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The study of population-level virulence traits among communal bacteria represents an 
emerging discipline in the field of bacterial pathogenesis. It has become clear over the past 
decade-and-a-half that bacteria exhibit many of the hallmarks of multicellular organisms 
when they are growing as biofilms and communicating among each other using quorum- 
sensing systems. Each of these population-level behaviors provides for multiple expressions 
of virulence that individual free-swimming bacteria do not possess. Population-level 
virulence traits are largely associated with chronic or persistence infections, whereas 
individual bacterial virulence traits are associated with acute infections. Thus, there is a 
natural dichotomy between acute and chronic infectious processes which helps to explain 
the medical community’s success in combating the former, but its utter failure in dealing 
with the latter. The recent recognition of multicellularity among chronic bacterial pathogens 
will lead the way towards new multimodality therapies.

The elucidation over the past quarter century
that nearly all types of bacteria, whether soil
microbes or human pathogens, can live as
matrix-enclosed multicellular communities, in
addition to living as individual free-swimming
planktonic forms, has brought with it the realiza-
tion that there exists population-level equivalents
for all aspects of bacterial physiology, ecology,
evolution and in the case of pathogens, virulence
traits. The last has profound ramifications for
how we think about bacterial pathogenic proc-
esses in general, and has provided the impetus
for the construction of a new theoretical edifice,
namely that of bacterial plurality, which more
accurately informs with respect to chronic popu-
lation-based microbial interactions with the host
than the teachings of Robert Koch that were
designed to model acute and epidemic bacterial
processes [1]. Thus, there is an important dichot-
omy to be made between acute and chronic bac-
terial pathogenic mechanisms in that there is a
natural affiliation between population-level viru-
lence traits and chronic infections on one hand,
and individual bacterial virulence traits and
acute infections on the other. Several, broad
types of population-level virulence traits have
been recently recognized, and it is likely that
more will be discovered as this is an infant field.
The first of the population-level virulence traits
recognized were biofilm-related differences in
susceptibility to antimicrobial agents [2,3]. Bacte-
ria that are exquisitely sensitive to low concentra-
tions of antibiotics when growing planktonically
can be highly metabolically resistant to the most
potent, latest-generation, broad-spectrum anti-

biotics when living as a community within bio-
films; this community survival strategy provides
a mechanism for chronicity not present among
single-celled bacteria. Similarly, the existence of
bacterial intercellular communication systems,
collectively termed quorum sensing (QS) [4–6],
provides bacterial communities with the ability
to coordinate toxin expression and thereby over-
whelm host defenses; an example of this is Sta-
phylococcus aureus-associated toxic shock
syndrome [7,8]. Whilst the distributed genome
hypothesis states that for all species that have
horizontal-gene transfer (HGT) mechanisms
there are extensive genic (as opposed to allelic)
differences among the many strains of a species
and that a species-level supragenome exists,
therefore, that is much larger than the genome of
any single strain [9–13]. This genomic plasticity
combined with highly efficient inducible HGT
mechanisms and polyclonal infections [14,15] pro-
vides a diversity generation mechanism that acts
as counterpoint to the host’s adaptive immune
response providing for the evolution of new
strains in response to stress [16].

Biofilms & the bacterial life cycle
The fact that the preferred growth mode for
almost all bacterial species is within a matrix-
enclosed community, termed a biofilm, was first
recognized by Costerton and his coworkers
30 years ago [17]. This observation stood in stark
contrast to the time-honored method of study-
ing only free swimming or planktonic bacterial
forms, and for some time afterwards microbiol-
ogists were working in either the biofilm camp
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or planktonic camp. The medical community
was particularly slow to adopt the biofilm para-
digm owing to the teachings of Robert Koch,
who had emphasized the importance of pure
clonal culture in his eponymous postulates. Yet,
van Leeuwenhoek, the first modern microbiol-
ogist, in his descriptions of the microbial world
clearly observed what we would recognize as bio-
films today. Careful morphological and physio-
logical examinations spurred by the development
of modern molecular imaging and molecular
diagnostic techniques have revealed that many
conditions, which were previously viewed as
chronic inflammatory conditions, have revealed
their true characters to be indolent bacterial bio-
film infections. These include:

• Osteomyelitis [18,19]

• Gall bladder disease [20,21]

• Prostatitis [22]

• Otitis media with effusion, recurrent otitis
media and otorrhea [2,23–25]

• Chronic rhinosinusitis [26,27]

• Cholesteatoma [28]

• Tonsillitis [29]

• Adenoiditis [30]

• Diabetic foot ulcers [31]

• Periodontitis [32–38]

Biofilms also represent the overwhelming bacte-
rial phenotype associated with infections of
implantable medical devices and indwelling
catheters. These foreign body infections are
nearly impossible to eradicate without removal
of the device and have become the bain of many
permanent and long-term interventional strate-
gies, including arthoplasties, central lines, uri-
nary catheriterizations, pace makers,
defibrillators, ventricular-peritoneal shunts and
dialysis ports (reviewed in [39]). Biofilms can be
composed of a single species, however, in many
environments biofilms comprise polymicrobial
communities [40] with the waste of one organism
being the foodstuff for another. More recently it
has been realized that the biofilm (planktonic
dichotomy) is in itself an oversimplification of
what is in reality a complex bacterial life cycle
that includes: reversible attachment; irreversible
attachment, growth, effacement, stalk and tower
formation; maturation, seething; and finally dis-
persal of planktonic cells that are free to begin
the process all over again [41,42].

The bacterially-elaborated matrix associated
with the final, irreversible attachment of a bac-
terial cell to a surface, is composed of multiple
extracellular polymeric substances (EPS)

including exopolysaccarides, DNA, proteins
and lipids, and provides a protective physical
barrier for the bacteria within. The cooperative
creation of the matrix on host tissues or
implantable devices by a community of bacteria
is a population-level virulence trait as it pro-
vides for a community of bacteria that are col-
lectively more difficult for the host to eradicate
than individual free-swimming or attached bac-
teria. Once initiated, a biofilm acts like a
dynamic living organism that can grow, change
its physical properties in response to its envi-
ronment and incorporate other pathogenic spe-
cies into an integrated polymicrobial
community. The biofilm provides an encase-
ment for thousands to millions of bacteria
within a single structure and provides the popu-
lation of interacting organisms with an exoskel-
eton for shape and structure – hallmarks of
higher multicellular organisms. Extending the
skeletal metaphor, the biofilm matrix also plays
important roles in signaling control and nutri-
ent availablity, much as eukaryotic skeletal ele-
ments do. Recent rheological studies by
Stoodley et al. have demonstrated that the
hydrated EPS matrix is highly viscoelastic and
can be rapidly remodeled in response to
changes in shear stress and other environmental
stressors [43–47]. Thus, in this regard it displays
similar qualities to endochondral bone in that
the strength of the extracellular matrix is modi-
fiable by the cellular component in accordance
with the external load.  The viscoelastic proper-
ties of the EPS are highly similar to that of
DNA (it is the viscoelastic properties of DNA
that provide the basis for high-resolution pulse-
field gel electrophoresis) and studies by
Whitchurch et al. [48] of the Pseudomonas aeru-
ginosa EPS matrix revealed that DNA was, in
fact, one of the major constituents. 

