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SUMMARY:

Molecular epidemiology uses the distribution and organization of a pathogen’s DNA to understand
the distribution and determinants of disease. Since the biology of DNA for eukaryotic pathogens
differs substantially from that of bacteria, the analytic approach to their molecular epidemiology
can also differ. While many of the genotyping techniques presented earlier in this series, Advances
in Molecular Epidemiology of Infectious Diseases, can be applied to eukaryotes, the output must
be interpreted in the light of how DNA is distributed from one generation to the next. In some
cases, parasite populations can be evaluated in ways reminiscent of bacteria. They differ, however,
when analyzed as sexually reproducing organisms, where all individuals are unique, but the
genetic composition of the population does not change unless a limited set of events occurs. It is
these events (migration, mutation, non-random mating, selection, genetic drift) that are of interest.
At a given time, not all of them are likely to be equally important, so the list can easily be
narrowed down to understand the driving forces behind the population as it is now and even what
it will look like in the future. The main population characteristics measured to assess these events
are differentiation and diversity, interpreted in the light of what is known about the population
from observation. The population genetics of eukaryotes is important for planning and evaluation
of control measures, surveillance, outbreak investigation, and monitoring the development and
spread of drug resistance.

INTRODUCTION

The study of molecular epidemiology of parasitic infections and their vectors is meant to
answer the same types of questions as for bacterial or viral infections. As with bacteria and
viruses, the molecular epidemiology of eukaryotic infections follows the distribution and
dynamics of microbial DNA. The key difference, however, is precisely this biology, which at
times demands a distinct approach to molecular epidemiologic investigation of infections
caused by eukaryaotic organisms. In bacterial reproduction, each individual passes down an
essentially identical copy of all the DNA to the next generation. Some eukaryotic pathogens
also reproduce in this way, while many others reproduce sexually for at least part of their life
cycle, and in a few it is not entirely clear (100). An asexually reproducing individual
generates a clone of itself, but can also exhibit promiscuous horizontal gene transfer, which
is a major source of variation and adaptation (99). This is not sex, however. Sex is the
biologically-necessary programmed recombination (crossing over) and random shuffling
(reassortment) of chromosomal DNA in the process of reproduction. This results in an
enormous reservoir of variation. For example, for schistosomes with 8 pairs of
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chromosomes, and considering there are some differences on each chromosome of the pair,
reassortment alone offers >65,000 possible combinations of alleles with each mating. This
of course pales besides the human with 46 chromosomes and 7 x 1013 potential
combinations. This is in addition to variation from exchange of genetic segments with
crossing-over. In nature, bacteria are heterogenous conglomerates or communities (62, 99),
but when they cause disease, especially in epidemics, it is generally a clonel that is
responsible and that will be tracked. Sexual reproduction in some protozoa, many parasitic
worms, and most vectors never results in a clone (with the exception of identical twins).
There is genetic conservation, however, within a group of organisms that tends to breed
together. In genetics, this is the working definition of a population. For sexually reproducing
organisms, the population is the epidemiologic unit to track. Within the group, allele
frequencies and thus traits are conserved under well-defined conditions. The unique power
of the genetics of populations is that it reflects not only present individuals, but also the
population’s past and the future potential for subsequent generations (35). Many parasites
exhibit both sexual and asexual modes of reproduction, but these life stages are often
distributed in different hosts. Treatment of their molecular epidemiology is doubly complex,
but can be simplified for many questions by considering their biology just in the human host.
As with most genetics, the output from population genetics has to be interpreted within the
context of the question being asked and the biology and epidemiology of organisms being
studied. The whole field of population genetics is perhaps the most complex area of
genetics, but it rests on simple precepts. This review outlines the basic models used in
population genetics that are directly applicable to problems of public health epidemiology. A
list of abbreviations and terms in bold type is provided at the end of this chapter.

