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Disease ecologists strive to understand the causes and
consequences of parasite infection, including the emer-
gence, spread, persistence and evolution of infectious
disease. These processes can be illuminated by parasite
genetic markers, which can be used to track parasite
spread and infer population history. Recently, a growing
number of studies have used molecular tools to examine
questions on the ecology of infectious diseases. We
review this burgeoning area of research by focusing
on three topics where genetic tools will increasingly
make major contributions: inferring parasite trans-
mission, reconstructing epidemiological history and
identifying physical and environmental drivers of dis-
ease spread. We also discuss areas for future research
and highlight the promise of multidisciplinary collabor-
ations among geneticists, ecologists and epidemiolo-
gists.

The value of genetics to disease ecology

Molecular and computational tools from population
genetics and phylogenetics hold enormous promise for
disease ecology. This is in part because the research pro-
blems that concern phylogeneticists and population geneti-
cists—for example, using molecular genetic data to infer
population history, understand migration and gene flow
and predict evolutionary dynamics—are analogous to pro-
cesses necessary to understand the ecology and evolution
of parasites. Specifically, molecular approaches enhance
research in disease ecology because they enable the re-
construction of evolutionary relationships between para-
sites on a wide range of spatial scales—ranging from
within individual hosts to between geographic locations.
This fundamental feature improves our ability to track
parasite movements, identify parasite origins and under-
stand environmental factors influencing their spread. At a
minimum, molecular tools complement and corroborate
traditional, epidemiological approaches; at best, these
tools greatly improve the resolution of epidemiological
methods and allow researchers to address new questions
that would be difficult or impossible using traditional
epidemiological tools alone.

Although researchers have been applying molecular
markers to parasite populations for well over a decade
(e.g. [1-4]), in the last few years, new statistical methods
[5-9] and increasing collaboration between disease ecolo-
gists and population geneticists [10-14] have greatly
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Glossary

Assignment test: a statistical test of the hypothesis that the multilocus
genotype of an individual arose in a particular population. Sometimes refers to
methods that cluster individuals into groups that are genetically related or
randomly mating (see Table 2).

Basic reproductive number (Ry): the average number of secondary infections
derived from a single infection in an entirely susceptible population. The value
of Ry determines whether a parasite can invade a host population and how fast
it spreads upon invasion.

Bayesian: a framework of statistical inference that begins with prior distribu-
tions for model parameters and updates these based on observed data to
arrive at a posterior probability distribution.

Coalescent: a theory that describes the genealogy of chromosomes or genes.
Relevant to parasites, this theory describes the shape of a gene genealogy (i.e.
the statistical distribution of its branch lengths) under different demographic
histories (e.g. exponential growth, stasis or population bottlenecks) in order to
date a most recent common ancestor or infer population growth rates (see also
Box 1).

Disease ecology: the study of interactions between parasites and their hosts,
including parasite transmission dynamics; factors underlying patterns of
variation in infection; parasite effects on host behavior, population dynamics
and community structure; and coevolutionary relationships between hosts and
parasites.

Effective population size: the size of an ideal population (as defined by
population genetics; a stable population with random mating, random
variation in reproductive success, equal sex ratio, and nonoverlapping
generations) that would experience the same rate of genetic change through
genetic drift as the observed population.

Epidemiological history: important events and processes occurring in parasite
population dynamics, especially the timing of disease outbreaks, and the rate
and timing of the parasite population growth rate over the course of one or
more epidemics.

Gene flow: the movement of genetic material from one population to another,
also referred to as migration.

Landscape ecology: the study of interactions between spatial patterns and
ecological processes, and the spatial extent and configuration of ecological
processes. A focus is on understanding the relationship between spatial
heterogeneity (anthropogenic-induced and natural) and ecological processes.
Landscape epidemiology: assesses the influence of landscape features,
environmental variables and spatial heterogeneity on disease spread. Often
combines temporal data, spatial data and modeling to predict patterns of
disease transmission.

Landscape genetics: the use of molecular tools to study how landscape
features and environmental variables influence (i) gene flow and the move-
ment of organisms, and (ii) the spatial distribution of genetic diversity at both
neutral and functional genetic loci. Landscape genetics is similar to phylogeo-
graphy (a combination of phylogenetics and biogeography), but is especially
useful at finer spatial scales (e.g. when individual hosts or parasites are the unit
of study), and for macroparasites, because many of the analytical methods can
accommodate multilocus genotypes and nonequilibrium population genetic
assumptions.

Least-cost modeling: a statistical modeling approach that uses raster-based
data inputs to measure the effective distance and connectivity between habitat
patches or other geographic areas.

Migration: the movement of individuals from one genetically distinct popula-
tion to another, resulting in gene flow. Migration rate is computed as the
probability that a randomly chosen individual (or allele) in each population is a
migrant.