More recently it has also been demonstrated
that the matrix of Haemophilus influenzae is also
largely composed of very long strands of DNA
[49], and our laboratory has demonstrated that a
mature pneumococcal biofilm can be completely
disrupted by treatment with DNAse I (Figure 1).
These observations help to explain the efficacy of
pulmozyme (recombinant human DNAse I)
treatment in the cystic fibrosis (CF) lung [50,51].
Previously, it was thought that the DNA in the
CF lung originated largely from lysed neu-
trophils and other host cells, but the realization
that biofilm bacteria are elaborating high-molec-
ular-weight DNA into the matrix as part of their
normal physiology makes it likely that the pul-
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mozyme treatment is also targeting the biofilm
matrix. This would have at least two benefits for
the patient – a reduction in sputum viscosity
making it easier to clear the mucus, and conver-
sion of some of the biofilm bacteria to plankton-
ics, which would be easier to kill with traditional
antibiotic therapy.

The biofilm provides numerous other advanta-
geous over planktonic growth, including attach-
ment to a surface, which assures that the biofilm
bacteria will not be swept away to some less habit-
able locale if there is shear stress. The biofilm also
provides for metabolic heterogeneity with the bac-
teria on the periphery, displaying much higher
metabolic rates than those deeper in the biofilm as
oxygen and other nutrients rapidly become limit-
ing as distance from the bulk fluid increases [52].
Thus, the cells deep in a biofilm are almost always
respiring anaerobically [53]. This metabolic hetero-
geneity provides the biofilm as a whole with a sur-
vival advantage over synchronized planktonic
populations as enviromental challenges that nega-
tively affect certain processes (such as DNA repli-
cation or cell division) will only affect a small
percentage of the population, best encapsulated
by: “in diversity lies strength”. 

The clinical consequence of attachment and
reduced physiological output is that biofilms are
nearly always associated with chronic or persist-
ent infections as opposed to highly invasive or
systemic infections, which are the hallmark of
clonal planktonic infections. In other words,
rapid clonal growth as planktonic populations
represents only a very small percentage of the bac-

terial life cycle. Yet, clinical microbiologists, phy-
sicians and surgeons have largely clung to this
narrow view of the microbial world in spite of
significant advances over the past several decades
with regard to our understanding of microbial
phenotypic diversity. This is all the more puzzling
as the extant models of infectious disease do not
adequately explain the vast majority of infections. 

Ramifications of biofilm infections
Antibiotic resistance or tolerance
Perhaps within the context of current (and past)
medical practice, the metabolic resistance or
tolerance of most biofilm bacteria to nearly all
classes of traditional antibiotics including the
aminoglycosides, β-lactams, cephalosporins,
fluoroquinolones, macrolides and tetracyclines
is the most important clinical ramification.
This resistance of biofilms to antibiotics is also
the main reason it took so long for the medical
community to recognize that many chronic
conditions were actually infectious in nature.
 This misunderstanding stemmed from the
over-riding belief that antibiotics would always
kill bacteria that did not have a genetically-
encoded resistance gene. Therefore, if a physi-
cian utilized antibiotics for treatment and it
could be demonstrated that the antibiotic con-
centration in the diseased tissue or fluid com-
partment was high enough to kill planktonic
bacteria, it was concluded that there must not
have been any live bacteria present and, there-
fore, it was not an infectious process, but a
host-inflammatory process. 

Figure 1. DNA is a major constituent of the biofilm matrix.

 

(A) Confocal laser scanning microscopic image of a robust 96 h Streptococcus pneumoniae type 23 biofilm 
stained with Pico Green. (B) Identical biofilm and location following incubation with recombinant human 
DNAse I (Pulmozyme) for 15 min. Notice that the DNAse incubation has resulted in greater than 90% 
debulking of the biofilm. 
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Originally it was thought that biofilm bacteria
were antibiotic resistant owing to the fact that
the antibiotics could not penetrate through the
extracellular matrix. In other words, the matrix
acted as a physical barrier such that the individ-
ual bacteria never actually encountered the anti-
biotic. This concept was challenged by Garth
Ehrlich who argued, based on the penicillin
selection method for Escherichia coli auxotrophs
[54,55], that the resistance, at least in part, was due
to metabolic quiescence. This was subsequently
demonstrated to be true [52] and that by provid-
ing the biofilm bacteria with a fermentable sub-
strate it was possible to upregulate the metabolic
rate and simultaneously increase their suscepti-
bility to antibiotic-mediated killing [53]. How-
ever, as in many biological systems there is
additional complexity to biofilm-associated anti-
biotic resistance. Mah et al.  demonstrated that
biofilms of P. aeruginosa ndvB mutants, which
are impaired in their ability to produce periplas-
mic glucans, displayed increased sensitivity to
tobramycin and other classes of antibiotics, sug-
gesting that binding of antibiotics within the
periplasm may be an active method of biofilm
resistance [56]. Additionally, Gilbert et al. have
postulated that antibiotic resistance stems from a
small subpopulation of cells, termed persisters,
that – like metazoan stem cells – remain quiese-
cent until there has been a cull of the parenchy-
mal biofilm cells, at which point the persisters
begin to divide and repopulate the biofilm [57] .

Resistance to host-defense mechanisms
In a manner similar to antibiotics, the biofilm
matrix does not serve as an effective physical bar-
rier against the host humoral and cellular defense
mechanisms, nonetheless biofilm bacteria often
display extraordinary resistance to these host-
defense mechanisms. Leid and colleagues [58]

working with S. aureus biofilms under physiolog-
ical conditions demonstrated that host phago-
cytes can invade the biofilm and release
cytokines, but that these actions induce little
damage. This group further demonstrated that in
the presence of IFN-γ treatment, mononuclear
cell phagocytes could kill alginate-negative (alg-)
mutants of P. aeruginosa, but not their wild-type
counterparts [59]. These data combined with the
observation that exogenous alginate added to alg-

strains provided protection from phagocytosis
strongly supports the contention that alginate,
although not a key component of the biofilm
matrix itself, provides a defense against host leu-
kocyte attack. Subsequently, Cerca et al. [60] dem-

onstrated antibody penetration into biofilms
followed by opsonophagocytic leukocytes; how-
ever, in spite of the presence of these host defenses
within the biofilm, the extracellular concentra-
tion of antigen is so high that it serves as a protec-
tive decoy for the bacterial cells themselves.

Intracellular communication systems
Many bacterial species including Gram-negative
and Gram-positive pathogens have evolved com-
plex intercellular communication systems [4–7,61]

that, among many other functions, coordinate
the simultaneous expression of various virulence
traits by a population of bacteria which may be
planktonic, biofilm or both [62]. These popula-
tion-level behaviors among bacteria have been
dubbed ‘QS’ [4]. Bacterial communities use QS
systems to detect different types of environmen-
tal conditions. They then integrate this environ-
mental and population information with their
gene expression machinery to provide for popu-
lation level-based coordination of gene regula-
tion. These highly coordinated behaviors
provide a selective advantage for the population
as a whole that would be meaningless, and a
waste of metabolic energy if carried out ran-
domly by individuals within the population.

