Micrabiology /88
Spectrum’

American Society for Microbiology Press

Ecology and Evolution of
Chromosomal Gene Transfer
between Environmental
Microorganisms and Pathogens

JOSE LUIS MARTINEZ?

!Centro Nacional de Biotecnologia, Consejo Superior de Investigaciones Cientificas, Madrid, Spain

ABSTRACT Inspection of the genomes of bacterial pathogens
indicates that their pathogenic potential relies, at least in part,
on the activity of different elements that have been acquired
by horizontal gene transfer from other (usually unknown)
microorganisms. Similarly, in the case of resistance to antibiotics,
besides mutation-driven resistance, the incorporation of novel
resistance genes is a widespread evolutionary procedure for
the acquisition of this phenotype. Current information in the
field supports the idea that most (if not all) genes acquired by
horizontal gene transfer by bacterial pathogens and contributing
to their virulence potential or to antibiotic resistance originate
in environmental, not human-pathogenic, microorganisms.
Herein | discuss the potential functions that the genes that are
dubbed virulence or antibiotic resistance genes may have in their
original hosts in nonclinical, natural ecosystems. In addition,

| discuss the potential bottlenecks modulating the transfer

of virulence and antibiotic resistance determinants and the
consequences in terms of speciation of acquiring one or another
of both categories of genes. Finally, | propose that exaptation,
a process by which a change of function is achieved by a change
of habitat and not by changes in the element with the new
functionality, is the basis of the evolution of virulence
determinants and of antibiotic resistance genes.

INTRODUCTION

The evolution of living beings is a complex process, with
a large degree of serendipity, in which the offspring dis-
place the ancestors. Indeed, what we find in the current
multicellular world, and more specifically in the animal
world, are the last members of an evolutionary process;
all other members in the same branch of the phyloge-

netic tree have disappeared. In this regard, most multi-
cellular organisms can be considered as newcomers
on Earth, which have appeared quite recently in evolu-
tionary terms. Although there are still some progenitors
that stand after the evolution of their siblings, the most
common scenario for multicellular organisms is that
ancestors disappear once the evolved progeny displace
them (see the evolution of Homo sapiens). This type of
recent evolution followed by extinction is not so fre-
quent in the case of bacterial species, although it may
have happened on some occasions (see the example of
Yersinia described below). Indeed, the origin of different
pathogens has been tracked to more than 100 million
years ago, long before the human being (or an ancestor)
was present on Earth (1). Despite this extremely long
evolutionary time, which should have allowed for large
diversification with the loss of ancestors, bacterial core
genomes are remarkably stable. It could be expected
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that the allelic variants of bacterial genes should cover
nearly the entire potential spectrum of synonymous
mutations and even those nonsynonymous mutations
without substantial associated fitness costs. However,
today we can use multilocus sequence typing for dis-
tinguishing among different clones in bacterial pop-
ulations, under the assumption that, at least for several
of the core genome genes, fixation of mutations is not
a frequent event (2). It then seems that, unless there is
a major change in habitat, mutation-driven evolution
is not the most important process in the speciation
of bacteria in general, and in particular in the case of
bacterial pathogens. A major force in such evolution,
however, would be the acquisition of genetic elements
(3-5), what has been dubbed evolution in quantum
leaps (6). These acquired genes constitute the accessory
genome of an organism and the pangenome of a given
species (7).

If speciation is driven by the acquisition of novel ge-
netic material, a full understanding of this process re-
quires deciphering which is the origin of these elements,
in particular those involved in antibiotic resistance and
bacterial virulence; which are the bottlenecks involved
in their transmission; and which are the consequences
of the bacterial physiology of acquiring novel, adaptive
traits through horizontal gene transfer (HGT).

If we take into consideration that most bacterial spe-
cies evolved before the emergence of multicellularity and
that the main process in their evolution is the shuffling
from one bacterium to another of preexisting genes,
a suitable conclusion would be that bacterial genes
evolved in a unicellular world. In other words, elements
that are dubbed virulence determinants or antibiotic
resistance genes must have important functions besides
those that they can play in human pathogens (8-12).
These functions must be associated with the habitat of
their original hosts, from which they have been trans-
ferred to the bacterial pathogens. Taking into consid-
eration the ancient origin of bacterial genes, which
track to long before the emergence of human beings, the
functions of these determinants should have ecological
value in nonclinical, environmental ecosystems where
the donors of virulence determinants and antibiotic re-
sistance elements have evolved.

DIFFERENCES IN BACTERIAL SPECIES:
GENERALISTS, SPECIALISTS, AND
MULTISPECIALISTS

The recent capability of exploring a large number of
genomes of different isolates belonging to the same

bacterial species allows determination of which parts
of the genome are shared by all (or most) members of
such species and which parts are specific for a subset of
members of the species and thus constitute the acces-
sory genome (13-15). In principle, this may allow us to
establish different categories of microorganisms. There
are species whose members present large core genomes
that allow them to colonize different ecosystems. Among
such ecosystems, one of them can be the human host,
and because of this some opportunistic pathogens,
such as Pseudomonas aeruginosa or Stenotrophomonas
maltophilia, are environmental bacteria that can infect
immunocompromised or debilitated patients using a set
of virulence factors that are present in all members of
the species (16). Indeed, it has been shown that envi-
ronmental and clinical P. aeruginosa isolates are genet-
ically and physiologically equivalent, indicating that
this species does not present two phylogenetic branches,
one composed of environmental microorganisms and
another formed by virulent isolates (17-19). In addi-
tion, it has been shown that this microorganism can use
the same virulence determinants for infecting different
hosts, from plants to humans (20-22). Although some
virulence determinants, such as the exotoxin ExoU,
may have been acquired through HGT in P. aeruginosa
(23) and HGT-acquired resistance genes are present
in antibiotic-resistant isolates of this species (24, 25),
most of its virulence and antibiotic resistance repertoire
belongs to its core genome and is not derived from HGT-
driven evolution.