DEFINING GENOTYPE IN EUKARYOTIC ORGANISM

Some expressions may not be familiar to some readers, so it is important to define these
early and in simple terms. A glossary is provided with this review. One of the dividing lines
between the DNA of bacteria and sexually reproducing parasites and vectors of human
disease is their physical structure and organization. Sexually reproducing organisms will
pass some portion of their life cycle where their chromosomes exist as nearly identical pairs
(diploid). Some organisms, malaria for example, also have only one copy of each
chromosome (haploid) during their asexual stage, and this is the stage that infects humans.
A similar location on each of the chromosomes of a diploid individual or those of different
haploid individuals is a locus, and differences between loci (nucleotides, insertions,
deletions, copies) are alleles (Figure 1).

The geometry of DNA also strongly differentiates eukaryotes from bacteria (Figure 2).
There are a number of exceptions, but only a framework for understanding essential
differences is presented here. Most prokaryotes have a single circular chromosome?,
whereas even the simplest eukaryotes (yeast) have at least 16 linear chromosomes. A
specific marker on a bacterial chromosome will be transmitted at reproduction together with

1see Advances In this series, Molecular Epidemiology Of Infectious Diseases Part 2, for a discussion of the meaning of “clone.”
Leptospira spp,. Vibrio choleraand some others are exceptions with 2 circular chromosomes. Several species also possess a linear

chromosome.
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any other marker or trait in the genome. The same also occurs with an asexually reproducing
eukaryote despite having multiple linear chromosomes. A marker on the genome of a
sexually reproducing eukaryote, by contrast, will have a 50% chance of being transmitted
away from any marker it is not very close to. Because of crossing-over, markers near each
other can be linked, i.e. occur together more frequently than expected by random chance in
subsequent generations. This is physical linkage of the loci. At the population level, some
loci that are not near each other can also be associated non-randomly due to demography or
population history. The non-random association between loci is termed linkage
disequilibrium (LD). This is a statistical result and not necessarily recognition of a physical
relationship. The labeling of each allele present at the same locus on each chromosome
constitutes the genotype. A locus with the same polymorphism at the same site on each of
the chromosome is homozygous, and with a different polymorphism is heterozygous.

OPTIONS FOR MOLECULAR EPIDEMIOLOGY OF EUKARYOTES

. Study asexual parasites and clonal groups

. Use markers in organelles that behave like bacteria (e.g. mitochondria)

. Use a marker close to the trait of interest (if known)

. Use many markers throughout the genome or perform sequencing

. Study the whole group of organisms in which the trait is present (population
genetics)

HARDY-WEINBERG EQUILIBRIUM: THE POPULATION NULL HYPOTHESIS

A population has a mathematical definition based on allele frequencies, which ultimately
contributes to the development of tools for key measures of differentiation and diversity.
Allele frequencies can differentiate populations, and genotypic frequencies can do so with
even greater resolution. The Hardy-Weinberg Equilibrium describes a relationship between
allelic frequency and genotypic frequency. It is a simple mathematical relationship that is the
definition of a population. If we use the letters “A” and “a” to represent different alleles at a
single diallelic locus and “p” and “q” to represent their respective frequencies, a population
with p=0.8 and g=0.2 is clearly different from a population where p=0.2, q=0.8, especially
where this kind of result is found at multiple loci. Allele frequencies are not always the most
sensitive measure of differentiation, however. The same allele frequency may still be found
in what are clearly distinct populations if assessed for genotypic frequencies. Alleles
combine to form genotypes, so allelic frequencies are closely related to genotypic
frequencies. For a diallelic locus where we know the frequency of each allele, the sum of
these frequencies is 1 or (p + q = 1). For sexually reproducing organisms, the next
generation arises from the combination of alleles from a pool of males with alleles from a
pool of females. If we imagine that individuals from these pools will pair at random, the
subsequent distribution of alleles in genotypes is equivalent to flipping 2 coins. For
independent, random events the probability of 2 events occurring simultaneously is the
product of their frequencies [(p + Q)temale X (P + Q)male = 1]- The genotypic frequencies of
the offspring for such a population should be p2 + 2pq + g2, if all assumptions are met,
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where p? and g2 are the frequencies for the homozygotes and 2pq the heterozygotes. This
expression is the Hardy-Weinberg equilibrium (HWE). This simple quadratic equation is the
basis for all population genetics even when it is not measured directly. It represents the
expected genotypic frequencies for a given set of allelic frequencies. It is one of the most
stable mathematical relationships in nature. It is so much the expectation that when not
observed in sequencing projects, it can suggest sequencing errors. It is the null hypothesis
and mathematical definition of a stable population at equilibrium; nothing is happening.