All Gram-negative QS systems, regardless of
the particular chemistry involved, include a con-
stitutively-produced, diffusible, autoinducer (AI)
molecule – essentially a ligand. The detection of a
minimal threshold stimulatory concentration of
the AI leads to an alteration in gene expression by
the cell. Since all cells in the population are in the
same environment with respect to AI density, they
will all sense a quorum, simultaneously providing
for coordinated behaviors – one of the hallmarks
of multicellular organisms. This coordination of
expression occurs when there are a sufficient
number of bacterial cells present within a given
volume such that the concentration of the AI
reaches a threshold that permits binding to its
cognate receptor, which then signals a major met-
abolic shift of the bacteria. Thus, the AI is essen-
tially an “I am here” molecule, which the bacteria
count with their receptors to determine if they
have a quorum before embarking on a commu-
nity activity. Bacteria use QS communication cir-
cuits to regulate a host of physiological processes
including: mutualistic behaviors such as produc-
tion of luminescence in the light organs of deep
sea fish and squid, which use the light as a lure for
prey; antibacterial strategies such as antibiotic pro-
duction; life-cycle regulation including motility
and sporulation; and the expression of various vir-
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ulence traits such as the coordinate expression of
toxins, as well as those associated with other pop-
ulation-level virulence traits such as HGT mecha-
nisms and biofilm formation [4,63–67]. 

Among the more than 75 species of Gram-
negative bacteria that are known to use QS for
coordinated activities, including the vibrios,
enterics and pseudomonads, the AIs have been
universally found to be homoserine lactones with
acyl side chains varying in length between four
and 18 carbons, depending on the species [61].
Some species have multiple AIs (and cognate
receptors) that they use to produce integrated
responses to complex environmental stimuli
[68,69]. All Gram-negative species use an enzyme
that builds these acylated homoserine lactones
(AHLs) from adenosylmethionine and acylated
acyl carrier proteins (acyl-ACP). The AHLs,
which are secreted by the individual bacteria, pass
freely through the bacterial cell membranes, and
once in the cytoplasm at sufficient concentrations
each AHL molecule binds two LuxR proteins
forming a dimer that binds to regulatory DNA
regions to up- or downregulate target regulons,
which results in major metabolic shifts. Among
Gram-positive organisms, including the staphylo-
and streptococci, the AIs are short peptides, gen-
erated from longer precursor proteins, containing
five to 17 amino acid residues that may be modi-
fied with thiolactone rings, lanthionines or iso-
prenyl groups. These peptide-based AI’s are not
freely diffusible across the cell membrane as are
the AHLs, but instead are exported by an ATP-
dependent process; once in the extracellular
mileau, they then bind to transmembrane recep-
tors and induce a second messenger cascade.
Recent work has identified a common evolution-
ary origin for all Gram-positive QS systems [70].
Once the receptors have bound a ligand it results
in their dimerization and activation of a cryptic
kinase activity by the intracellular domain that
triggers a phosphate- transfer cascade resulting in
the creation of a master transcriptional switch for
controlling gene expression. For example, the AI
produced by the pathogenic staphylococci
including S. aureus and Staphylococcus epidermidis
is an octapeptide, termed RNA III-activating
protein (RAP), which binds to a transmembrane
receptor, target of RAP (TRAP).  Interestingly,
different species of bacteria compete by attempt-
ing to disrupt their competitor’s QS systems. For
example, some of the commensal staphylococci
produce a different peptide, RNA III-inhibiting
peptide (RIP), which binds to TRAP, but does
not result in its activation [71]. 

Not all species and strains have fully function-
ing QS systems, but many of those that do not
can still listen in on a second class of QS mole-
cules, the AI2s discovered and characterized by
the Bassler laboratory (Tufts University, MA,
USA) [61]. The AI2 molecules (actually a family
of interconverting pentanedione molecules com-
plexed with a boron atom) are recognized by a
very broad class of microbes that includes both
Gram-negative and Gram-positive species, and
thus serves somewhat as a lingua franca among
the bacteria. Bacteria can recognize a variety of
these AI2s allowing them to sense bacteria both
of their own kind and of others, even if they do
not produce the molecules themselves and which
may allow invasive species to determine the
strength of their foes. There is also mounting
evidence that bacterial QS systems are involved
in communication with their eukaryotic host
organisms in both mutualistic and pathogenic
symbioses [67,72]. 

Although the nature of the chemical signals,
signal relay mechanisms and target genes control-
led by bacterial QS systems differ, in every case
the ability to communicate with one another
allows bacteria to coordinate the gene expression,
and therefore the behavior, of the entire commu-
nity. Therefore, when associated with pathogenic-
ity QS is a population-level virulence trait.

The elucidation and characterization of bacte-
rial QS systems has provided scientists with new
targets for the development of antibacterial com-
pounds. The Kjelleberg and Givskov groups in
Australia and Denmark identified factors from
the red alga Delisea pulchra that inhibited com-
munity behaviors of bacteria [73]. They then
demonstrated that this activity was due to halo-
genated furanones that interfered with QS [74].
Subsequently, working together with the Molin
and Hoiby groups, they prepared semisynthetic
derivitives of these natural compounds and dem-
onstrated that their administration could reduce
the virulence of P. aeruginosa, thus establishing a
new avenue in medicinal chemistry [75]. 

Horizontal-gene transfer mechanisms
Evolutionary considerations for HGT
We have previously defined HGT mechanisms
as supravirulence traits [76,77] because they pro-
vide for the acquisition of any other virulence
trait. The ability of already resident infectious
bacteria to acquire entirely new genetic traits
during the infectious process in the context of an
already successful pathogenic genome provides a
heretofore unprecedented and unrecognized
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selective advantage to those organisms possessing
such mechanisms. We hypothesize that HGT
mechanisms are critical for ensuring chronicity
of infection and that pathogens that do not pos-
sess powerful HGT mechanisms will be rele-
gated to the production of acute infection. The
importance of these HGT mechanisms is under-
scored by the fact that nearly all higher taxa con-
taining pathogenic bacterial species contain
some species that possess one or more DNA
uptake or transfer systems [78]. The maintenance
of these systems is particularly striking when
viewed from a genomic perspective. Most of the
professional pathogens (those pathogenic bacte-
rial species that do not exist naturally outside the
human host), whether Gram-negative or Gram-
positive maintain fairly small genome sizes – in
the range of 1.5–3 megabases – even though they
have access to a large species-level supragenome.
Thus, they must possess very active genomic
deletion mechanisms, probably to ensure that
they do not maintain high percentages of nones-
sential genes or junk DNA, as do most eukaryo-
tic genomes. Correspondingly, their genomes are
very tidy and nearly devoid of pseudogenes and
noncoding regions, yet they dedicate multiple
large operons to actively support HGT. The per-
sistence of these large regulons associated with
HGT, and their widespread nature argues
strongly that there is constant selective pressure
for their maintenance [1,78]. Thus, by examining
the global genomic architecture it can be
observed that HGT plays a significant role in
strain evolution. 

Chronic infectious conditions possess all 
the elements necessary for HGT
An examination of the conditions present during
colonization and chronic infectious disease proc-
esses demonstrates that all of the necessary com-
ponents are present for effective HGT. First and
foremost, colonization is nearly always polyclo-
nal. This fact had been missed for over a century
because of the medical community’s reliance on
Koch’s postulates, which teach that a single
clonal isolate must be obtained. If one is always
purifying a single clone this is the same as having
a blindfold on, because any diversity that is
present will never be observed. Recently, the lab-
oratories of Tim Murphy and Janet Gilsdorf
have courageously demonstrated, by examining
chronic obstructive pulmonary disease patients
and the normal nasopharynx, respectively, that
nearly all persons who are infected or colonized
with H. influenzae are polyclonally infected –

sometimes with more than 20 strains simultane-
ously [14,15,79]. Similarly, Dowson’s group has
observed polyclonal infection with pneumococ-
cus [80], and the Hoiby and Molin groups in
Denmark have seen polyclonal P. aeruginosa
infections in the cystic fibrosis lung [81]. 