Multilocus genotype: the combination of the genotypes at each of multiple
genetic loci in an individual. Common genetic markers that are used to
construct multilocus genotypes include microsatellites and single-nucleotide

21


mailto:earchie@fordham.edu
http://dx.doi.org/10.1016/j.tree.2008.08.008

polymorphisms (SNPs).

Parasite: disease-causing organisms that live in or on a host, and derive
nutrients from this host. Our definition of this term encompasses both
microparasites (e.g. viruses, bacteria, protozoa, fungi) and macroparasites
(e.g. arthropods, helminths).

Phylogenetics: the study of evolutionary relationships among taxa or genetic
lineages (e.g. populations or species). Uses analytical techniques to recon-
struct the evolutionary tree (phylogeny) with nodes representing taxa or
lineages (ancestral or derived), and branch lengths often corresponding to the
amount of divergence between groups. Useful for understanding recent
transmission processes in rapidly evolving parasites (e.g. RNA viruses); for
slowly evolving parasites (e.g. helminths), phylogenetics is useful for inferring
long-term evolutionary processes (historical host-switching events) or evolu-
tionary relationships on large geographic scales (e.g. phylogeography).
Population genetics: the study of the allele frequency distribution and change
influenced by the four evolutionary forces: natural selection, genetic drift,
mutation and gene flow. Develops analytical techniques to draw inferences
about single populations or metapopulations. Because population genetics can
accommodate multilocus genotypes and nonequilibrium assumptions, these
techniques are especially useful for understanding evolutionary relationships
between macroparasite individuals and populations.

Transmission: the process by which susceptible hosts acquire parasites. The
rate of transmission depends on the contact rate between hosts, the probability
that a contact is with an infectious host and the transmission probability given
contact. Our use of transmission here also refers to the movement of parasites
between host populations or geographic locations (Table 1).

expanded the breadth of research questions and the range
of parasite species that can be studied. In particular, until
recently, molecular epidemiology has tended to focus on
rapidly evolving RNA viruses; however, two recent
advances—the ability to genotype large numbers of genetic
loci in the same parasite [15,16] and analytical tools to
interpret these multilocus genotypes [7,17,18] —mean that
studies at the finest ecological scales are now possible for
more slowly evolving parasites, including most macropar-
asites (see Glossary under parasite). Furthermore,
advances in molecular biology have improved methods
for obtaining parasite genetic material; although genetic
sampling from parasites can be challenging, particularly
from wild hosts, a variety of new techniques allow for
extraction and characterization of micro- and macropar-
asite genetic material from sources ranging from host feces
(e.g. [19,20]) to various tissues (e.g. [21]). Here we review
three areas of particular interest to disease ecologists:
inferring parasite transmission, reconstructing epi-
demiological history and identifying environmental factors
influencing disease spread.

Inferring parasite transmission

Parasite transmission is arguably the most important
process in disease ecology, yet transmission modes can
be challenging to uncover and transmission rates are
notoriously difficult to quantify [22]. Ecologists and epide-
miologists increasingly combine field, experimental and
modeling approaches to address several questions related
to parasite transmission (Table 1). In addition, phyloge-
netics and population genetics offer a diverse array of tools
to help elucidate transmission processes (Table 2). For any
given parasite, the choice of molecular method depends on
three main factors: the ecological and evolutionary scale of
the research question, how rapidly the parasite evolves
and the assumptions of the genetic method. In general, for
rapidly evolving parasites (e.g. RNA viruses), phylogenetic
tools will be best for inferring transmission, whereas
for more slowly evolving parasites (e.g. helminths),
transmission will often be best inferred using multilocus

22

Trends in Ecology and Evolution Vol.24 No.1

population genetic tools (e.g. Fgr, assignment tests, kin-
ship estimators; see Table 2).

A single transmission event from one host to another
generates a genetic prediction: the genotype(s) of the
transmitted parasites must be either a subset of the geno-
types contained within the transmitting host or most
closely related to the parasites in the transmitting host.
This rationale can be expanded to infer the specific geo-
graphic pathways over which pathogens are moved by
their hosts. For example, global pathways of H5N1 influ-
enza virus (i.e. bird flu) transmission over the last decade
were traced by building a phylogeny of H5N1 samples,
mapping sample locations onto the tips of the phylogeny
and then reconstructing the most parsimonious population
of origin for each infection [23]. This phylogenetic approach
reconfirmed the major thrusts of H5N1 global diffusion,
and for the first time pinpointed the prime source of H5N1
as Guangdong Province, China. On a smaller geographic
scale, pathways of foot-and-mouth disease transmission
between 20 farms within 100 km? were described by using
a novel maximum likelihood approach which combined
epidemiological and genetic data to resolve pathways of
transmission that could not be resolved by either data set
alone [24]. Both of these studies demonstrate that statisti-
cal phylogeography can identify and test the significance of
specific pathways of disease transmission across a variety
of geographic scales. Furthermore, the fine-scale dispersal
patterns generated by these tools provide valuable infor-
mation on locations of key disease transmission pathways
which can then be targeted by surveillance and interven-
tion programs, greatly enhancing disease control efforts.