The relationship HWE describes is true under a set of 5-10 assumptions that represent the
most important factors that influence population genetic structure. The 5 most common
assumptions are that there is:

1) Random mating (panmixia, assortative mating)
2) No selection

3) No migration

4) An infinite population

5) No mutation

It is rare to have any of these assumptions met in nature, but the proportions are so resilient
that the assumptions have to be severely violated to disturb this relationship. Even if they are
violated, the proportions will be reestablished within 1-2 generations once the population is
stabilized. As with most models, the underlying assumptions are the most important aspects.
They are the basis for most conversations in population genetics.

MARKERS

Microsatellites, single nucleotide polymorphisms (SNPs) and sequencing are currently the
marker types most employed in population genetics. Microsatellites are short tandem repeats
of 2-8 nucleotides (reviewed in (29)). Microsatellites have fallen out of favor in studies of
statistical genetics or gene finding, since SNPs and sequencing provide better resolution at
the level of individuals. Microsatellites, however, remain important in population genetics
since they are mostly neutral for selection and have higher allelic richness and information
content than single SNPs, and individuals are not the focus of population genetics. The
microsatellite’s rapid mutation rate (1072 — 107> per generation) and stepwise mode of
mutation can limit their application to questions that extend over short time scales and to
certain statistical approaches. SNPs have lower rates of mutation (1078) in eukaryotes, often
are diallelic, are ten times more abundant (48, 114), and have high processivity and
scorability. Sequencing essentially provides a very dense panel of SNPs and identifies rare
variants as well as structural polymorphisms (copy number, insertions/deletions).

Mitochondrial and ribosomal DNA markers are much less abundant, less polymorphic, and
thus less informative than microsatellites or SNPs. Some are under selection and in the case
of mitochondrial DNA, the genome is haploid (only 1 copy of chromosomal DNA) and may
or may not have sex-specific inheritance depending on the species (50). They are useful for
phylogeny studies, may be more economical to use in laboratories with limited capabilities
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and are sometimes combined with other markers. Some aspects of malaria such as
multiplicity of infection or populations on a continental scale are studied as asexually
reproducing organisms, which they are in the human host. The ideal markers for this turn out
to be from organelle DNA since these structures behave like bacteria. The analysis then is
based on markers usually scored simply as present or absent as for DNA barcodes (102).

MEASURES OF DIFFERENTIATION AND DIVERSITY

Evolution and conservation are the areas most often addressed by using population genetics
are. These two areas deal with essentially the same phenomenon, but at different time scales,
thus the questions, the approaches, and the interpretation will differ depending on the nature
of the problem. The relevant public health questions in population genetics focus on identity
and dynamics of the group rather than individuals, extend over short time scales and are
directed at the control or extinction of a parasite or vector. Who’s sleeping with whom,
modes of reproduction, evolution or the last common ancestor are all important in different
contexts. These issues may be useful to help explain anomalies and can influence
interpretation, but they are rarely answers to issues of control or intervention. Understanding
how diverse a population is or the degree of difference between populations, combined with
good study design, will contribute directly to determining the impact of control measures,
host or parasite demographics, resistance, risk, resilience or fragility of the population.