The second prerequisite for HGT is a source
of DNA for transformation. As noted above, all
of the biofilm EPS matrices that have been
examined for molecular composition contain
large amounts of DNA  [Ehrlich et al., Unpublished Obser-

vations] [48,49] such that the bacteria are essentially
bathing in DNA. Even more interestingly, the
Shi, Clavery and Havarstein laboratories have
convincingly demonstrated fratricide among the
streptococci. For both Streptococcus mutans and
Streptococcus pneumoniae, just prior to their
becoming competent (able to uptake DNA),
they produce and release bacteriocins, which will
kill their neighbors and thus ensure a ready sup-
ply of DNA for transformation [82–84]. 

The third requirement for HGT are molecular
mechanisms for DNA transfer or uptake. The
enterics and pseudomonads largely use pili-medi-
ated conjugational methods where the donor
DNA comes from a live bacterium, whereas most
of the respiratory pathogens (both Gram-posi-
tives and Gram-negatives) use transformation
systems for the uptake of DNA from the environ-
ment. Both mating and transformation have been
demonstrated to be up to 104-fold higher in bio-
films than in planktonic forms; bacteria of all
types, as we have already discussed, tend to form
biofilms during the chronic infectious process.
The biofilm matrix in addition to containing
DNA, at least in the case of H. influenzae, also
contains very high concentrations of pili [49] that
support conjugal DNA transfer [85]. Nearly all of
the chronic pathogens contain inducible HGT
mechanisms, with some such as H. influenzae
maintaining multiple systems of this type.
H. influenzae, S. pneumoniae, Moraxella catarrha-
lis and Neisserial species all possess autocompe-
tence and autotransformation mechanisms,
whereas P. aeruginosa, nearly all of the Enterobac-
teriaceae and some strains of H. influenzae main-
tain conjugal mating systems that provide for
unidirectional DNA transfer from a living donor
to the recipient. The fact that these systems are
active and serve a non-nutritive purpose (as
opposed to using the DNA simply as a food
source) is actually widely recognized by the infec-
tious disease and clinical microbiological com-
munities, but only in a very narrow sense.
Serotype switching among the streptococci has
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long been recognized, as have differences in viru-
lence associated with serotype switching during
epidemics [86], but these observations had not
been widely generalized prior to 2001 when Ehr-
lich developed the distributed genome hypothesis
(DGH).  The DGH states that at the species level
there is a supragenome that is far larger than the
genome of any single strain within that species.
Thus, the majority of genes within a species are
not possessed by all strains of that species, but
rather each strain contains a unique distribution
of noncore genes from the species-level supragen-
ome, as well as the species core genome (those
genes that are carried by all strains of a species).
These predictions, together with HGT
mechansims and the polyclonality of chronic
infections, provide for a setting in which new
strains with unique combinations of distributed
genes will be continually generated. Some of
these novel strains will have improved survival
characteristics under the current prevailing con-
ditions in the host. Thus, the DGH predicts that
chronic pathogens use a genomic diversity-gener-
ating mechanism as a counterpoint to the host’s
adaptive immune response. Our recent character-
izations of the H. influenzae and pneumococcal
supragenomes, via whole-genome sequencing of
large numbers of clinical strains, has validated the
DGH for these species and demonstrated that the
noncore genes in each strain comprise from one
fifth to one third of each of the strains’ genome,
and that the supragenomes are at least three- to
four-times the size of the core genomes [12,13]. 

The genesis of the DGH was actually the origi-
nal observation of transformation among the
pneumococci by Griffith in 1928 [87]. In these
experiments he found that there was a substance
that could be extracted from killed virulent pneu-
mococci (smooth colony phenotype) that could
be used to transform avirulent (rough colony phe-
notype) pneumococci to virulence; thus, literally,
a heritable virulence factor was obtained from
dead bacteria that was able to convert avirulent
strains into pathogenic strains, indicating that
genes could be brought back from the dead. This
work ultimately led to the characterization of
DNA as the genetic material by Avery and cow-
orkers [88], but it took another half century- plus
before transformation was widely recognized as a
virulence factor.

Conclusion
Population-level bacterial virulence factors are
pathogenic traits that are only expressed by an
organized community of bacteria and are dis-

tinct from virulence factors that individual bac-
terial cells display or produce, for example,
endotoxins and exotoxins, enzymes that digest
host intercellular matrices and immunoglobulin
or host immune surveillance avoidance strategies
such as siaylation of surface proteins. Currently
recognized population-level virulence traits can
be grouped into one of three categories: biofilm
formation with its associated EPS matrix; QS
and other intercellular communication systems
that provide for coordinated activity; and HGT
mechanisms that act as diversity generators. As a
group, these traits ensure heterogeneity at many
levels within a microbial population, which pro-
vides the community as a whole with an
increased likelihood of survival as no single envi-
ronmental stressor is likely to be effective against
such a plural population. Note that the mainte-
nance of diversity for the sake of the community
is the hallmark of multicellularity, and therefore
it is critical that, as scientists and physicians, we
recognize that bacteria are unique in that they
experience natural selection both as individual
cells and as communities of multicellular organ-
isms. It is this duality of their existence, in no
small part, which makes them such excellent sur-
vivors and provides us with a continuous chal-
lenge in their management.

Future perspective
It is highly likely that as the study of multicellular-
ity in bacteria continues, not only will additional
population-level virulence factors be identified
within the framework outlined in this article, but
additional classes of population-level virulence
factors will be discovered as well. This inevitability
of additional discoveries comes because the field is
currently in its infancy. Biofilms, the oldest of the
population-level virulence traits, were recognized
less than 30 years ago, and have only gained broad
acceptance in medicine over the past decade.  QS,
as a generalized intercellular communication sys-
tem, was recognized as such only 12 years ago,
and the realization that HGT is a supravirulence
trait is less than a decade old. 

Already, new higher (than biofilm)-order
polymicrobial structures are being character-
ized; Schaudinn et al.  have recently described
the formation of rigid, repeating honeycomb-
shaped structures built by certain strains of
S. epidermidis that are on a scale almost unim-
aginable just a few years ago [89]. These caserna
are tens of thousands of times the size of indi-
vidual bacteria in all three dimensions and are
formed by the coalescence of billions of bacteria
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in a manner similar to the way endochondral
bone is laid down by osteoblasts.  Although the
role of caserna in disease is still unknown it
should be noted that the particular bacterial

strains from which these structures were first
observed were clinical isolates from diseased
individuals. Work from the laboratories of Ken
Nealson and Yuri Gorby have identified bacte-

Executive summary

Introduction

• Bacteria can live in cooperative communities in which they display many of the hallmarks of multicellular organisms.
• These bacterial communities are called biofilms and consist of both bacterial cells and bacterially-produced acellular matrices.
• Pathogenic bacteria living as multicellular organisms display multiple population-level virulence traits that are distinct from 

virulence traits of individual bacteria.
• Population-level virulence traits are characterized by the coordinated actions of large numbers of bacterial cells that permit the 

population, as a whole, to attack the host.