Another category of pathogens is the specialists.
This group comprises species in which most if not all
members of the species are virulent for a few or specific
hosts. Here it is worth distinguishing two groups. One
is formed by pathogens, usually intracellular, present-
ing small genomes and for which HGT is not a major
force in their evolution. Examples of this category
are Mycobacterium tuberculosis and Mycobacterium
leprae; these types of pathogens frequently colonize a
single habitat (such as the mammal cell) and, as happens
with endosymbionts (26-29), their pathway of evolution
is genome reduction more than acquisition of novel
traits. These microorganisms are well-adapted patho-
gens that have coevolved with their human hosts (30,
31). Whether or not this speciation process may end in
commensalist or endosymbiotic behavior is beyond our
current knowledge.

A different situation occurs with pathogens such as
Yersenia pestis, which has evolved toward virulence
from a nonvirulent ancestor by means of a pathway in
which HGT has played a major role (32-38). Never-
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theless, all members of the species contain the same
HGT-acquired elements, which can be considered as
belonging to the core genome of the microorganism,
despite the fact that its current structure and the ar-
rangement of genes within is the consequence of dif-
ferent HGT events. In addition, as in the case for the
aforementioned intracellular pathogens, the evolution
of this species toward infection has produced deadapta-
tion for growing in other habitats, with the consequence
that Y. pestis is a specialist, able to colonize just a small
subset of different habitats, the most important ones
being the different hosts involved in the transmission
of and infection by this pathogen (see below). Classi-
cal professional pathogens such as Brucella melitensis
and M. tuberculosis that do not present a clear habitat
outside their hosts are also likely within this category.

A final category may consist of the multispecialists.
This category would include species that present eco-
types each capable of colonizing a subset of habitats.
One of them is Escherichia coli; this bacterial species is
formed by different clonal complexes, some of them
commensals (of human or animals), others virulent, and
some with an environmental habitat (39-46). Each of
the groups has acquired its specific properties (for in-
stance, virulence or capability of colonizing a specific
host) through the incorporation of novel traits by means
of HGT. Even more, in the case of pathogenic E. coli
strains, there exist different clonal complexes producing
different categories of infections in different hosts, each
presenting a specific repertoire of virulence determi-
nants (47). In this case, while the species as a whole can
colonize a large number of habitats, each clonal com-
plex presents specific ecological characteristics (niche
specialization), and hence the species can be considered
as a multispecialist. It is worth discussing whether some
of these specific clonal complexes should be considered
as independent species (such as the specialist Shigella
when compared with some [likely also specialist] E. coli
clonal complexes) themselves or, alternatively, whether
their genomic structure and ecological behavior suggests
they are in the route of speciation.

Based on their ecological behavior, there are then
two broad categories of bacteria: those able to colonize
a small range of habitats (specialists) and those with
an ample distribution among ecosystems. For the latter,
two categories emerge. If all members of the species can
colonize all (or most) habitats, these bacteria are gen-
eralists. However, if the species presents different eco-
types, each able to differentially colonize a small range of
habitats, I propose that these bacteria should be con-
sidered as multispecialists.

SPECIATION AND SHORT-SIGHTED
EVOLUTION

Evolution is frequently supposed to work as an arrow
in time, where each of the selected steps is consolidated
and serves for further evolution toward diversifica-
tion, which leads to the emergence of novel species. This
classical view of gradual evolution does not usually fit
well with the evolution of bacterial pathogens (and of
microorganisms in general). For this category of living
beings, the most important process in speciation is HGT,
a mechanism by which bacteria acquire as a whole
the required traits to colonize a novel habitat (15). This
evolution in quantum leaps (48) is possible only in
organisms, such as bacterial pathogens, where HGT is a
frequent, or at least a selectable, event. However, the fact
that the development of virulence, and in several cases of
antibiotic resistance, involves the acquisition of foreign
DNA does not mean that mutation and intragenomic
recombination are not relevant for the evolution of
pathogens. As we will describe in more detail later,
the acquisition by HGT of elements that allow the col-
onization of a novel habitat is usually followed by the
selection of mutants presenting a metabolism better fit-
ted to the characteristics of the new environment. In
addition, genome reduction is expected in the case of
specialized pathogens that do not require all the traits
required for colonizing a large number of different
niches. The speciation process in bacterial pathogens
should then usually include a first HGT event that
allows the pathogen to enter and colonize the new host,
followed by further acquisition of novel genes and fine-
tuning of the bacterial physiology by means of mutation
and genome reduction (49).

