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●
It is estimated that each adult human is 
made up of approximately 1014 cells. However,
only 10% of these are human, the remainder

make up the normal flora that coat our body surfaces
inside and out. Although the majority of the normal flora
are bacteria, other kingdoms are present. Viruses, such as
most of the herpesviruses, papovaviruses, adenoviruses
and even HIV, can be present for long periods without
overt disease. Whether they are truly normal flora is a
moot point. All of us carry a variety of fungi, including
Candida and Malessazia spp. We can asymptomatically
excrete protozoa, including various Entamoeba and
Trichomonas spp. as well as more complex parasites such 
as Endolimax nana, Taenia saginata (Fig. 1) or even
Enterobius spp. We also play host to insects such as the
follicle mite, Demodex follicularis (Fig. 2). Clearly we are
all walking zoos.

In most cases our normal flora is beneficial and absence
of, or major changes in normal flora are detrimental. The
majority of the intestinal normal flora are anaerobic
bacteria and they also contribute greatly to non-specific
immunity in producing colonization resistance, by
competing for receptors and producing antimicrobial
compounds. It is now clear that early intestinal
colonization of newborn children by Bacteroides fragilis 
is important in maturation of humoral immunity. 
Thus these ‘normal’ bacteria are also essential for the
development of one arm of the specific immune system.
The intestine is the major reservoir of normal flora and 
it is no coincidence that 70% of the immune cells in 
the human body reside here. Although there are
competent pathogens such as B. fragilis and Clostridium
perfringens among the normal flora, anaerobes tend 
to produce disease only when they move from their 

site of colonization to contiguous areas of normally
sterile tissue, often as a result of surgery or intestinal
perforation. In contrast, aerobic bacteria such as Neisseria
meningitidis, Haemophilus influenzae and Streptococcus
pneumoniae which colonize the upper airways, and
Escherichia coli and Salmonella enterica which inhabit the
intestine, have a great propensity to turn from harmless
commensals into ravening pathogens. Our under-
standing of what makes a pathogen and the mechanisms
used to subvert normal human cellular activities has
increased exponentially over the last decade.

E. coli is the major aerobic Gram-negative bacterium
in the intestinal normal flora, [we excrete about 107

colony forming units (c.f.u.) per gram of faeces]. It is
estimated that E. coli and S. enterica diverged some 100
million years ago, whereas man has been developing for 
a mere 1.5 million years. The majority of the differences
between the two genera result from acquisition of large
tracts of DNA termed loops, or genomic islands. Some
islands encode metabolic functions, some antibiotic 
or other resistances and others are involved in
pathogenicity (pathogenicity islands, PI). PIs can be
found in pathogens (but not their non-pathogenic
variants), both Gram-positive and Gram-negative
bacteria, and in animals and plants. These islands contain
20–40 open reading frames (ORFs), many of which are
similar in PIs in different Gram-negative pathogens.
They have G+C mol% ratios different from the rest of
the chromosome, are often inserted in proximity to
tRNA genes (implying that their acquisition might be
mediated by bacteriophages) and can be unstable. In
Gram-negative bacteria, some PIs encode a secretion
system (type III or IV) that is used to deliver effector
molecules directly into or onto host cells (Tables 1 and 2). 

The discovery of PIs and their secretion systems has
ushered in a new and exciting era in bacteriology and 
is transforming our understanding of microbial patho-
genesis. It is now clear that there is extensive biochemical
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cross-talk between the bacteria and their target
eukaryotic hosts, encoded by the PIs and delivered by
their secretion systems.

