
by eclucidating the genetic geography of Hp
around the globe.

References and Notes

. B. ). Marshall and J. R. Warren, Lancet 1, 1311 (1984).

. J. F. Tomb et al., Nature 388, 539 (1997).

3. G. L. Scoarughi, C. Cimmino, P. Donini, J. Bacteriol.
181, 552 (1999).

4. See http://www.pseudomonas.com/

5. A. Covacdi, S. Falkow, D. E. Berg, R. Rappuoli, Trends
Microbiol. 5, 205 (1997).

6. R. A. Alm et al., Nature 396, 176 (1999).

7. S. Miehkle, R. Thomas, O. Gutierrez, D. Y. Graham,
M. F. Go, J. Clin. Microbiol. 37, 245 (1999); D. G.
Marshall, W. G. Dundon, S. M. Beesely, C. . Smyth,
Microbiology 144, 2925 (1998); M. |. Blaser, Br.
Med. J. 316, 1507 (1998).

8. S. Suerbaum et al., Proc. Natl. Acad. Sci. U.S.A. 95,
12619 (1998); D. Kersulyte, H. Chalkauskas, D. E.
Berg, Mol..Microbiol. 31, 31 (1999).

9. A. van der Ende et al., Gastroenterology 111, 638

(1996); D. Rothenbacher et al., /. Infect. Dis. 179, 398

(1999).

K. Smith and ). Parsonnet, in Bacterial Infections of

N o=

10.

MICROBES,

Humans: Epidemiology and Control, A. S. Evans and
P. S. Brachman, Eds. (Plenum, New York, 1998), pp.
337-353.
. M. L Replogle, S. L. Glaser, R. A Hiatt, . Parsonnet,
Am. J. Epidemiol. 142, 856 (1995).
12. ). Clemens et al., J. Infect. Dis. 171, 1653 (1995).
. J. Parsonnet, Gut 43 (suppl. 1), S6 (1998).
14. A. Sonnenberg, Am. J. Public Health 83, 1006 (1993);
L. Hannson et al., N. Engl. J. Med. 335, 242 (1996).
W. Chow, Cancer Res. 58, 588 (1998).
K. A. Eaton and S. Krakowka, Infect. Immun. 62, 3604
(1994); K. A. Eaton, S. Suerbaum, C. Josenhans, S
Krakowka, ibid. 64, 2445 (1996).
P. M. Simon, P. L. Goode, A. Mobasseri, D. Zopf, ibid.
65, 750 (1997); ). Angstrom et al., Glyobiology 8, 297
(1998); M. M. Bitzan et al., J. Infect. Dis. 177, 955
(1998).
D. llver et al., Science 279, 373 (1998).
B. J. Appelmelk, R. Negrini, A. P. Moran, E. . Kuipers,
Trends Microbiol. 5, 70 (1997).
D. J. Evans Jr. et al., Infect. Immun. 63, 2213 (1995).
J. L Telford et al., J. Exp. Med. 179, 1653 (1994); M.
Molinari et al., /. Biol. Chem. 272, 25339 (1997); E.
Papini et al., EMBO J. 16, 15 (1997); E. Papini, J. Clin.
Invest. 102, 813 (1998); V. Pelicic et al., Microbiology,
in press.
P. Lupetti et al., . Cell Biol. 133, 801 (1996); S.
Lanzavecchia et al., J. Struct. Biol. 121, 9 (1998); T. L.
Cover, P. |. Hanson, ). E. Heuser, /. Cell Biol. 138, 759
(1997).
T. L. Cover, M. K. R. Tummuru, P. Cao, S. A. Thompson,
M. J. Blaser, J. Biol. Chem. 269, 10566 (1994); C.
Pagliaccia et al., Proc. Natl. Acad. Sci. US.A. 95,
10212 (1998).
Y. Ito et al., J. Clin. Microbiol. 35, 1710 (1997); J. C.
Yang et al., Scand. J. Gastroenterol. 33, 1152 (1998);
Z. ). Pan et al., J. Infect. Dis. 178, 220 (1998).
B. B. Finlay and S. Falkow, Microbiol. Mol. Biol. Rev.
61, 136 (1997); S. Falkow, Emerg. Infect. Dis. 4, 495
(1998).
S. Censini et al., Proc. Natl. Acad. Sci. U.S.A. 93,
14648 (1996); N. S. Akopyants et al., Mol. Microbiol.
28, 37 (1998).
S. C. Winans, D. L. Burns, P. J. Christie, Trends Micro-
biol. 4, 64 (1996); P. |. Christie, ibid. 5, 264 (1997); A
Covacci and R. Rappuoli, Curr. Opin. Microbiol. 1, 96
(1998).
G. Segal and H. A. Shuman, Trends Microbiol. 6, 253
(1998); S. G. Andersson et al., Nature 396, 133
(1998).
J. E. Galan and A. Collmer, Science 284, 1322 (1999).
E. D. Segal, S. Falkow, L. S. Tompkins, Proc. Natl.
Acad. Sci. U.S.A. 93, 1259 (1996); E. D. Segal, C.
Lange, A. Covacci, L. S. Tompkins, S. Falkow, ibid. 94,
7595 (1997); E. Glocker et al., Infect. Immun. 66,
2346 (1998).
T. Meyer-ter-Vehn, A. Covacci, M. Kist, H. L. Pahl, in
preparation.
J. L Telford, A. Covacci, P. Ghiara, C. Montecucco, R.
Rappuoli, Trends Biotechnol. 12, 420 (1994); M. Mar-
chetti et al., Science, 267, 1655 (1995).

15.
16.

17.

18.
19.

20.
21.

22.

23,

24.

25.