It is important, however, to mention that the evolu-
tion of pathogens does not always lead to a speciation
process. On several occasions, instead of an arrow, the
evolution of microorganisms follows a circle in which
bacteria acquire very similar mutations (or even mobile
elements) when confronted with a new habitat/injury,
but this adapted branch disappears when selection dis-
appears as well (8, 50, 51). This scenario, which has been
named short-sighted evolution (Fig. 1), is a frequent
evolutionary pattern for generalist pathogens that can
colonize different habitats as well as for pathogens con-
fronted with strong (deadly) selective pressures such as
the presence of antibiotics. They are able to evolve under
the new situation, but when they return to their original
habitat, they can be outcompeted by the nonevolved
remaining population.

An example of this is the evolution of P. aeruginosa
during long-term chronic infections in cystic fibrosis and
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FIGURE 1 Evolutionary trajectories of bacterial pathogens. (A) The process of specia-
tion of a pathogen (larger circles) such as Y. pestis. This process usually begins with the
acquisition, by HGT, of a set of genes (red circle) that allow the shift of the pathogen'’s
habitat from the environment to an infected host (1). If the rate of transmission is high
enough, the newborn pathogen will disseminate among different individuals (2) and
evolve by different mechanisms that include mutation and eventually genome reduction
(4). These evolutionary processes might cause the deadaptation of the pathogen to its
original habitat, in which case the chances of the microorganism recolonizing natural
ecosystems will be low (3). Once the organism is a pathogen, it can change host specificity
by acquiring novel genes (5) and eventually by losing of determinants unneeded in the
novel host (6). In all cases, the integration of the acquired elements into the preformed
bacterial metabolic and regulatory networks will be tuned by mutation. (B) The process
of short-sighted evolution of opportunistic pathogens with an environmental origin,
like P. aeruginosa. These microorganisms infect patients, presenting a basal disease, using
virulence determinants already encoded in their genomes (7). During chronic infection,
the infective strain evolves mainly by mutation and genome rearrangements (8). However,
since it only infects people with a basal disease, transmission rates are usually low, which
precludes clonal expansion and further diversification. Since adaptation to the new host is
of no value for colonizing the environmental habitat (9), this is a dead-end evolutionary
process. (C) The evolution of pathogens such as V. cholerae that present virulence
determinants with a dual role in the environment and for infections, in which case the
colonization of one of these two habitats does not severely compromise the colonization
of the other (10). Reproduced with permission from reference 8.

chronic obstructive pulmonary disease patients. Differ-
ent studies have shown that these patients are infected
by a bacterial clone that evolves during infection and
that a similar pattern of evolution is observed in most
patients (52, 53). Nevertheless, although some epidemic
clones have been described, particularly in countries
where patients are not segregated (54-58), the primary

infective strain is frequently different for each patient,
and its phenotype corresponds to a nonevolved strain.
This may mean that the evolved strains are outcompeted
when they are released from the chronically infected
host. This possibility has been explained by means of a
source/sink (51) behavior of generalist pathogens. The
source/sink hypothesis states that when an organism
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is present in a large habitat (source) and colonizes a
smaller habitat (sink), the adaptation to the sink pro-
duces deadaptation to the source, in which case the
deadapted (evolved) bacteria will be outcompeted when
returning to the source habitat (51). This may happen
in the case of cystic fibrosis or chronic obstructive pul-
monary disease, in which interpatient clonal transmis-
sion is not very a frequent event in most countries. The
evolved strains adapted to the infected host (sink) return
to their natural ecosystem (source), where they are most
likely outcompeted by the wild-type strains. However, in
the case of proficient interhost transmission, the evolved
strains do not return to the source and further evolution,
eventually leading to speciation may happens.

Although the term “short-sighted evolution” applies
mainly to mutation-driven evolution, the same situation
may arise in the case of HGT. Indeed, ecologically val-
uable genes (such as those for antibiotic resistance) can
be transferred, but the acquisition of novel genes may
impose a fitness cost, a feature that has been discussed in
detail for antibiotic resistance genes and much less for
virulence determinants, in which case they will disappear
in the absence of selection (59, 60).

It has been suggested that HGT is rare in natural
ecosystems (61). However, for detecting such transfer
events, enrichment and eventually fixation are needed,
and for fixation, positive selection is required. It is thus
possible that HGT is more common than supposed in
natural ecosystems, but we do not at the moment have
the tools required to quantify transient transmission
events that are not fixed in the population under selec-
tion pressure.

Evolution is frequently considered as a step-way non-
return process. However, current information supports
the idea that bacteria can explore evolutionary pathways
without fixing the novel acquired traits. These “futile
cycles” of evolution, which have been dubbed short-
sighted evolution, likely play a fundamental role in the
fast adaptation of bacterial populations to strong selec-
tive pressures such as the use of antibiotics.