Concern about emerging diseases and zoonoses has also
stimulated research on parasite transmission between
alternative host species and between reservoir and spil-
lover hosts. A variety of genetic tools can address questions
of cross-species transmission for both micro- and macro-
parasites (Table 2). In the simplest cases, phylogenies can
identify potential reservoirs of emerging diseases, as in
Ebola [25], or pinpoint historical host-switching events for
parasites ranging from malaria [26] to human pubic lice
[27]. In addition, host and parasite phylogenies can be
compared to assess the occurrence of multispecies trans-
mission; for instance, the observation that evolutionary
relationships among the nematode parasite Longistrata
caudabullata were not aligned with the phylogeny of their
host species indicated that this nematode is commonly
transmitted between two species of voles [28] (see tests
of phylogenetic concordance, Table 2). Transmission rates
between species can also be inferred quantitatively; for
example, assignment tests (Table 2) estimated that 4-7%
of Ascaris roundworms that infected humans had hybri-
dized with worms infecting pigs [29]. Such studies illus-
trate the diversity of molecular tools available to elucidate
cross-species transmission.

Even on the finest ecological scales, genetic tools can be
used to reconstruct chains of transmission and document
‘who infected whom,” as in a case where phylogenetic
methods were used to show that a doctor used a patient’s
blood products to infect his former girlfriend with HIV-1
[30]. Within host populations, the distribution of genetic
variance within and between populations of parasites
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Table 1. Transmission-related questions commonly addressed by disease ecologists

Scale of analysis Questions Examples

References|

Between individual Who infects whom?
hosts
Which individuals contribute

most to transmission?

e

Are there heterogeneities in
transmission?

Are there sex biases in
transmission?

Between groups of
individuals (e.g. sex
or age classes)

Are certain age classes

more important

for disease spread?

[72,73]

What is the relative rate
of within- versus between-
species transmission?
Which populations act

as sources or

sinks of infection?

Which populations or
species are reservoirs

of infection?

Between host
populations or
species

[74,75]

Between geographic What are the geographic
locations?® pathways of
transmission?
Where do new
diseases originate?

[23]

F

2Shaded circles represent host individuals, circles represent host populations and squares represent geographically distinct locations.

infecting individual hosts can reveal heterogeneities in
transmission (e.g. AMOVA and Fgr; see Table 2). For
example, the absence of strong genetic differentiation be-
tween the parasites infecting different hosts indicated that
the transmission dynamics of the helminth Strongyloides
ratti were dominated by infection by conspecifics rather
than by self-reinfection [31]. Furthermore, because highly
infected individuals did not reinfect themselves, the
observed variability in infection intensities in the host
population was likely generated by differences in suscepti-
bility. Despite such key insights derived from this type of
work, the use of genetic tools in studies of parasite trans-
mission dynamics within host populations is rare. How-
ever, fine-scale genetic data on parasites can be used to
identify host individuals that contribute disproportio-
nately to infecting conspecifics; test whether relatives
are more likely to infect one another; and link heterogene-
ities in parasite transmission to individual- and group-
level host traits. These questions can be explored for both
micro- and macroparasites using tools such as assignment
tests, kinship estimators and Bayesian models of coalesc-
ent processes [7,17,32,33] (Table 2).

Finally, it is important to note that the studies above all
rely on selectively neutral loci (i.e. loci where genetic
variants have no difference in darwinian fitness). Neutral
loci provide the most accurate representation of trans-
mission patterns because they evolve in relatively predict-
able ways and should not influence transmission. By
contrast, functional or adaptive markers, because they
experience natural selection, are likely to obscure trans-
mission patterns or yield biased estimates of transmission
rates. However, measuring population genetic structure
and gene flow at both neutral and functional loci can lend
insight into how parasites adapt to changing environments
(e.g. resist drugs, evade host immunity or adapt to climate
change). For instance, molecular tools were used to demon-
strate that chimpanzees in Kibale National Park,
Uganda share Escherichia coli bacteria with neighboring
human populations—including strains that are resistant
to antibiotics [34]. Notably, chimpanzees shared the most
bacteria with those humans involved in chimpanzee con-
servation (e.g. researchers, tourism workers), suggesting
that conservation efforts aimed at protecting wildlife can
sometimes increase disease risks. Together, the diversity
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Table 2. Major types of phylogenetic and population genetic tools that can be used to infer parasite transmission processes

Reconstructs evolutionary relationships among
haplotypes in an interbreeding population.
Usually applied to molecular sequence data,
but can also be applied to microsatellites.

Tests of phylogenetic concordance
Compares congruence between tree
topologies (e.g. between host and parasite
trees). Usually applied to DNA sequences.