Biofilms & the bacterial life cycle

• The preferred mode of growth for most bacterial species is as a surface-attached biofilm that ensures the bacteria will remain in 
their environment of choice.

• Quantitative analyses of bacteria in numerous environments have demonstrated that the vast majority live within biofilms as 
opposed to free-swimming planktonic forms.

• The medical community has been particularly slow to adopt the biofilm paradigm, in contrast to other microbiological disciplines, 
but the vast majority of bacterial infections are biofilm related.

• Bacteria exhibit a life-cycle consisting of reversible attachment, irreversible attachment, biofilm growth, seething and escape of 
planktonic forms.

• The biofilm matrix consists of DNA, other polysaccharides and proteins, and can be rapidly remodeled by the bacteria in response 
to environmental stressors.

Ramifications of biofilm infections

• Most bacteria in biofilms are metabolically quiescent, which makes them resistant to almost all antibiotics that are designed to kill 
rapidly metabolizing and dividing bacteria.

• Biofilms provide protection from both the humoral and cell-based arms of the host defense systems.

Intracellular communication systems

• Nearly all pathogenic bacteria possess intercellular communication systems termed quorum sensing (QS) in which all of the 
bacteria within a population express an autoinducer (AI) molecule that binds to an intracellular or transmembrane receptor.

• Gram-negative species use acylated homoserine lactone AIs and Gram-positive species use modified peptide AIs. There is also a 
third class of AIs that serves as a lingua franca among many bacterial species.

• QS permits the assessment of the number of bacteria per unit volume and serves as a means to ensure the coordinated expression 
of virulence factors.

• An example of QS-based virulence is Staphylococcus aureus-based toxic shock syndrome.
• QS is also used to initiate horizontal-gene transfer (HGT), another population-level virulence factor.

Horizontal-gene transfer mechanisms

• HGT mechanisms have only recently been recognized as a virulence trait.
• HGT mechanisms are supravirulence factors as they provide for the acquisition of all other virulence traits.
• By providing for strain evolution during the infectious process, HGT mechanisms ensure persistence as they provide a 

counterpoint to the host’s adaptive immune response.
• Chronic infections possess all of the elements necessary for HGT including: natural polyclonal infections (a source of a large 

number of distributed genes); a source of DNA in the biofilm matrix (extracellular DNA available for uptake); autocompetence 
and autotransformation systems (molecular mechanisms to uptake foreign DNA); and high rates of HGT in biofilms (biofilm 
bacteria have HGT rates 3–4 orders of magnitude higher than planktonic bacteria).

Future perspective

• Population-level virulence traits including biofilms, QS and HGT have only recently been discovered or recognized as such.
• It is likely, as the multicellularity of bacteria is further explored, that additional population-level virulence traits will be identified.
• Recently it has been recognized that some pathogens have the ability to build higher order, regularly repeating 3D structures 

termed caserna. It is likely that these structures will be found to have a pathogenic aspect.
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rially produced nanowires that serve as electron
transporters for bacteria in biofilms that are not
surface attached, but wish to exchange electrons
with a metallic surface to which their biofilm
brethren are attached [90,91]. These wires then
serve as action-at-a-distance devices, which per-
mit all of the bacteria within a large 3D com-
munity to tap into scarce resources that are
limited by surface area considerations. Assum-
ing maximum parsimony, it is likely that simi-
lar structures will have been adapted by other
bacterial species for the movement and transfer
of all sorts of metabolites and waste products,
and the further characterization of long-range
bacterial structures will likely be a fruitful area
of endeavor for years to come.

Acknowledgements
 The authors thank Mary O’Toole for help with the prepara-
tion of this manuscript. 

Financial & competing interests disclosure 
This work was supported by Allegheny General Hospital,
Allegheny Singer Research Insitute and grants from the
Health Resources and Services Administration and NIH-
NIDCD: DC05659, DC04173 and DC02148. The
authors have no other relevant affiliations or financial
involvement with any organization or entity with a finan-
cial interest in or financial conflict with the subject matter or
materials discussed in the manuscript apart from those dis-
closed.

No writing assistance was utilized in the production of
this manuscript.

Bibliography
Papers of special note have been highlighted as 
either of interest (•) or of considerable interest (••) 
to readers.
1. Ehrlich GD, Hu FZ, Shen K, Stoodley P, 

Post JC: Bacterial plurality as a general 
mechanism driving persistence in chronic 
infections. Clin. Orthop. Relat. Res. 437, 
20–24 (2005).

•• Contains the original description of the 
bacterial plurality rubric, which states that 
bacteria that are associated with chronic 
infections, as opposed to being clonal, 
actually display heterogeneity at many 
levels and it is this heterogeneity that 
provides for their persistence.

2. Ehrlich GD, Veeh R, Wang X et al.: 
Mucosal biofilm formation on middle-ear 
mucosa in the chinchilla model of otitis 
media. JAMA 287, 1710–1715 (2002).

3. Costerton JW, Veeh R, Shirtliff M, Pasmore 
M, Post JC, Ehrlich GD: The application of 
biofilm science to the study and control of 
chronic bacterial infections. J. Clin. Invest. 
117(1), 278 (2003). 

4. Fuqua WC, Winans SC, Greenberg EP: 
Quorum sensing in bacteria: the LuxR-LuxI 
family of cell density-responsive 
transcriptional regulators. J. Bacteriol. 
176(2), 269–275 (1994).

•• Contains the original description of the 
concept of quorum sensing (QS).

5. Bassler BL, Losick R: Bacterially speaking. 
Cell 125(2), 237–246 (2006).

6. Waters CM, Bassler BL: Quorum sensing: 
cell-to-cell communication in bacteria. 
Annu. Rev. Cell Dev. Biol. 21, 319–346 
(2005).

7. Yarwood JM, Schlievert PM: Quorum 
sensing in Staphylococcus infections. 
J. Clin. Invest. 112(11), 1620–1625 (2003).

8. Costerton JW, Montanaro L, Arciola CR: 
Biofilm in implant infections: its production 
and regulation. Int. J. Artif. Organs 28(11), 
1062–1068 (2005). 

9. Shen K, Antalis P, Gladitz J et al.: 
Identification, Distribution, and expression 
of novel (nonrd) genes in ten clinical isolates 
of nontypeable Haemophilus influenzae. 
Infect. Immun. 73, 3479–3491 (2005).

10. Shen K, Antalis P, Gladitz J et al.: 
Characterization, distribution and 
expression of novel genes among eight 
clinical isolates of Streptococcus pneumoniae.  
Infect. Immun. 74(1), 321–330 (2006).

11. Shen K, Sayeed S, Antalis P et al.: Extensive 
genomic plasticity in Pseudomonas 
aeruginosa revealed by identification and 
distribution studies of novel (nonPAO1) 
genes among clinical isolates. Infect. Immun. 
74(9), 5272–5283 (2006).

12. Hogg JS, Hu FZ, Janto B et al.: 
Characterization and modeling of the 
Haemophilus influenzae core and 
supragenome based on the complete 
genomic sequences of rd and 12 clinical 
nontypeable strains. Genome Biol. 8(6), 
R103 (2007).

•• First paper to demonstrate, at the whole-
genome level, proof of the distributed 
genome hypothesis.