ORIGIN AND FUNCTIONS OF ANTIBIOTIC
RESISTANCE GENES

The most commonly used definition of antibiotic resis-
tance, and consequently of antibiotic resistance genes,
comes from the clinical world. An organism is resistant
if the likelihood of treatment success is low. The genes
contributing to this phenotype are antibiotic resistance
genes and the mutations involved resistance mutations.
The finding that some genes can be transferred and

confer resistance to new hosts led to the hypothesis
that these genes should also play the same role in their
original hosts, where they evolved before being trans-
ferred to bacterial pathogens by HGT. When looking
to the origin of resistance, it has been proposed that,
since antibiotic producers need to protect themselves
from the action of the antimicrobials they produce,
they should be the source of resistance genes acquired
by bacterial pathogens (62). Nevertheless, none of the
resistance genes present in antibiotic producers has been
found yet in a mobile element in a bacterial pathogen. It
is true that both types of microorganisms present resis-
tance genes belonging to the same functional families,
but in the few cases in which the origin of HGT-acquired
resistance genes has been tracked, the original hosts
harboring them were not antibiotic producers (63-635).
This does not mean that antibiotic producers cannot be a
source of antibiotic resistance; rather, these results ex-
pand the potential origin of a mobile resistance gene to
any bacteria present on Earth (66, 67).

While the function of resistance genes in producers
as antibiotic decontaminant elements seems clear (62),
the situation is not the same for non-antibiotic producers.
Even in the case of antibiotic-inactivating enzymes pres-
ent in antibiotic producers, a double function for them
has been proposed: in addition to being involved in the
degradation of the produced toxic compound, they can
be involved in the modification of metabolic interme-
diates along the biosynthetic pathway (62). Concern-
ing nonproducers, while resistance genes can serve on
occasion to circumvent the activity of antibiotic inhibi-
tors produced by competitors (68), in several cases cur-
rent information does not support such a role. This is the
situation for antibiotic resistance genes present in gut
commensals, since producers of the antimicrobials cur-
rently in use for clinical practice have never been found in
the gut microbiota. We can cite, among several others,
the multidrug resistance (MDR) efflux pump AcrAB-
TolC, a major determinant of antibiotic resistance in
Enterobacteriaceae, whose actual function in these mi-
croorganisms is resisting the activity of bile salts (69, 70),
a set of antibacterial detergents commonly found in the
gut. Another widespread family of antibiotic resistance
determinants is formed by the AmpC-type B-lactamases
(71). Some of them have been found in plasmids, but
on several occasions ampC genes are chromosomally
encoded genes that belong to the bacterial core genome.
It has been described that, besides contributing to anti-
biotic resistance, these enzymes can be involved in the
building up and the recycling of the peptidoglycan layer
(72-74). The same applies for other antibiotic resistance
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determinants, such as some aminoglycoside-inactivating
enzymes that can recognize an antibiotic substrate be-
cause of its structural similarity to a peptidoglycan in-
termediate, which is the actual physiological substrate of
the enzyme (75).

MDR efflux pumps are the group of clinically rele-
vant antibiotic resistance determinants (76-79) for
which the functions in natural ecosystems besides resis-
tance have been better studied. In addition to helping to
resist the activity of host-produced antibacterial com-
pounds such as bile salts or antimicrobial peptides, it
has been shown that such pumps can extrude quorum-
sensing signal molecules, biocides, or plant-produced
compounds, which indicates that their functions go be-
yond resisting the action of the antimicrobials currently
in use in clinical practice (80-82).

We can thus conclude that what we have dubbed
antibiotic resistance determinants might have a function
in their environmental original host non-related with
their capability of providing resistance to industrial anti-
biotics. However, their original, functional substrates are
similar to antibiotics and hence are capable of modify-
ing (antibiotic-inactivating enzymes) or extruding them
(efflux pumps).

As stated above, this situation expands the number of
potential donors of resistance to any bacteria on Earth.
Any protein able to interact with the antibiotic or with its
target in such a way that the action of the antimicro-
bial is impaired might also be a resistance determinant,
irrespectively of whether or not its original function was
impeding the action of antibiotics (9, 83, 84).

ECOLOGICAL VALUE OF VIRULENCE
DETERMINANTS IN NONCLINICAL
ECOSYSTEMS

The understanding of the ecology and evolution toward
virulence of pathogens requires determining the needs
and the benefits of the adaptation to a new habitat,
the infected host. As stated by Levin and Antia, “To
pathogenic microparasites (viruses, bacteria, protozoa,
or fungi), we and other mammals (living organisms at
large) are little more than soft, thin-walled flasks of cul-
ture media” (85). In other words, the main reward of
infection is gaining access to a new habitat that contains
abundant and diversified nutrients (86) and where, at
least in some cases (solid organ infection, prosthesis,
bacteremia), the amounts of microbial competitors and
of bacterial predators are low. For gaining access to the
inside-host habitat, bacterial pathogens require two sets
of elements. One of them is formed by those determi-

nants required to resist the anti-infective host response.
These elements include, among others, the innate im-
mune response; the stomach’s acidic pH; the production
of antimicrobial compounds such as bile salts, anti-
microbial peptides, or fatty acids; the host microbiota
itself, which has anticolonization properties; and, more
recently, the use of antibiotics, which can be considered
as an anti-infective response product of the cultural
human evolution (87). In addition to interfering with the
host response, bacteria must present a metabolism ca-
pable of coping with the physicochemical characteristics
of the in-host habitat. To produce an infection, a bac-
terium requires growing at 37°C as well as at the oxygen
tension and at the osmolarity of host organs. In addition,
it requires making use of the nutrients present in the
human body, including harboring efficient iron-uptake
systems, since iron availability is scarce inside the hu-
man body (88, 89). Some of the elements may deal with
both aspects required for producing a proficient infec-
tion; this is the case for bacterial proteases that are used
by microbial pathogens for degrading proteins involved
in defense against infection and for disrupting the ex-
tracellular matrix, which are also useful for providing
nutrients such as amino acids and peptides.