F-statistics; Analysis of Molecular Variance
(AMOVA)

Measures the proportion of genetic variation
that occurs within and between different
populations by using multilocus allele
frequency and or allele genealogy data. Can
be applied to almost any genetic marker,
including DNA sequences, fragment length
polymorphisms, microsatellites or SNP
genotypes.

Assignment tests

A statistical test of the hypothesis that the
multilocus genotype of an individual arose in a
particular population. Usually applied to
multilocus microsatellite genotypes.

Genetic tool, description and common Transmission processes inferred (and Rationale Methods?
genetic markers examples)
Phylogenetics, phylogeography and Rapidly evolving parasites® Parasite genotypes from the recipient host(s) should [76]
ancestral character state reconstruction e Identify the presence and direction of be nested within the phylogeny of parasite
Establishes evolutionary relationships between transmission between host individuals [30] genotypes from the transmitting host(s). Once a
different taxa. Assumes a bifurcating pattern of e Infer the most recent population of origin, phylogeny is built: reconstruct the most likely
evolution. Interprets the phylogeny in document recent host-switching events or population of origin for a parasite population; draw
geographic space. Reconstructs the character identify parasite reservoir populations pathways of transmission by tracing populations and
state of ancestral nodes in a phylogeny. [23,25,75] phylogenetic relationships on a map; test observed
Generally applied to molecular (DNA) e Draw pathway of transmission among phylogenetic relationships to random expectations
sequences. locations [23] to understand whether patterns of transmission
e Test whether transmission between host between host populations are different than
populations occurs more often than expected under random chance; infer relative rates
expected by chance [23,34] of transmission between locations by counting the
e Infer the relative rate of transmission number of times parasites moved between ancestral
between different geographic locations [23] and current population locations.
Slowly evolving parasites®
e Document historical host-switching events
[26,27]
e Reconstruct populations of origin and
transmission pathways over long
timescales
Phylogenetic network reconstruction Rapidly and slowly evolving parasites Appropriate for reconstructing evolutionary [77]

e Reconstruct genetic relationships between
parasite individuals and populations [24]

e Draw pathways of transmission,
potentially between fine-scale geographic
locations [24]

Slowly and perhaps rapidly evolving
parasites

e Test alternative hypotheses about
parasite origins [26]

e Test whether parasites have historically
been transmitted between two host species
(28]
Slowly and rapidly evolving parasites

o Infer relative rates of transmission within

and between parasite subpopulations (e.g.

individual hosts, host demographic groups,
social groups, host species) [31,34]

e Infer pathways of transmission between

parasite populations

Slowly evolving parasites

e Assign individual parasites to a most likely
population of origin (e.g. population with
highest expected frequency of a multilocus
genotype) [29,79]

e Infer transmission rates between
populations [29]

relationships between parasites (individuals or

populations) when haplotypes differ by only one to a

few mutational steps. Not restricted to bifurcating

branches (allows multiple relationship branch

connections; can accommodate recombination).

If hosts and parasites have coevolved, their [76,78]
phylogenies should be congruent. If parasites are

transmitted between host species, then parasite

genotypes will not be clustered by host species.

This equilibrium population genetic approach [7]
measures the combined effects of migration and

genetic drift over time. Differences in FST can be

interpreted as differences in average rates of

migration between populations over the past 10s to

1000s of generations depending on N, and N, (i.e.

the effective migration rate). Draw pathways of

transmission by tracing populations and genetic

distances on a map.

This nonequilibrium population genetic approach [7,33]
directly documents recent migration events. Infer

transmission rates by counting or inferring the

number of individuals in one subpopulation that

were derived from a different subpopulation.
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Table 2 (Continued)

Methods? I

[8,18,47]

Rationale

Transmission processes inferred (and

examples)

Genetic tool, description and common

genetic markers

Rapidly and slowly evolving parasites This nonequilibrium approach identifies locations on

Landscape genetic analyses

the landscape where genetic discontinuities occur or
gene flow is low and which represent ‘barriers’

e Test whether certain features (roads,

rivers, forests, open areas, etc.) are

Identifies landscape features and

environmental variables correlated with
genetic distance between individuals or

between populations. It also identifies locations of

correlated with genetic distance, genetic

relatedness or gene flow [48]

high gene flow representing corridors of extensive

movement or high transmission.

populations. Can be applied to almost any
genetic marker, especially molecular

sequences or microsatellites.

e Test among 10s to 1000s of alternative

hypotheses (i.e. resistance maps) to

identify the combination of landscape
resistance values that best explain

(correlate with) gene flow or genetic

distance

@See also http://evolution.genetics.washington.edu/phylip/software.html and http://www.biology.lsu.edu/general/software.html for software.

PMost microparasites (e.g. RNA viruses, DNA viruses, bacteria) tend to be rapidly evolving, but it is important to remember that some microparasites might undergo slowly evolving phases (e.g. bacterial spores that remain dormant for

long periods of time).