13. Hiller NL, Janto B, Hogg JS et al.: 
Comparative genomic analyses of seventeen 
Streptococcus pneumoniae strains: insights 
into the pneumococcal supragenome. 
J. Bacteriol. (2007) (In Press).

• Extended the proof of the distributed 
genome hypothesis to Gram-positive 
pathogens.

14. Murphy TF, Sethi S, Klingman KL, 
Brueggemann AB, Doern GV: 
Simultaneous respiratory tract colonization 

by multiple strains of nontypeable 
Haemophilus influenzae in chronic 
obstructive pulmonary disease: implications 
for antibiotic therapy. J. Infect. Dis. 180(2), 
404–409 (1999).

•• Provided some of the first evidence that 
natural infecting populations associated 
with chronic disease within a single species 
are polyclonal in nature.

15. Mukundan D, Ecevit Z, Patel M, Marrs CF, 
Gilsdorf JR: Pharyngeal colonization 
dynamics of Haemophilus influenzae and 
Haemophilus haemolyticus in healthy adult 
carriers. J. Clin. Microbiol. 45(10), 
3207–3217 (2007).

• Extended the observation of polyclonalality 
among infecting populations to commensal 
carriage.

16. Hu FZ: Biofilms as bacterial breeding 
grounds: a counterpoint to the adaptive host 
response. Presented at: 9th International 
Symposium on Recent Advances in Otitis 
Media. St Pete Beach, FL, USA, 7 June 
2007.

17. Costerton JW, Geesey GG, Cheng K-J: 
“How bacteria stick”. Sci. Am. 238, 86–95 
(1978).

•• Original paper in which Costerton lays out 
the biofilm paradigm.

18. Marrie TJ, Costerton JW: Mode of growth 
of bacterial pathogens in chronic 
polymicrobial human osteomyelitis. J. Clin. 
Microbiol. 22(6), 924–933 (1985).

19. Costerton JW: Biofilm theory can guide the 
treatment of device-related orthopaedic 
infections. Clin. Orthop. Relat. Res. 437, 
7–11 (2005).

20. Sung JY, Leung JW, Olson ME, 
Lundberg MS, Costerton JW: 
Demonstration of transient bacterobilia by 



 
 

 
 

 
 

 

Author P
ro

of 

10

REVIEW – Hu & Ehrlich 

Future Microbiol. (2008)  3(1) future science groupfuture science group

foreign body implantation in feline biliary 
tract. Dig. Dis. Sci. 36(7), 943–948 (1991).

21. Stewart L, Griffiss JM, Jarvis GA, Way LW: 
Gallstones containing bacteria are biofilms: 
bacterial slime production and ability to 
form pigment solids determines infection 
severity and bacteremia. J. Gastrointest. Surg. 
11(8), 977–983; discussion 983–984 
(2007).

22. Nickel JC, Costerton JW, McLean RJ, 
Olson M: Bacterial biofilms: influence on 
the pathogenesis, diagnosis and treatment 
of urinary tract infections. J. Antimicrob. 
Chemother. 33(Suppl. A), S31–S41 (1994).

23. Rayner MG, Zhang Y, Gorry MC, Chen Y, 
Post JC, Ehrlich GD: Evidence of bacterial 
metabolic activity in culture-negative otitis 
media with effusion. JAMA 279, 296–299 
(1998).

24. Post JC, Stoodley P, Hall-Stoodley L, 
Ehrlich GD: The role of biofilms in 
otolaryngologic infections. Curr. Opin. 
Otolaryngol. Head Neck Surg. 12(3), 
185–190 (2004).

25. Hall-Stoodley L, Hu FZ, Stoodley P et al.: 
Direct evidence that otitis media with 
effusion is a biofilm disease. JAMA 296, 
202–211 (2006).

• Demonstrates that chronic middle-ear 
disease results from a persistent biofilm 
infection and is not a sterile chronic 
inflammatory condition as previously 
thought.

26. Palmer J: Bacterial biofilms in chronic 
rhinosinusitis: Ann. Otol. Rhinol. Laryngol. 
196(Suppl.), 35–39 (2006).

27. Sanderson AR, Leid JG, Hunsaker D: 
Bacterial biofilms on the sinus mucosa of 
human subjects with chronic rhinosinusitis. 
Laryngoscope 116(7), 1121–1126 (2006).

28. Chole RA, Faddis BT: Evidence for 
microbial biofilms in cholesteatomas. Arch. 
Otolaryngol. Head Neck Surg. 128(10), 
1129–1133 (2002).

29. Chole RA, Faddis BT: Anatomical evidence 
of microbial biofilms in tonsillar tissues: a 
possible mechanism to explain chronicity. 
Arch. Otolaryngol. Head Neck Surg. 129(6), 
634–636 (2003).

30. Zuliani G, Carron M, Gurrola J et al.: 
Identification of adenoid biofilms in chronic 
rhinosinusitis. Int. J. Pediatr. 
Otorhinolaryngol. 70(9), 1613–1617 (2006).

31. Davis SC, Martinez L, Kirsner R: The 
diabetic foot: the importance of biofilms 
and wound bed preparation. Curr. Diab. 
Rep. 6(6), 439–445 (2006).

32. Marquis RE: Oxygen metabolism, oxidative 
stress and acid-base physiology of dental 

plaque biofilms. J. Ind. Microbiol. 15(3), 
198–207 (1995).

33. Darveau RP, Tanner A, Page RC: The 
microbial challenge in periodontitis. 
Periodontol. 2000 14, 12–32 (1997). 

34. Paster BJ, Olsen I, Aas JA, Dewhirst FE: 
The breadth of bacterial diversity in the 
human periodontal pocket and other oral 
sites. Periodontol. 2000 42, 80–87 (2006). 

35. Raghavendran K, Mylotte JM, 
Scannapieco FA: Nursing home-associated 
pneumonia, hospital-acquired pneumonia 
and ventilator-associated pneumonia: the 
contribution of dental biofilms and 
periodontal inflammation. Periodontol. 2000 
44, 164–177 (2007).

36. Chen C: Periodontitis as a biofilm infection. 
J. Calif. Dent. Assoc. 29(5), 362–369 (2001).

37. Davey ME, Duncan MJ: Enhanced biofilm 
formation and loss of capsule synthesis: 
deletion of a putative glycosyltransferase in 
Porphyromonas gingivalis. J. Bacteriol. 
188(15), 5510–5523 (2006).

38. Al-Ahmad A, Wunder A, Auschill TM et al.: 
The in vivo dynamics of Streptococcus spp., 
Actinomyces naeslundii, Fusobacterium 
nucleatum and Veillonella spp. in dental 
plaque biofilm as analysed by five-colour 
multiplex fluorescence in situ hybridization. 
J. Med. Microbiol. 56(Pt 5), 681–687 
(2007).

39. Ehrlich GD, Hu ZF, Post JC: Role for 
biofilms in infectious disease. In: Microbial 
Biofilms. Ghannoum M, O’Toole GA (Eds). 
ASM Press, Washington, DC, USA 
332–358 (2004).

40. Hall-Stoodley L, Costerton JW, Stoodley P: 
Bacterial biofilms: from the natural 
environment to infectious diseases. Nat. Rev. 
Microbiol. 2(2), 95–108 (2004).

• Excellent review of the biofilm field.
41. Hall-Stoodley L, Stoodley P: Biofilm 

formation and dispersal and the 
transmission of human pathogens. Trends 
Microbiol. 13(1), 7–10 (2005). 