Even when a bacterial pathogen has evolved with
the human ancestors (90) or when the only modification
in the pathogen is the acquisition of elements allowing
a host change from another organism to humans, what
can be measured is the time frame since the acquisition
of virulence determinants occurred. Indeed, the evolu-
tionary history of HGT-acquired virulence genes dif-
fers from that of ancestral (core genome) genes (4). This
indicates that the primary evolution of these determi-
nants themselves occurred before their acquisition by the
pathogen through HGT. Consequently, virulence deter-
minants may have evolved outside the infective habitat,
and hence they can have (as antibiotic resistance deter-
minants) other functions beyond conferring on bacte-
rial pathogens the capability of infecting the human host
(8).

Some of the so-called virulence factors are involved in
regular processes of bacterial physiology; these include
iron-uptake systems, catabolic pathways, and structures
involved in cell attachment (91-94). All these traits
are relevant at the point of infection, but are relevant as
well in other habitats presenting similar physiological
requirements; for example, iron availability is low in
most ecosystems and similar nutrients as those found in
the human body can be found in other ecosystems. Cell
attachment is needed as well for colonizing surfaces,
in particular when detaching forces are acting (as with
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water bodies). For instance, Vibrio cholerae requires
the colonization factor GbpA for attaching to epithelial
surfaces and proficiently colonizing the intestinal tract.
This colonization factor allows as well the bacterial at-
tachment to chitin-containing shells of crustaceans pres-
ent in coastal waters, the natural environmental habitat
of V. cholerae (95).

A different situation may occur in the case of viru-
lence factors playing more-specific roles in bacterial/
host interactions. These include, among others, specific
secretion systems capable of injecting a bacterial effector
or a toxin straight inside the eukaryotic cell. In this
case, an effect on novel bacterial metabolic capabilities
is not expected. Rather, they can be involved in gen-
eral processes of interactions with multiple hosts. This is
the case for P. aeruginosa, which produces a series of
virulence determinants, such as siderophores, cyanide,
proteases, or toxins, which are needed for infecting hu-
mans and also required for infecting plants, protozoans,
worms, or insects (20-22, 96-99). If we take into con-
sideration the evolutionary tree, it is conceivable that
these virulence determinants evolved first for driving
protozoan/bacterial interactions, likely before emer-
gence of multicellularity, and have been coopted since
for infecting other hosts, including humans. While prey/
predator relationship might be in the basis of the evo-
lution of these determinants, in other cases commensal
interactions might play a role in their emergence. In
favor of this possibility is the finding that several plant-
associated bacteria present type III secretion systems,
which function in mediating the plant/bacteria inter-
actions (100). Coming back to the unicellular world, it
is important to note that Legionella pneumophila, the
causal agent of Legionnaires’ disease, which is able to
multiply into alveolar macrophages, is also capable of
replicating inside amoebas and ciliated protozoa in its
natural water habitat. Further, the mechanisms used
by L. pneumophila for their intracellular growth are the
same in macrophages and in its unicellular environ-
mental hosts (101). Similarly, bacterial toxins that can
harm the infected human host may have evolved to play
a role in mediating predator/prey interactions. This may
be the situation for the Shiga toxin, which, besides being
a highly relevant virulence factor, allows bacteria to
evade predation by the ciliate Tetrabymena thermophila
(102, 103); or the Listeria monocytogenes listeriolysin
O, which allows the intracellular survival of the patho-
gen during infection and induces lymphocytes’ apopto-
sis. This major L. monocytogenes virulence determinant
is needed for the survival of bacteria from predation by
the bacterivorous ciliate Tetrabymena pyriformis (104).

To conclude, virulence determinants encoded in path-
ogenicity islands, which have been acquired by bacterial
pathogens along their evolution, might be involved in
intercellular interactions, including prey/predator and
commensal interactions, as well as in regular aspects of
bacterial metabolism in the nonclinical (environmental)
ecosystems where the original hosts grow.

THE BUILDING UP OF A BACTERIAL
PATHOGEN: Y. PESTIS, A RECENT
CASE OF SPECIATION

As stated above, the acquisition by former nonvirulent
organisms of novel traits into their genome allows for
quantum leaps of evolution toward virulence (6, 48, 93).
Since each pathogenic species (or clonal complex) shares
the same or a very similar set of acquired virulence de-
terminants, the evolution will be reflected in the clonal
expansion of the strain that has acquired the virulence
determinants (fitter in the new infective habitat than
its ancestor), a situation that has been studied in the
case of pathogens as Bacillus anthracis, Y. pestis, and
Francisella tularensis (105).