°Slowly evolving parasites tend to include most macroparasites (e.g. helminths, arthropods).
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of molecular tools outlined above has the potential to make
major contributions to understanding transmission pro-
cesses.

Reconstructing epidemiological history

Genetic tools offer new approaches to infer epidemiological
history, especially to date parasite introductions, infer
changes in parasite population size over time and estimate
the parasite basic reproductive number (R). Most of these
methods are based on coalescent theory and use Bayesian
models to resolve a large number of complex evolutionary
processes (Box 1). These tools can be applied to questions
on various timescales—from weeks to millennia—and a
range of parasite taxa, including micro- and macropara-
sites; however, analytical assumptions will vary depending
on the parasite’s evolutionary rate, effective population
size and generation time. Typically, Bayesian coalescent
models have been applied to viruses which, owing to their
high mutation rates, large population sizes and periodic

Box 1. Taming the BEAST: using Bayesian statistics and
coalescent theory to estimate R,

Coalescent theory is based on the observation that all the alleles in a
given population can be traced, through the coalescence of lineages
in a genealogy, back to a single, most recent common ancestor.
Both the rate of coalescence and its pattern are influenced by
population size (Figure 1). For instance, where the size of the
population does not change and individuals reproduce at random
(Figure la), lineages coalesce at a constant rate. However, when
population sizes are small (or declining), lineages coalesce more
quickly (Figure Ib), and when population sizes are large (or
expanding), coalescence slows (Figure Ic) (see Ref. [58]).

Bayesian coalescent models capitalize on changes in the rate and
pattern of coalescence to infer population demographic dynamics.
These models (reviewed in Ref. [6]) can accommodate a variety of
genetic markers and sampling schemes, from microsatellites to
molecular sequences. In general, coalescent models estimate
demographic parameters by: (i) constructing a genealogical tree
from a set of genetic marker data; (ii) generating a set of expected
trees from the data under the assumptions of various evolutionary
models; and (iii) testing the observed tree against the expected trees
to find the evolutionary model, and its associated demographic
parameters, that best fit the data.

For parasites, one commonly used Bayesian coalescent model is
included in a software package called BEAST [5]. BEAST is unique in
that it takes advantage of genetic samples collected at multiple
points in time to infer how those sequences evolved, and in turn
infer demographic parameters such as changes in effective popula-
tion size (i.e. the effective number of infections) and population
divergence times. Of particular value to epidemiologists, BEAST can
be used to estimate r, the parasite population growth rate in a
wholly susceptible population. BEAST calculates r from inferred
changes in the parasite effective population size (N,) over time. This
rate of change, r, can be converted to Ry, the basic reproductive
number, using the following equation [44]:

Ro=rD+1,

where D is the average duration of parasite infectiousness [41,44].

(@) (b) (c)

Time | Constant Bottlenecked Population
population population under

size exponential
growth

TRENDS in Ecology & Evolution

Figure I. Changes in population size affect the rate of coalescence. Branches
indicate parasite genotypes.
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transmission bottlenecks, experience ecological and evol-
utionary changes on comparable timescales. Fewer studies
have applied coalescent models to macroparasite popu-
lations (but see Ref. [35]); however, such studies are feas-
ible with multilocus statistical frameworks [7,36].

One use of Bayesian coalescent models that has brought
new insights to disease ecology is the ability to date
parasite introductions or disease outbreaks that occurred
hundreds or even thousands of years ago [35,37-39]. Such
information has been used to test hypotheses about factors
that contribute to disease introductions and emergence—
for instance, to understand anthropogenic causes of dis-
ease spread. Coalescent models were used to understand
the role of human migrations on the origins of yellow fever
virus (YFV) in the Americas [38]. YFV is thought to have
originated in Africa and might have been brought to the
Americas with its mosquito vector in the bilges of slave-
trading vessels. Consistent with this hypothesis, YFV was
nested within the African YFV phylogeny, and African and
American YFV last shared a common ancestor ~300-400
years ago. Notably, this deep divergence indicates that
vaccination has been effective in preventing more recent
movement of YFV between Africa and the Americas,
despite continued human migration. Similarly, coalescent
models were used to test whether the colonial period in
Africa contributed to the emergence of rift valley fever

Trends in Ecology and Evolution Vol.24 No.1

(RVF) [39]. In support, the time to most recent common
ancestor (TMRCA) for RVF was dated to the 1800 s, a time
of dramatic changes in traditional agriculture and the
introduction of nonnative cattle breeds.