42. Purevdorj B, Costerton JW, Stoodley P: 
Influence of hydrodynamics and cell 
signaling on the structure and behavior of 
Pseudomonas aeruginosa biofilms. Appl. 
Environ. Microbiol. 68(9), 4457–4464 
(2002).

43. Klapper I, Rupp CJ, Cargo R, Purvedorj B, 
Stoodley P: Viscoelastic fluid description of 
bacterial biofilm material properties. 
Biotechnol. Bioeng. 80(3), 289–296 (2002).

44. Dunsmore BC, Jacobsen A, Hall-
Stoodley L, Bass CJ, Lappin-Scott HM, 
Stoodley P: The influence of fluid shear on 
the structure and material properties of 
sulphate-reducing bacterial biofilms. J. Ind. 

Microbiol. Biotechnol. 29(6), 347–353 
(2002).

45. Stoodley P, Cargo R, Rupp CJ, Wilson S, 
Klapper I: Biofilm material properties as 
related to shear-induced deformation and 
detachment phenomena. J. Ind. Microbiol. 
Biotechnol. 29(6), 361–367 (2002).

46. Towler BW, Rupp CJ, Cunningham AB, 
Stoodley P: Viscoelastic properties of a 
mixed culture biofilm from rheometer creep 
analysis. Biofouling 19(5), 279–285 (2003).

47. Shaw T, Winston M, Rupp CJ, Klapper I, 
Stoodley P: Commonality of elastic 
relaxation times in biofilms. Phys. Rev. Lett. 
93(9), 098102 (2004).

48. Whitchurch CB, Tolker-Nielsen T, 
Ragas PC, Mattick JS: Extracellular DNA 
required for bacterial biofilm formation. 
Science 295(5559), 1487 (2002).

• First paper demonstrating that DNA is a 
major constituent of the biofilm matrix.

49. Jurcisek JA, Bakaletz LO: Biofilms formed 
by nontypeable Haemophilus influenzae 
in vivo contain both double-stranded DNA 
and type IV pilin protein. J. Bacteriol. 
189(10), 3868–3875 (2007). 

50. Aitken ML: Clinical trials of recombinant 
human DNase in cystic fibrosis patients. 
Monaldi Arch. Chest Dis. 48(6), 653–656 
(1993).

51. Bryson HM, Sorkin EM: Dornase alfa. A 
review of its pharmacological properties and 
therapeutic potential in cystic fibrosis. Drugs 
48(6), 894–906 (1994).

52. Borriello G, Werner E, Roe F, Kim AM, 
Ehrlich GD, Stewart PS: Oxygen limitation 
contributes to antibiotic tolerance of 
Pseudomonas aeruginosa in biofilms. 
Antimicrob. Agents Chemother. 48, 
2659–2664 (2004).

• Demonstrates that antibiotic resistance in 
biofilms derives, in part, from decreased 
metabolic rates of the biofilm bacteria.

53. Borriello G, Richards L, Ehrlich GD, 
Stewart PS: Arginine or nitrate enhance 
antibiotic susceptibility of Pseudomonas 
aeruginosa in biofilms. Antimicrob. Agents 
Chemother. 50(1), 382–384 (2006). 

54. Lederberg J, Zinder N: Concentration of 
biochemical mutants of bacteria with 
penicillin. J. Am. Chem. Soc. 70, 4267–4268 
(1948).

55. Davis BD: Isolation of biochemically 
deficient mutants of bacteria by penicillin. 
J. Am. Chem. Soc. 70, 4267 (1948).

56. Mah TF, Pitts B, Pellock B, Walker GC, 
Stewart PS, O’Toole GA:  A genetic basis for 
Pseudomonas aeruginosa biofilm antibiotic 
resistance. Nature 426(6964), 306–310 
(2003).



 
 

 
 

 
 

 

Author P
ro

of 

11

Population-level virulence factors amongst pathogenic bacteria – REVIEW

future science groupfuture science group www.futuremedicine.com

• Demonstrates that biofilm bacteria 
upregulate specific genes associated with 
antibiotic resistance.

57. Gilbert P, Maira-Litran T, McBain AJ, 
Rickard AH, Whyte FW: The physiology 
and collective recalcitrance of microbial 
biofilm communities. Adv Microb Physiol. 
46, 202–256 (2002).

• Excellent review that introduces the 
concept of persister cells – the prokaryotic 
equivalent of stem cells.

58. Leid JG, Shirtliff ME, Costerton JW, 
Stoodley AP: Human leukocytes adhere to, 
penetrate, and respond to Staphylococcus 
aureus biofilms. Infect. Immun. 70(11), 
6339–6345 (2002).

59. Leid JG, Willson CJ, Shirtliff ME, 
Hassett DJ, Parsek MR, Jeffers AK: The 
exopolysaccharide alginate protects 
Pseudomonas aeruginosa biofilm bacteria 
from IFN-γ-mediated macrophage killing. 
J. Immunol. 175(11), 7512–7518 (2005).

60. Cerca N, Jefferson KK, Oliveira R, Pier GB, 
Azeredo J: Comparative antibody-mediated 
phagocytosis of Staphylococcus epidermidis 
cells grown in a biofilm or in the planktonic 
state. Infect. Immun. 74(8), 4849–4855 
(2006).

61. Camilli A, Bassler BL: Bacterial small-
molecule signaling pathways. Science 
311(5764), 1113–1116 (2006).

• Excellent review of quorum sensing.
62. Gonzalez JE, Keshavan ND: Messing with 

bacterial quorum sensing. Microbiol. Mol. 
Biol. Rev. 70(4), 859–875 (2006).

63. Fuqua C, Parsek MR, Greenberg EP: 
Regulation of gene expression by cell-to-cell 
communication: acyl-homoserine lactone 
quorum sensing. Annu. Rev. Genet. 35, 
439–468 (2001).

64. Fuqua C, Greenberg EP: Listening in on 
bacteria: acyl-homoserine lactone signalling. 
Nat. Rev. Mol. Cell Biol. 3(9), 685–695 
(2002).

65. Costerton JW, Stewart PS, Greenberg EP: 
Bacterial biofilms: a common cause of 
persistent infections. Science 284(5418), 
1318–1322  (1999).

66. Parsek MR, Greenberg EP: Quorum sensing 
signals in development of Pseudomonas 
aeruginosa biofilms. Methods Enzymol. 310, 
43–55 (1999). 

67. Parsek MR, Greenberg EP: Acyl-homoserine 
lactone quorum sensing in Gram-negative 
bacteria: a signaling mechanism involved in 
associations with higher organisms. Proc. 
Natl Acad. Sci. USA 97(16), 8789–8793 
(2000).

68. Waters CM, Bassler BL: Quorum sensing: 
cell-to-cell communication in bacteria. 

Annu. Rev. Cell Dev. Biol. 21, 319–346 
(2005).

69. Waters CM, Bassler BL: The Vibrio harveyi 
quorum-sensing system uses shared 
regulatory components to discriminate 
between multiple autoinducers. Genes Dev. 
20(19), 2754–2767 (2006).

• Describes how bacteria integrate data from 
multiple QS systems to finely tune their 
responses to the environement.