With the description in 2011 of Yersinia pekkanenii,
the genus Yersinia currently comprises 15 species (106);
3ofthem, Y. pestis, Y. pseudotuberculosis, and Y. entero-
colitica, are human pathogens (33, 36, 107). It has been
shown that Y. pestis and Y. pseudotuberculosis diverged
from Y. enterocolitica more than 40 million years ago,
whereas Y. pestis is a clone that derived from Y. pseu-
dotuberculosis less than 20,000 years ago (33, 36, 107).
The successful expansion of the clone that is the origin
of the Y. pestis species was caused by the incorporation
into the genome of Y. pseudotuberculosis of a group of
genes, the loss of others, and a final adaptation of the
bacterial metabolism (Fig. 2). This novel set of deter-
minants allowed the use by the emergent pathogen of
a different transmission route through rodents and the
bites of infected fleas. In addition, the evolved micro-
organism produced a different kind of infection than its
ancestor. Together, novel transmission routes and col-
onization of a different habitat within the human host
allowed the expansion of a clone that is at the root of the
Y. pestis speciation process. Indeed, Y. pseudotubercu-
losis is a foodborne pathogen that produces nonfatal
gastrointestinal diseases, whereas Y. pestis has been the
cause of septicemic, pneumonic, and bubonic plagues,
which altogether have produced around 200 million
deaths, and it is transmitted through inhalation or as the
consequence of the bite by an infected flea (108). This
recent process of speciation has required the acquisition
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Insecticidal genes _/ Insertion Sequences

Mutations, rearrangements
and genome decay

Yersinia pestis

FIGURE 2 Evolution of Y. pestis. The process of Y. pestis speciation from an environ-
mental, nonpathogenic ancestor is a good example of the evolutionary steps that are in-
volved in the emergence of bacterial pathogens. This process began with the acquisition of
the plasmid pCD1 by environmental Yersinia. This plasmid harbors genes encoding viru-
lence determinants such as type Il secretion systems and effector Yop proteins. From this
ancestor of virulent Yersinia species, two branches have evolved. One diverged through the
acquisition of the Yersinia stable toxin (Yst) and led to the speciation of Y. enterocolitica.
This species has further evolved through acquisition and loss of genes (not shown in
this figure). The other branch diverged through the acquisition of the high pathogenicity
island (HPI*), which encodes an iron-uptake system and is present as well in different
Enterobacteriaceae, and by the incorporation of insecticidal genes. Y. pestis is a successful
clone that emerged recently from Y. pseudotuberculosis through the acquisition of the
plasmids pCP1, which encodes the plasminogen activator gene, and pMT1, which allows
colonization of the gut of fleas. The loss of insect toxins is an important event for the
persistence of Y. pestis in its insect vectors. The acquisition of insertion sequences is the
basis of the genome rearrangements and gene loss of Y. pestis. Finally, the entire process of
adaptation to a new host is modulated by the mutation-driven optimization of the regu-
latory and metabolic networks of the pathogen. This evolutionary process is described in
more detail in references 33, 37, and 105. Reproduced with permission from reference 8.

of some genes and the loss of others as well. Among the
latter, particularly relevant is the loss of insect toxins
that will kill the insect host, impeding transmission of
the pathogen. A higher capability of forming biofilms
inside fleas has also improved the chances for interhost
transmission to humans by bites of infected insects (32).
It is important to note that, in addition to improving the
transmissibility of Y. pestis to humans and consequently
its epidemicity, another consequence of this evolution-
ary process is the adaptation of Y. pestis for acting as
an insects’ commensal. In addition to genome gain and
loss, the evolution of Y. pestis involves the rewiring of
the bacterial physiology to get a better adaptation for
growing inside the host. This adaptation derives from
the selection of mutants, mainly in regulatory elements
(33), that are fitter for growing inside the infected host.
A final step in the evolution of an organism might be
the loss of those elements that are not required for col-

onizing the novel habitat. These processes of metabolic
rewiring and genome reduction may impair the capa-
bilities of the new virulent species for growing in the
habitat of its ancestor, a situation that might further
foster the speciation process.

Altogether, the studies on the reconstruction of the
evolution of Y. pestis support the idea that, after a first
HGT step, the acquisition of other genes, together with
genome reduction and selection of fitter mutants, foster
the evolution of bacterial pathogens.

INSTANT EVOLUTION AND SPECIATION:
TWO PATHWAYS IN THE EVOLUTION
OF BACTERIAL PATHOGENS

The basic mechanisms of acquiring resistance genes and
virulence factors are quite similar. It is true that virulence
genes are more frequently present in large chromosomal
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arrangements (pathogenicity islands) and resistance
genes are usually present in plasmids, but virulence plas-
mids and chromosomally encoded arrangements of re-
sistance genes are also frequent, and combinations of
virulence and antibiotic resistance genes in the same
mobile element have been described (109-113). Despite
these similarities in the genetic mechanisms of evolution,
the consequences of acquiring virulence determinants
or antibiotic resistance genes for the new host are com-
pletely different.

The acquisition of virulence determinants allows
entry into a new habitat (the infected host). In the case
that this also causes the deadaptation from the former
ecosystem of the newly born pathogen, this situation is
similar to geographic isolation (114, 115). This is the
first step in a potential process of speciation, and hence
the acquisition of virulence determinants by HGT is at
the root of the speciation of bacterial pathogens (3-5).

The situation of antibiotic resistance is sharply differ-
ent. From a human standpoint, resistance to antibiotics
is a relevant process in the case of bacterial patho-
gens that have already gained access to the habitat that
constitutes the human body. Resistance is needed for
evasion of a deadly selective force, the presence of the
antibiotic, and constitutes an instant evolutionary pro-
cess (bacteria are resistant or they will die). Nevertheless,
the reward is not the access to a new habitat, but just
the possibility to keep multiplying in the old one, now
polluted with antibiotics (87).