26.

27.

28.

29.

30.

31,

32.

IMMUNITY, AND DISEASE

33.

46.

47.
48.

49.

50.
51.

52.
53.

54.
55.

56.

57.
58.

A. Covacci et al., Proc. Natl. Acad. Sci. U.S.A. 90,
5791 (1993); J. C. Atherton, K. T. Tham, R. M. Peek Jr.,
T. L. Cover, M. J. Blaser, /. Infect. Dis. 174, 552 (1996);
S. Maeda et al., Gut 42, 338 (1998); S. M. Park et al.,
Scand. J. Gastroenterol. 33, 923 (1998).

. A. Hamlet, A.-C. Thoreson, O. Nilsson, A.-M. Svenner-

holm, L. Olbe, Gastroenterology 116, 259 (1999).

. D. Y. Graham, ibid. 115, 1272 (1998).
. T. G. Blanchard, S. ). Czinn, J. G. Nedrud, Curr. Top.

Microbiol. Immunol. 241, 181 (1999).

. P. Ghiara et al., Infect. Immun. 65, 4996 (1997).

. J. L Telford and P. Ghiara, Drugs 52, 799 (1996).

. M. Marchetti et al., Vaccine 16, 33 (1998).

. B. Guy et al., ibid., p. 850.

. H. P. Wirth, M. H. Beins, M. Tang, K. T. Tham, M. J.

Blaser, Infect. Immun. 66, 4856 (1998); T. Watanabe,
M. Tada, H. Nagai, S. Sasaki, M. Nakao, Gastroenter-
ology 115, 642 (1998); K. A. Eaton, S. S. Ringler, S.
Krakowka, /. Infect. Dis. 178, 1399 (1998).

. G. Rossi et al., Infect. Immun. 67, 3112 (1999).

. T. H. Ermak et al., J. Exp. Med. 188, 2277 (1998).

. J. Pappo et al., Infect. Immun. 67, 337 (1999).

. M. Mohammadi, S. Czinn, R. Redline, ). Nedrud, J. Im-

munol. 156, 4729 (1996); M. M. D'Elios et al., ibid.
158, 962 (1997); P. F. Saldinger et al., Gastroenter-
ology 115, 891 (1998).

P. Menozzi, A. Piazza, L. L. Cavalli-Sforza, The History
and Geography of Human Genes (Princeton Univ.
Press, Princeton, NJ, 1994).

L. L. Cavalli-Sforza, Geni, Popoli e Lingue (Adelphi,
Milan, Italy, 1996).

J. M. Diamond, Guns, Germs, and Steel: The Fates of
Human Societies (Norton, New York, 1997).

A. van der Ende et al., Infect. Immun. 66, 1822
(1998); M. Achtman et al., Mol. Microbiol. 32, 459
(1999).

S. Campbell, A. Fraser, B. Holliss, J. Schmid, P. W.
O'Toole, Infect. Immun. 65, 3708 (1997).

D. ). McGee and H. L. T. Mobley, Curr. Top. Microbiol.
Immunol. 241, 156 (1999).

S. Suerbaum, Trends Microbiol. 3, 168 (1995).

A. P. Moran, B. Lindner, E. ). Walsh, J. Bacteriol. 179,
6453 (1997).

R. M. Peek Jr. et al., Proc. Assoc. Am. Physicians 110,
531 (1998).

R. Cuenca et al., Gastroenterology 110, 1770 (1996);
A. Dubois et al., Infect. Immun. 66, 4340 (1998).

R. Weltzin, H. Kleanthous, F. Guirakhoo, T. P. Monath,
C. K. Lee, Vaccine 15, 370 (1997); H. Kleanthous et
al., Infect. Immun. 66, 2879 (1998); I. E. Corthesy-
Theulaz et al., ibid., p. 581.

M. M. Giuliani et al., /. Exp. Med. 187, 1123 (1998).
This article is dedicated to Stanley Falkow. The work
of L. L. Cavalli-Sforza was a major source of inspira-
tion. We acknowledge S. Lory for the analysis of
Pseudomonas genome; P. Christie and . Hacker for
suggestions; and N. Lange, S. Guidotti, J. M. Reyrat, X.
Ji, M. Stein, and E. Segal for granting access to
experimental data. We gratefully acknowledge G.
Corsi for the illustrations and C. Mallia for editorial
assistance.

Science Online advantage.

u Full text Science—rescarch papers and news articles
with hyperlinks from citations to related abstracts in
other journals before you receive Seience in the mail.

m ScienceNOW—succincr, daily briefings, of the hortest
scientific, medical, and technological news.

m Science’s Next Wave
forums, discussion groups, and expanded news written

career advice,

topical

by today’s brightest young scientists across the world.

Science

Enhance your AAAS membershlp with the

m Research Alerts—sends you an e-mail alert every time
a Science research report comes out in the discipline, or by
a specific auchor, citation, or keyword of your choice.

Science’s Professional Network—lists hun-
dreds of job openings and funding sources worldwide

that are quickly and easily searchable by discipline, posi-
tion, organization, and region.

m Electronic Marketplace—provides new product
information from the world’s leading science manufac-

wurers and suppliers, all at a click of your mouse.

All the information you need.....in one convenient location.

Visit Science Online at http:/fwwnw.scienceonline.org,
call 202-326-6417, or e-mail membership2@aaas.org

Jor more information.

AAAS is also proud to annoince site-wide institutional
subscriptions to Science Online. Contact your subscription

agent o AAAS for details.

L)

AMERICAN ASSOCIATION FOR THE
ADVANCEMENT OF SCIENCE

www.sciencemag.org SCIENCE VOL 284 21

MAY 1999

1333