70. DeClerk N, Bouillaut L, Chaix D et al.:  
Structure of PlcR: Insights into virulence 
regulation and evolution of quorum sensing 
in Gram-positive bacteria. Proc. Natl Acad. 
Sci. USA 104(47), 18490–18495 (2007).

• Provides evolutionary connection among 
Gram-positive QS systems.

71. Balaban N, Cirioni O, Giacometti A et al.: 
Treatment of Staphylococcus aureus biofilm 
infection by the quorum-sensing inhibitor 
RIP. Antimicrob. Agents Chemother. 51(6), 
2226–2229 (2007).

72. Jensen PO, Bjarnsholt T, Phipps R et al.: 
Rapid necrotic killing of 
polymorphonuclear leukocytes is caused by 
quorum-sensing-controlled production of 
rhamnolipid by Pseudomonas aeruginosa. 
Microbiology 153(Pt 5), 1329–1338 (2007).

73. Gram L, de Nys R, Maximilien R, 
Givskov M, Steinberg P, Kjelleberg S: 
Inhibitory effects of secondary metabolites 
from the red alga delisea pulchra on 
swarming motility of proteus mirabilis. 
Appl. Environ. Microbiol. 62(11), 
4284–4287 (1996).

• Description of a class of natural 
compounds that inhibit quorum sensing.

74. Manefield M, de Nys R, Kumar N et al.: 
Evidence that halogenated furanones from 
Delisea pulchra inhibit acylated homoserine 
lactone (AHL)-mediated gene expression by 
displacing the AHL signal from its receptor 
protein. Microbiology 145(Pt 2), 283–291 
(1999).

75. Hentzer M, Wu H, Andersen JB et al.: 
Attenuation of Pseudomonas aeruginosa 
virulence by quorum sensing inhibitors. 
EMBO J. 22(15), 3803–3815 (2003).

76. Ehrlich GD: The biofilm and distributed 
genome paradigms provide a new theoretical 
structure for understanding chronic 
bacterial infections. Presented at: 
InterScience Conference on Antimicrobials 
Agents and Chemotherapy. Chicago, IL, USA, 
18 December, 2001.

• First public presentation of the distributed 
genome hypothesis.

77. Shen K, Wang X, Post JC, Ehrlich GD: 
Molecular and translational research 
approaches for the study of bacterial 

pathogenesis in otitis media. In: Evidence-
based Otitis Media (2nd Edition). 
Rosenfeld R, Bluestone CD (Eds). 
BC Decker Inc., Hamilton, ON, USA 
91–119 (2003).

78. Redfield RJ, Findlay WA, Bosse J, Kroll JS, 
Cameron AD, Nash JH: Evolution of 
competence and DNA uptake specificity in 
the Pasteurellaceae. BMC Evol. Biol. 6, 82 
(2006).

79. Ecevit IZ, McCrea KW, Pettigrew MM 
et al.: Prevalence of the hifBC, hmw1A, 
hmw2A, hmwC, and hia genes in 
Haemophilus influenzae isolates. J. Clin. 
Microbiol. 42(7), 3065–3072 (2004).

80. Jefferies JM, Smith A, Clarke SC, 
Dowson C, Mitchell TJ: Genetic analysis of 
diverse disease-causing pneumococci 
indicates high levels of diversity within 
serotypes and capsule switching. J. Clin. 
Microbiol. 42(12), 5681–5688 (2004).

• Provides evidence of horizontal-gene 
transfer among bacterial strains 
during infection.

81. Jelsbak L, Johansen HK, Frost AL et al.: 
Molecular epidemiology and dynamics of 
Pseudomonas aeruginosa populations in lungs 
of cystic fibrosis patients. Infect. Immun. 
75(5), 2214–2224 (2007). 

82. Kreth J, Merritt J, Zhu L, Shi W, Qi F: Cell 
density- and ComE-dependent expression of 
a group of mutacin and mutacin-like genes 
in Streptococcus mutans. FEMS Microbiol. 
Lett. 265(1), 11–17 (2006).

83. Prudhomme M, Attaiech L, Sanchez G, 
Martin B, Claverys JP: Antibiotic stress 
induces genetic transformability in the 
human pathogen Streptococcus pneumoniae. 
Science 313(5783), 89–92 (2006).

84. Claverys JP, Havarstein LS: Cannibalism 
and fratricide: mechanisms and raisons 
d’etre. Nat. Rev. Microbiol. 5(3), 219–229 
(2007).

• Excellent review that links quorum sensing 
and horizontal-gene transfer.

85. Juhas M, Crook DW, Dimopoulou ID et al.: 
Novel type IV secretion system involved in 
propagation of genomic islands. J. Bacteriol. 
189(3), 761–771 (2007).

86. Ramirez M, Tomasz A: Acquisition of new 
capsular genes among clinical isolates of 
antibiotic-resistant Streptococcus pneumoniae. 
Microb. Drug Resist. 5(4), 241–246 (1999).

87. Griffith F: The significance of 
pneumococcal types. J. Hyg. 27, 113–159 
(1928).

• Classic paper in which bacterial 
transformation (horizontal-gene transfer) is 
first described.



 
 

 
 

 
 

 

Author P
ro

of 

12

REVIEW – Hu & Ehrlich 

Future Microbiol. (2008)  3(1) future science groupfuture science group

88. Avery OT, MacLeod CM, McCarty M: 
Studies on the chemical nature of the 
substance inducing transformation of 
pneumococcal types. Induction of 
transformation by a desoxyribonucleic acid 
fraction isolated from pneumococcus 
type III. J. Exp. Med. 89, 137–158 (1944).

• Classic paper in which DNA is identified as 
the hereditary molecule.

89. Schaudinn C, Stoodley P, Kainovic A et al.: 
Bacterial biofilms, other structures seen as 
mainstream concepts get used to it: bacterial 
microcolonies form regular shapes, such as 
nanowires or honeycomb-like structures. 
Microbe 2(5), 231–237 (2007).

• Review of the enormous number of 
population-level phenotypes that bacteria 
can adopt.

90. Gorby YA, Yanina S, McLean JS et al.: 
Electrically conductive bacterial nanowires 
produced by Shewanella oneidensis strain 
MR-1 and other microorganisms. Proc. Natl 
Acad. Sci. USA 103(30), 11358–11363 
(2006). 

91. Bretschger O, Obraztsova A, Sturm CA 
et al.: An exploration of current production 
and metal oxide reduction by Shewanella 
oneidensis MR-1 wild type and mutants. 
Appl. Environ. Microbiol. 73(21), 
7003–7012 (2007).

Affiliations
• Fen Ze Hu, PhD

Center for Genomic Sciences, Allegheny Singer 
Research Institute/Allegheny General Hospital, 
USA; 

Department of Microbiology & Immunology, 
Drexel University College of Medicine, 
Allegheny Campus, 320 E North Ave, 
Pittsburgh, PA 15212, USA
Tel.: +1 412 359 8094;
Fax: +1 412 359 6995;
fhu@wpahs.org

• Garth D Ehrlich, PhD

Center for Genomic Sciences, Allegheny Singer 
Research Institute/Allegheny General Hospital, 
USA; 
Department of Microbiology & Immunology, 
Drexel University College of Medicine, 
Allegheny Campus, 320 E North Ave, 
Pittsburgh, PA 15212, USA
Tel.: +1 412 359 4228;
Fax: +1 412 359 6995; 
gehrlich@WPAHS



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [589.606 793.701]
>> setpagedevice