TMRCA estimates, however, should be interpreted with
caution because they will often date only the most recent
population bottleneck. For instance, TMRCA estimates for
measles, mumps and canine distemper are all within the
last hundred years, even though these viruses have prob-
ably been infecting host populations for centuries [40].
These TMRCAs were likely more recent than expected
because the effective population sizes of these viruses
decrease dramatically between epidemics, increasing the
likelihood of coalescence. Hence, for parasites that undergo
large fluctuations in population size, coalescent methods
are likely to date only the most recent population expan-
sion. Similarly, if TMRCAs are estimated using loci under
selection but the coalescent model assumes neutrality,
then the resulting estimate is likely to be inaccurate.
For instance, because neutral mutations accumulate over
time, a locus that has experienced diversifying selection
might appear much older than it actually is, whereas a
locus under purifying selection might appear more recent.
However, some coalescent models accommodate selection,
and these models might be useful for understanding when
and how selection has acted on genes of functional interest.
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Figure 1. The epidemiological history for raccoon rabies virus (RRV) in the northeastern United States, depicted as the change in the number of RRV infections over time
(1977-2005). The graph shows RRV epidemiological history estimated from both genetic and epidemiological data. The blue line represents the epidemiological index of
RRV population history; this line is the moving average (for a 15 month span) of the geographic area (in km?) that was newly affected by rabies between 1977 and 1999. The
thick black line is the genetic estimate of RRV population history; it represents the median effective number of rabies virus infections calculated using Bayesian coalescent
modeling (BEAST software [5]). Specifically, this line is calculated as the product of the virus effective population size (N,) and generation time (z) in years. The thin black
lines represent 95% highest posterior density intervals. The red dashed line is the Bayesian estimate for the date of the most recent common ancestor (MRCA); the shaded
pink area is the 95% highest posterior density intervals for the MRCA estimate (figure is reproduced with permission from Ref. [41]). The close congruence between genetic
and epidemiological estimates of RRV population history validates the accuracy of molecular approaches for understanding epidemiological history. The MRCA estimate
was consistent with the date of the first documented RRV cases in 1977. In addition, the genetic and epidemiological estimates for the mode of population growth were
nearly identical; both genetic and epidemiological modes of inference indicate that the number of infections did not increase at a uniform rate, but rather occurred during

periods of exponential growth, followed by stasis (i.e. stable population size).
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In addition to dating parasite outbreaks, Bayesian
coalescent models can also help researchers identify the
mode and rate of parasite population growth. For example,
molecular sequences from serially collected virus samples
were used to reconstruct the epidemiological history (from
1977 to 2005) of the raccoon rabies virus in the north-
eastern United States (Figure 1 [41]). This study showed
that the number of rabies infections did not increase at a
uniform rate, but instead occurred during periods of expo-
nential growth, followed by stable population size. Similar
genetic analyses have confirmed that the demography of
emerging parasites is often best modeled by logistic
growth, and they provide a more detailed picture of evol-
utionary and ecological processes that occur during emer-
gence [37,42,43]. Specifically, these analyses show that
during emergence, the population genetic structure of
many parasites is characterized by an invasion phase,
where parasite genetic diversity increases rapidly, and a
maintenance phase, where genetic diversity remains fairly
constant [37,39,43].

Because coalescent approaches can reconstruct patterns
of parasite population growth, these tools have been used
to compare growth rates in different strains of the same
virus [37,43]. Such data are useful for testing hypotheses
about competition between parasite strains. For instance,
the emergence of canine parvovirus (CPV) was character-
ized by unusually rapid adaptive evolution of a new virus
strain and between-strain competition [42]. CPV emerged
from feline panleukopenia virus and early strains lacked
the ability to infect felids. However, the latest strain,
CPV2a, is rapidly replacing older strains and, unlike them,
CPV2a has evolved a broader host range and is able to
infect felids [42]. Between-strain competition appears to be
a feature of many parasite populations, and genetic tools
will increasingly play a role in elucidating the mechanisms
underlying competitive interactions between parasites.

Finally, parasite population growth rates derived from
Bayesian coalescent models can be used to estimate Ry, a
key parameter of epidemiological models that determines
whether a parasite can invade and establish within a host
population and how fast it spreads (Box 1). This method,
used to measure the expansion of hepatitis C virus (HCV)
in Egypt [44,45], demonstrated that unsterile injection
equipment used during anti-schistosomiasis treatment
from the 1920 s to 1980 s increased R from 1.7 to between
3 and 7. Similarly, coalescent models were used to calcu-
late Ry for rabies in the northeastern United States,
revealing surprisingly low estimates of Ry (1.02-1.16), as
compared to other host populations [41]. Studies like these
and those described above demonstrate the power of Baye-
sian coalescent models for understanding the history of
epidemics and factors influencing parasite fitness.