Although the acquisition of resistance can alter the
bacterial metabolism and compensatory mutations can
be selected after a first step in the evolution toward re-
sistance (116-118), it is unsuitable that this situation
should follow with a speciation process, as happens in
the case of the acquisition of virulence determinants.

EXAPTATION AS A GENERAL PROCESS
IN THE EVOLUTION OF BACTERIAL
PATHOGENS

A common way of thinking is that evolution is a gradual
process that operates through the sequential selection
of minor genetic variants, each one rendering a fitter
phenotype than the ancestor. Once the evolved variant
is fixed, a novel genetic event occurs and the sequential
selection of these improved variants is the basis of evo-
lution. This gradual process, which explains well the
selection of simple structures and traits, is more diffi-
cult to understand in the case of more complex systems
that require being fully formed to be selected. One ex-
ample of this is the feathers of birds. A bird can fly if it

presents this complex structure. However, what are the
selective forces behind the selection of intermediates
between a regular hair and a feather if these evolutionary
intermediates cannot be used for flying? For solving the
problem of direct selection of complex systems, Gould
introduced the concept of exaptation (119, 120). In the
case of feathers, it is possible that their ancestors might
have been gradually selected because of an improved
capability (as compared with hair) for maintaining bird
temperature homeostasis. This provides a potential se-
lective force for this kind of structure. Only when the
structure is complex enough will the bird will be able to
fly, which constitutes an emerging property of feathers
for which they were not previously selected during their
evolution. The process of the acquisition of a new func-
tion is hence not driven by the selection of novel im-
proved variants in a preexistent habitat but rather by a
change of habitat where the novel selected properties
can be used for a new function.

As we have seen before, antibiotic resistance genes
and virulence determinants have evolved in their origi-
nal hosts to play roles that are not necessarily resisting
the presence of antibiotics or infecting a human host.
Nevertheless, when confronted with the presence of an-
tibiotics or when bacteria grow inside the new host, re-
sistance and virulence are their more relevant functions.
This situation fits well with the aforementioned type of
adaptation in which evolution toward a new function-
ality happens as the consequence of a change of habitat
more than because of the selection of a fitter variant.

While virulence determinants might have very simi-
lar roles in the natural environment and in the infected
host, the situation is not the same in the case of antibiotic
resistance genes. Indeed, a siderophore (88, 89) would
produce the same effect for its bacterial host (getting iron)
and a toxin may serve to kill a predator, which can be a
unicellular protozoan or a macrophage, in which case
the differences are more in the name of this element
(virulence determinants) than in its actual function (get-
ting nutrients and avoiding predators’ activity in a given
habitat). Nevertheless, in the case of antibiotic resistance
genes, when they are transferred to a new host they are
decoupled from the metabolic and regulatory networks
of the host where they evolved. Further, the habitat
colonized by the novel host does not necessarily con-
tain the signals and cues for which the presence of these
elements was needed. As an example, it has been shown
that different P. aeruginosa efflux pumps can extrude
quorum-sensing signals and their metabolic intermedi-
ates, suggesting that they can modulate the quorum-
sensing response in this bacterial species (121-124).
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FIGURE 3 Exaptation and gene decontextualization in the
evolution of antibiotic resistance. Antibiotic resistance genes
(r) have evolved for millions of years located in the chromo-
somes of their original hosts (a). During this evolution, the
expression of these determinants (R) from their promoters
(P) has been finely tuned to respond to several signals that
might include the response to environmental and metabolic
changes (blue arrows). Besides, the determinants encoded by
these genes are integrated in physiological networks, where
they can play a role as metabolic enzymes. S1 to S3 represent
metabolites of the same pathway, and Al and B1 metabo-
lites of other interconnected pathways. When these genes
are integrated in gene capture (for instance, an integron) and
transfer units (for instance, a plasmid), they can be transferred
to a new host and submitted to strong antibiotic selective
pressure (b), and they can be constitutively expressed from a
strong promoter (P) present in the capture unit and therefore
lack the regulatory and physiological network encountered
in the original host (gene decontextualization). Under these
circumstances, the only function these determinants can play
is antibiotic resistance, in such a way that this functional shift is
not the consequence of adaptive changes in the determi-
nants but rather of changes in their environment (exaptation).
Reproduced with permission from reference 127.

If these efflux pumps are acquired through HGT by a
new host that does not produce the same quorum-sensing
signals, they cannot play the role for which they were
selected in nature. Under these circumstances of decon-
textualization, the unique function that HGT-acquired
antibiotic resistance determinants may play is the one
for which they have been selected after their transfer to a
human pathogen: resistance to antimicrobials currently
used for treating infectious diseases (Fig. 3).

The number of genes on Earth capable of conferring
resistance to antibiotics is several orders of magnitude
above those acquired by human pathogens. The intro-
duction of antibiotics for therapeutic purposes has thus
produced an enrichment of a specific subset of genes
whose unique function is conferring resistance to anti-
biotics in an exaptation process that is a product of
cultural human evolution (125-127).