The field of population genetics depends heavily on mathematical analyses, some simple
and some very sophisticated, to answer these questions. Mathematical treatments of all of
the indices and statistics of differentiation and diversity can be easily obtained online, from
textbooks or publications and will not be included here. Fortunately for the mathematically
challenged, many open source, individual computer programs and modules are available in
R. The risk that goes with all readymade programs is a failure to understand what is being
asked or the assumptions and limitations of the approach being taken. A list of some
frequently used programs is provided at the end of this review (Table 1).

POPULATION DIFFERENTIATION INDICES

In addition to the Hardy-Weinberg equilibrium, populations can be further differentiated by
other statistical tests. These are based on comparing population heterozygosity (Fst, Gst,
G’st) or the effective number of alleles (Jost’s D).

Fst, Gst, G’st: In the 1950’s, Sewell Wright and Gustave Malécot developed a family of
indices (the fixation indices) one of which (the Fst) describes the likelihood of
homozygosity (fixation) at a single diallelic locus based on heterozygosity of a
subpopulation (s) compared to the total population (t). Theoretically, values should range
from 0 (identity—every individual is genotypically the same) tol (no similarity—every
individual is genotypically different). Nei extended the Fst to handle the case of more than
two alleles and developed the Gst (84). Although the term “Fst” is often used in the
literature, formally most studies today perform the Gst. When highly polymorphic loci, such
as microsatellites, are genotyped, the Gst can severely underestimate differentiation and will
not range from 0 — 1. Hedrick adjusted the range of values for the Gst by dividing it by its

Microbiol Spectr. Author manuscript; available in PMC 2018 November 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

BLANTON

Page 6

maximum possible value given the markers used and forcing the range back to 0 — 1 (49).
This is the G’st. The G’st makes possible the full numerical range of differentiation. Fst and
Gst relate to inherent properties of populations, contain evolutionary information, and
approximate how close populations are to fixation (59). Fst-like measures have been and
continue to be widely used to describe population structure, and their characteristics and
behavior are well known. There are additional related indices (e. g. ¢st (34), AMOVA, Rst
(106), 6 (121)) that address other aspects of differing genetic models, unequal sample sizes,
accounting for haploid genomes, mechanisms of mutation and selection.

Jost’s D. This is sometimes referred to as simply D, but since there are numerous other D’s
related to genetics and statistics Jost’s D (after its creator, Lou Jost (58)) will be used here.
There can be logical inconsistencies for estimating differentiation based directly on
heterozygosity. Ratios of pooled subpopulations to total population diversities tend toward
zero when the subpopulation diversity is high (58). Unlike those based directly on
heterozygosity, Jost’s D is based on the effective allele number (see below). It has the
property of yielding a linear response to changes in allele frequencies and is independent of
subpopulation diversity. Unlike Fst, Gst and similar indices, Jost’s D does not carry
information relevant to the evolutionary processes responsible for the present composition of
a subpopulation. It is described by supporters and detractors as only a measure of
differentiation (122). It was never meant to do more.

Whitlock provides one of the best comparisons of these 2 approaches:

“This (Jost’s) D differs from Fst in a fundamental definitional way: Fst measures
deviations from panmixia, while D measures deviations from total differentiation.
As a result, their denominators differ, and thus, the two indices can behave quite
differently. D indicates the proportion of allelic diversity that lies among
populations, while Fst is proportional to the variance of allele frequency among
populations. D is more related to the genetic distance between populations than to
the variance in allele frequencies; it may be preferable to call D a genetic distance
measure

(122).”

There has been controversy about the use of these different types of indices. There should
not be. They address different but related questions and resolve different analytic problems.
It should be recognized that the G’st and Jost’s D yield similar results when the number of
populations is small and the markers have a small number of alleles. The G’st and Jost’s D
have given similar results in our own studies using microsatellites (16) and in simulation
(122) with G’st giving values slightly higher than those for Jost’s D. Some authors
recommend calculating both Gst and Jost’s D, in part to satisfy everyone and in part to
obtain the useful information about population diversity their departure may provide.