● Type III secretion systems (TTS)
TTS are assembled and disassembled according to 
the environmental conditions in which the bacterium 
is placed. For example, in vitro, removal of Ca2+ or 
change in temperature have been known to initiate TTS
assembly in Yersinia and Bordetella spp., respectively. 
In vivo, it is likely that contact with the eukaryotic host
cell is the trigger. TTS are made up of over 20 proteins
that assemble to make a channel from the bacterial
cytoplasm through both cell membranes to the exterior
and a surface structure which can be pilus-like [e.g. in

enteropathogenic E. coli (EPEC) or Pseudomonas syringae]
or a needle-complex (e.g. in S. enterica or Shigella 
flexneri). In each case the surface structures are used to
inject effector molecules through the eukaryotic plasma
membrane or, in the case of internalized bacteria,
through endocytotic vacuoles. The TTS structural
proteins are highly conserved between pathogens. 
For example, we were able to delineate the TTS of
Burkholderia pseudomallei by using probes from the TTS 
of the plant pathogen Ralstonia solanacearum. However,
by using experiments to trans-complement mutations 
in TTS, at least three families have been delineated,
typified by those related to the Ysc (Yersinia secretion)
TTS and to the Salmonella pathogenicity islands 1 and 2
(SPI-1 and 2). Some of the proteins of TTS resemble

Table 1.Examples of TSS

Bacterium Genetic location Effector(s) Effect on host cell Disease

Plant pathogens ■ Erwinia amylovora Chromosome HrpN Hypersensitive response Soft-rot, Fire blight necrosis
■ Pseudomonas syringae Chromosome Harpins Hypersensitive response Bacterial speck
■ Xanthomonas campestris Chromosome Harpins Hypersensitive response Bacterial spot (tomato, pepper)
■ Ralstonia solanacearum Plasmid PopA1 Hypersensitive response Bacterial wilt (potato)
■ Rhizobium spp. Plasmid Y4xL, NoLX Nodulation Symbiont

Animal pathogens ■ Bordetella bronchiseptica Chromosome Products of bopD, bopN Induction of apoptosis Kennel cough (dogs and cats) 
Bsc22 Inactivation of NFκ-B Atrophic rhinitis (pigs)

■ Burkholderia pseudomallei Chromosome Unknown Unknown Melioidosis
■ Chlamydia psittaci* Chromosome Unknown Unknown Atypical pneumonia
■ EHEC, EPEC† Chromosome Tir, Esps Own receptor (Tir) Diarrhoea

Cytoskeletal rearrangement
■ Pseudomonas aeruginosa Chromosome Exotoxins S,T,U,Y ADP ribosylation, cytotoxicity Opportunist pathogen
■ Salmonella enterica (SPI-1) Chromosome Sops, Sips Enterocyte invasion Diarrhoea

Induction of apoptosis
■ Salmonella enterica (SPI-2) Chromosome SpiC Invasion into tissues Diarrhoea, Septicaemia
■ Shigella spp. Plasmid Ipas Membrane ruffling, apoptosis Dysentery

Phagosome lysis, cell invasion
■ Yersinia spp. Plasmid Yops Cytotoxic, F-actin disruption Plague, Diarrhoea

Inhibition of phagocytosis

*See ‘Hot off the Press’, p. 36.        †EHEC, Enterohaemorrhagic E. coli; EPEC, enteropathogenic E. coli.

Table 2. Examples of TFS

Bacterium Secreted structures Activity in host cell Disease 

Plant pathogens ■ Agrobacterium tumefaciens T-DNA, VirE2, VirF Oncogenesis Crown gall
Animal pathogens ■ Bartonella spp. Unknown Intracellular survival Cat-scratch fever, Oroya fever, Trench fever

■ Bordetella pertussis Pertussis toxin ADP ribosylation of GTP-binding proteins Whooping cough
■ Brucella suis Unknown Intracellular survival Brucellosis
■ Helicobacter pylori CagA protein Host cell cytoskeletal rearrangement Gastritis, Peptic ulcer, Gastric carcinoma
■ Legionella pneumophila Unknown Survival and growth in macrophages Pneumonia (Legionnaire’s disease)
■ Rickettsia prowazekii Unknown Intracellular survival Louse-borne typhus
■ Wolbachia spp. Unknown Unknown Obligate endosymbiont of insects and filaria
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those of flagella assembly
systems which may give a
clue as to their evolution-
ary origin.