Identifying environmental and landscape drivers of
disease spread

A major goal of landscape epidemiology is to understand
how environmental variables affect the dynamics of infec-
tious disease (reviewed in Ref. [46]). Landscape epidemiol-
ogy can be advanced by integrating tools from landscape
genetics (reviewed in Refs [8,47]), which is an emerging
discipline that combines population genetics, landscape
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ecology and spatial statistics to assess how landscape
features and environmental variables influence individual
movement and microevolutionary processes (gene flow,
genetic drift and local adaptation). The value of landscape
genetics to disease ecology is twofold; first, landscape
genetics offers an efficient way to gain an unusually fine
scale understanding of where and why parasites are mov-
ing on the landscape. Second, landscape genetics offers
new insights into parasite evolution by employing both
neutral and functional genetic loci to understand the
spatial aspects of evolutionary change (e.g. to observe local
adaptation or evolution along the advancing edge of an
epidemic). However, despite this potential, landscape
genetic approaches have seldom been used on parasite
populations, although analytical tools are available to
conduct such studies for both macro- and microparasites.

Landscape genetics can identify landscape features
influencing parasite spread by tracking host and/or para-
site movement across multiple spatial scales (Box 2). For
instance, landscape genetics was used to identify environ-
mental features influencing the distribution of chronic
wasting disease (CWD) in white-tailed deer in Wisconsin,

Box 2. Landscape genetics: a promising approach to
understanding disease spread

Physical barriers that impede host movement can also reduce the
spread of parasites. From its first detection on the Virginia-West
Virginia border in the late 1970 s [59], raccoon rabies virus spread
rapidly across the northeastern United States, eventually arriving in
Canada in 1999. Multiple landscape features limit the spread of
raccoon rabies [41,60], but quantifying these effects can be
challenging. However, a recent study that assessed the risk of
raccoon rabies expansion illustrates how these challenges can be
mitigated by a landscape genetic approach [61].

The study used landscape genetics and computer simulations to
predict the movement of raccoons and, by extension, rabies, from
western New York, across the Niagara River, and into Canada [61].
The authors used an individual-based, spatially explicit model to
simulate different success rates of raccoon attempts to cross the
Niagara River (i.e. permeabilities). The model also included
information about the mitochondrial genotype of each raccoon,
and a measure of genetic differentiation (st; similar to Fst in
Table 2) was used to calculate genetic differentiation across the
river, under different permeability simulations. To assess the impact
of the river, the simulated population genetic structures were
compared to the actual population genetic structure, based on
mitochondrial DNA sequences from 166 raccoons from across the
study range. The best match between simulated and actual genetic
structures indicated that the Niagara River prevents 50% of raccoon
crossings.

This example highlights how measures of gene flow can calibrate
the effect of barriers to host movement and help estimate the impact
of the physical environment on the likelihood of disease spread. For
raccoon rabies, genetic data from the virus (as opposed to the host)
could further reveal whether particular viral genotypes are more
likely to immigrate (be transmitted) and whether landscape features
exert selective pressure on parasites.

More broadly, the availability of molecular markers for an
increasing number of hosts and parasites means that similar studies
can now be done in many disease systems. For instance, markers
are available for house finch conjunctivitis [62] and rabbit myxoma
virus [63], and the spread of both of these parasites is known to be
influenced by landscape features (e.g. bird feeders [64] and rivers
[65]). The combination of host and parasite genetic data in a
landscape genetics framework promises to lend new insight into
how landscape features shape the movements of some of the
smallest organisms on earth.
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USA [48]. Specifically, genetic differentiation between deer
populations was greatest, and CWD prevalence lowest, in
areas separated by a river, indicating that this landscape
feature reduced disease spread. This result suggests that
landscape genetics can help predict populations at high
risk of infection based on their genetic connectivity to
infected host populations and might also help target areas
for disease surveillance and preventative measures (e.g.
along rivers).

Because landscape genetics can reconstruct parasite
movements, it is extremely useful for verifying and improv-
ing the resolution of more traditional epidemiological
approaches [49-51]. For example, parasite sequence data
verified epidemiological estimates of the geographic origin,
routes and time period of the initial raccoon rabies out-
break in the northeastern United States (Figure 1 [41]).
Mountain ridges and waterways impeded rabies spread by
reducing host movement. In addition, genetic data verified
the direction of rabies spread from the epizootic origin, and
for the first time revealed that each viral genetic lineage
was associated with a specific path of spread. These paths
were evident 30 years after the initial virus expansion.
This study demonstrates the power of landscape genetics
to retrospectively (i.e. decades later) identify transmission
barriers as well as the origin, timing and direction of
parasite spread. The future application of landscape
genetics to epidemiological questions will likely be
enhanced by new statistical approaches such as least-cost
modeling (e.g. [18]), which allows for testing the relative
contributions of multiple environmental and landscape
variables influencing parasite movement. Such techniques
will vastly improve our understanding of how diseases
spread across complex landscapes resulting from increased
habitat fragmentation and urbanization.