BOTTLENECKS IN THE ACQUISITION OF
GENETIC ELEMENTS BY BACTERIAL
PATHOGENS FROM ENVIRONMENTAL
MICROORGANISMS

The increasing use of functional and sequence-based ge-
nomic and metagenomic approaches has demonstrated
that genes capable of conferring resistance to antibiotics
in a heterologous host are present in any ecosystem and
in any bacteria. Although not studied in detail, a simi-
lar situation might also occur in the case of virulence de-
terminants, which might eventually be present in nearly
all metagenomes. In addition, similar virulence deter-
minants are present in humans, animals, plants, and
even protozoan pathogens. For the sake of simplicity
and since information about virulence determinants in
metagenomes has not been reviewed in depth, in this
section I will mainly discuss the bottlenecks modulating
the transfer of antibiotic resistance genes, although the
conclusions are likely similar in the case of virulence de-
terminants. In this context, it is worth mentioning that
the variability of HGT-acquired antibiotic resistance
genes is much lower than can be found in currently
available metagenomes, which implies the existence of
strong bottlenecks modulating the acquisition by bacte-
rial pathogens of genetic elements from environmental
microorganisms (11, 128).

The first one is ecological connectivity; the chances
for the transfer of genetic material increase if the donor
and the recipient bacteria are in the vicinity and belong
to the same gene-exchange community. It is true that a
chain of transfer events may allow the acquisition of an
antibiotic resistance determinant by a bacterial pathogen
even if the original host for this element is ecologically
disconnected from this pathogen. Nevertheless, the suc-
cess of this chain of transfer events would only be pos-
sible if selection operates along all steps. Because of this,
although the first step in the acquisition of resistance
determinants likely occurs in nonclinical, natural envi-
ronments, where environmental and pathogenic micro-
organisms can encounter one another, the spread of
these determinants occurs in places with high antibiotic
loads such as hospitals and possibly other reservoirs
like wastewater treatment plants, farms, and fisheries, in
which selective pressure by antibiotics and other com-
pounds, such as heavy metals or biocides, which are
capable of select antibiotic resistance can be high on
occasion (129-131).

The second bottleneck is the founder effect. Once a
given bacterium has acquired a resistance gene, anti-
biotic selective pressure does not operate; bacteria are
already resistant. Consequently, there is not any reward
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for incorporating a new gene conferring resistance to the
antibiotic. If clonal expansion and HGT spread of the
resistance determinant occur before such a second re-
sistance gene is incorporated into the pathogens’ popu-
lation, the first one will spread among the population
and the acquisition of novel resistance genes with the
same antibiotic profile will be precluded. There are
some situations in which the founder effect is a partial
bottleneck (132). For instance, different elements con-
ferring resistance to the same antibiotic can be selected
at different geographic locations or in different clones
if this happens before the global spread of a single
gene. Also, if the gene produces fitness costs (see below),
extinction and reentrance episodes may occur, as well
as the displacement of one resistance gene by a new,
fitter one.

In the case of the acquisition of virulence determi-
nants, the founder effect has a more drastic effect, since,
as discussed above, the incorporation of traits that
allow gaining access to the host may be the first step
in a speciation process triggered through the clonal ex-
pansion of the clone that has acquired the novel traits.
It is still possible that another clone from the same spe-
cies incorporates a different subset of virulence deter-
minants, but in this case the new evolved clone will be
considered as belonging to a different clonal complex,
as happens for intraintestinal and extraintestinal E. coli
clones (133), which are not fully ecoequivalent. In the
long term, this process can end in the speciation of the
clones that have acquired different repertoires of viru-
lence determinants.

The last bottleneck consists of fitness costs associated
with the acquisition of novel genetic material (134-138).
It has been suggested that these fitness costs should be
the consequence of metabolic and energetic burden as-
sociated with the replication, transcription, and trans-
lation of the novel genes incorporated by the pathogen.
If that is the case, the differences in fitness after incor-
porating one or another set of new genes will depend
on the size of such genes as well as on the levels of their
transcription and translation. Nevertheless, although
some common trends can be found, different studies
have shown that fitness costs associated with acquisi-
tion of antibiotic resistance and of foreign DNA depend
on the type of gene, the environment, and even the
microorganisms incorporating such genes (139-142). In
addition, bacteria present mechanisms such as compen-
satory mutations or metabolic rewiring that ameliorate
the costs of the acquisition of resistance (116, 118, 143—
145). In this context, the fixation into the different
members of the bacterial species of a new genetic ele-

ment requires that it does not produce an unaffordable
fitness cost or that fitness costs can be compensated
(146). In the case of acquisition of antibiotic resistance,
spread and fixation of the resistant strain requires low
fitness costs in all habitats where these microorganisms
can replicate, including natural, nonclinical ecosystems,
where antibiotic selective pressure is low (147). How-
ever, in the case of virulence determinants, their incor-
poration may allow an increased fitness for colonizing
the infected host at the cost of reducing the fitness for
growing in their original environmental habitat. These
differential fitness costs would be the basis of the speci-
ation toward virulence of the new pathogen, which will
be outcompeted by its ancestor in its original habitat
while not having a competitor in the new one (infected
host).

The number of genes capable of conferring antibiotic
resistance present in available metagenomes is much
larger than those currently acquired by human patho-
premise that bottlenecks, such as the above-discussed
ecological connectivity, founder effect, and fitness costs,
modulate the acquisition, fixation, and spread of HGT-
acquired genes in bacterial populations.
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