TTS are used to secrete
effector macromolecules
powered by ATP. The
genes for such effectors 
can be found on the same 
PI as the TTS, on different 
PIs or even in entirely
different regions of the
bacterial chromosome.
Indeed, SopE, which is
secreted by the TTS encoded on SPI-1, is encoded on a
cryptic P2-like phage. How synthesis and secretion are
co-ordinated with the assembly of the TTS is not entirely
clear but it is known to involve a new type of small
cytosolic chaperone which may also act as a pilot to 
attach the effector molecule to the cytoplasmic end of the
TTS.

In general the effector molecules can be classified 
as those with enzymic activity, those that affect the
cytoskeleton and those that interfere with intracellular
signalling. The enzymic activities include phospho-
tyrosine phosphatases (e.g. YopH in Yersinia or SptP in
Salmonella), serine-threonine kinase (e.g. YopO), inositol
phosphate phosphatase (SopB), ADP-ribosyltransferase
(ExoT in P. aeruginosa) and adenylate cyclase (ExoY).
Effects on the cytoskeleton include stimulation leading
to pinocytosis (SipA, SopE and IpaA in Salmonella and
Shigella) and disruption leading to cytotoxicity or
inhibition of phagocytosis (e.g. YopE, YopH, YopT or
ExoS). Those interfering with intracellular signalling
include YopP, which inhibits the transcriptional
activator NFκ-B and the mitogen-activated protein
kinases (MAPK), ERK1/2, p38 and JNK. This leads 
to a decreased expression of TNF-α and other pro-
inflammatory cytokines, thus dampening the
inflammatory response. Recently the TTS of Bordetella
bronchiseptica, which causes atrophic rhinitis has been
shown to secrete effectors which both inhibit NFκ-B
activation and induce apoptosis. SipB (Salmonella) and its
homologue IpaB (Shigella) bind to caspase I and induce
apoptosis. Finally, one of the effectors secreted by the
TTS in EPEC is Tir (transferable intimin receptor). This
inserts into the host-cell membrane and acts as a receptor
for intimin, a protein on the surface of EPEC, thus
facilitating intimate attachment that is the hallmark of
attaching-effacement induced in enterocytes by EPEC
(Fig. 3).

● Type IV secretion systems (TFS)
Originally a family of sec-dependent autotransporters,
including the IgA1 proteases of pathogenic Neisseria spp.
and H. influenzae were classified as TFS. Nowadays, 

the term is reserved for
secretion systems built
from components of
conjugation machinery.
Interestingly, TFS can
export large nucleoprotein
complexes (e.g. T-DNA
from Agrobacterium tume-
faciens), A/B subunit toxins
(e.g. pertussis toxin from
Bordetella pertussis) and
monomeric proteins (e.g.
CagA from Helicobacter
pylori).

Pertussis toxin has five B (toxophore) subunits and one
A unit with ADP ribosylation activity similar to both
diphtheria and cholera toxins. The A and B subunits 
are delivered by a two-step process. They are first
transported across the inner membrane and then
assemble in the periplasmic space before being trans-
ported across the outer membrane.

CagA is a monomeric 145 kDa protein encoded on the
cag pathogenicity island of H. pylori. It is secreted by a
TFS and induces signal transduction in gastric cells,
resulting in tyrosine phosphorylation of itself and other
proteins adjacent to bacterial attachment. It also appears
to lead to cytoskeletal rearrangements which might be
responsible for the attaching-effacement activity also
induced by H. pylori.

● Conclusions
From the foregoing we hope it is apparent that medical
bacteriology has entered a new and exciting era. It poses
great challenges to medical microbiologists in that not
only do we need to have understanding of microbial
disease and molecular microbiology, but also of
mammalian cell biology. However, the rewards will be
great, perhaps resulting in new antibacterial agents,
vaccines and vaccine delivery systems, and new insights
into how our own cells work.
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