In addition to documenting fine-scale patterns of para-
site movement, landscape genetics can be applied to ques-
tions of parasite local adaptation and spatial evolutionary
change. For instance, genetic data from evolutionarily
neutral loci were combined with spatial information to
measure evolution in rabies during an epidemic in foxes
across southern Ontario, Canada [50]. Divergence among
viral lineages correlated with their position along the
advancing epidemic; newly derived lineages were along
the wave front, and divergent ancestral lineages were near
the outbreak origin. Furthermore, the regional population
was partitioned into two genetically distinct subpopu-
lations, each corresponding to one of the two arms of the
advancing wave of spread of rabies in foxes. The study
illustrates that integrating geographic analysis of genetic
variants with information on spatial dynamics can reveal
patterns of parasite evolutionary change during disease
spread.

Finally, questions on parasite local adaptation can be
addressed using techniques that assess population genetic
structure at both neutral and adaptive gene markers. This
multilocus approach—also called population genomics—
involves the simultaneous genotyping of multiple loci from
the genomes of many parasite individuals across environ-
mental and landscape gradients [16,52,53]. This approach
could greatly advance knowledge of adaptive differen-
tiation in parasites, but is seldom used. However, one
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study of the bacterium Campylobacter jejuni used multiple
loci and spatial genetic modeling to describe transmission
pathways at fine spatial scales and found evidence for local
adaptation to certain niches or habitats, including host
species and environmental water sources [54]. This study
highlights the utility of landscape genomics for under-
standing parasite adaptation to environmental variables
likely to influence disease spread and persistence.

Concluding remarks and future directions

Molecular tools have greatly advanced scientific under-
standing of parasite ecology and evolution. Collaborations
between disease ecologists and geneticists are increasingly
common [41,48], and the burgeoning use of genetic tech-
niques in disease ecology creates several exciting avenues
for future research (Box 3). Although these examples high-
light the promise of molecular tools, one current limitation

Box 3. Future directions

Unraveling heterogeneities in transmission

Genetic techniques are increasingly used to identify sources of
infection, whether from individual hosts [30] or locations across the
globe [23]. At the same time, disease ecologists are concerned with
understanding how variability in infectiousness, across individuals
or groups, characterizes infectious disease systems [66]. Identifying
superspreaders (i.e. individuals who contribute disproportionately
to parasite transmission) is key for effective disease management
and control [66], and genetic tools offer a novel way of detecting
transmission heterogeneities in both human and wildlife systems,
including detecting sex, age or other biases in infectiousness and
quantifying differences in the magnitude of these heterogeneities
across systems.

Understanding the origin and emergence of human diseases
Repeated transmission of parasites between humans and animals is
thought to be an important mechanism driving the emergence of
zoonotic diseases [67]. Very little is known about the animal origins
of diseases that have plagued humans in the past [68], and even less
about which parasite species might pose the greatest threats for the
future. Genetic techniques can play a central role in clarifying the
origins of human diseases and documenting the frequency of cross-
species transmission events between humans and animals [29]. For
example, do close evolutionary relationships between humans and
animals predict animal sources of human diseases? To what degree
do species with intimate human associations (e.g. pets, livestock,
peridomestic species) contribute to zoonotic infections? What
ecological and anthropogenic factors are associated with frequent
parasite exchange between humans and animals? What is the
genetic basis of host specificity?

Linking climate, environment and parasite evolution

Climate change, urbanization and habitat fragmentation are likely to
be key factors influencing the dynamics of many infectious diseases
in the future [69,70]. Whereas disease ecologists commonly address
environment-disease interactions by tracking host susceptibility,
exposure and infection status, genetic approaches offer an addi-
tional dimension—tracking evolutionary changes in parasites.
Because climate warming or land-use changes can affect key
parasite traits such as development rate, transmission efficiency
and geographic distribution, these will likely be potent selective
forces on parasites. Genetic tools can be used to link information on
genetic variation and demographic change in parasite populations
(e.g. Box 1) with information on climate or habitat and host infection
rates [53]. Such approaches can be used not only to understand
parasite evolutionary change in response to changing climate, land
use or other environmental conditions in the future but also to
detect changes that might have already occurred in the past using
ancient parasite DNA [55].
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is the lack of suitable molecular markers for many parasite
systems. Thus, there is a critical need for widespread
development of neutral and candidate gene markers for
more parasite species. Encouragingly, the recent explosion
of new molecular techniques, including massively parallel
sequencing (e.g. pyrosequencing [15,55]), multiplex PCR
amplification of thousands of loci simultaneously [56],
quantitative PCR and microarrays [57] and ongoing para-
site genome sequencing projects (e.g. see http:/www.san-
ger.ac.uk/Projects/Pathogens), foreshadows a revolution in
this area. For example, massively parallel sequencing (e.g.
metagenomics) promises extremely detailed information
on parasite communities, rich data sets on patterns of
evolutionary change and abundant genetic markers [21].
Disease ecologists and geneticists are well positioned to
galvanize this movement and forge, together, a new fron-
tier in infectious disease ecology.
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