In relation to public health, most questions about parasites and vectors deal with near term
events of 2-20 generations, rather than events occurring on an evolutionary scale. The result
we often seek is simply to know how different the allelic composition of one group is
compared to another. In addition, the population or subpopulation structures may be such
that there cannot be strong assumptions of HWE. The use of other markers, such as SNPs
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and sequencing may require other approaches such as principal component or factor analysis
(41). Apart from differentiation, individuals can be clustered into populations by model-
based, structured association methods used in programs such as Structure (96) and
Admixture (6). These programs use approximation to HWE between populations as part of
their clustering rule. They do provide a value for Fst to quantify the differences between the
clusters formed.

DIVERSITY

Diversity like differentiation has myriad formulations and interpretations. The simplest
expression is mean heterozygosity (H). For microsatellite data, this is usually high due to the
intrinsically high mutation rate of these markers, and markers with higher variability are
usually selected. Allelic richness (Ar) is simply a count of the number of alleles at each
locus. Differences in sample size and marker choice will necessarily result in differences in
allele number. This can be adjusted for by statistical methods such as rarefaction (66) to
standardize sample sizes between comparison groups. The effective allele number (Ae) is
also a measure of diversity and needs no adjustment for sample size. The maximum
heterozygosity under HWE occurs when the frequency of each of the alleles at a locus are
equal. The Ae represents the number of alleles with equal frequencies in an ideal population
that will produce the same heterozygosity as that of the actual population.

The most informative measure of diversity is the effective population size (Ne), a concept
also introduced by Sewell Wright. It addresses the essential reason that diversity is
important, namely, it reflects the strength of genetic drift. Genetic drift is the effect of
random transmission of alleles during reproduction to succeeding generations. When
numbers of reproducing individuals are small, the genetic composition of the population of
offspring can differ, by chance, from what is expected given the composition of the parents.
For examples, if two coins are flipped, it would not be that unusual for both to come up
heads. If a thousand coins are flipped, the ratio of heads to tails will always be very near the
expected 50:50 ratio. Thus, genetic drift is like what happens when few coins are flipped.
Chance variation from the expected distribution is stronger when populations are small or
reduced.

Ne can represent the number of actively breeding individuals in the population (inbreeding
Ne) or the number of individuals in an ideal population needed to reconstitute the diversity
in an actual population (variance Ne). It is almost always less than the census population
(Nc). Itis a key value in conservation genetics and population genetics in general, since it
reflects the history and potential of a population. Increasing drift (decreasing Ne) tends to
neutralize the force of directional selection, permits retention of deleterious mutations and
hampers the ability of populations to adapt to stresses (47). Like differentiation, there are
several approaches to Ne that can produce different values and are designed to measure
different aspects of diversity.

Despite its importance, Ne can be difficult to estimate in wild populations due to
uncertainties of the demographic, genetic ,and biological context (92, 120). It can be
affected by sample size, overlapping generations, sampling interval, sex ratios, gene flow,
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age-structure, variation in family size, fluctuating population size or selection. Increasing the
numbers of markers is less important than large samples for accurate estimates of Ne.
Sampling the number of individuals that represent as much as 10% of the value of Ne has
been recommended (92). Its interpretation can also be uncertain. Estimated Ne has been
used as an aid in predicting extinction using the concept of a minimum viable population
size. Some have suggested that a population at an Ne of 50-500 will experience extinction in
the short- or long-run, respectively (40). Others have argued that this might occur at Ne =
5000 (64). While it is clear that lack of diversity has an impact on extinction (110), it is also
clear that there cannot be a single number or range for the minimum viable population size
for all populations (39, 116). In any case, theory suggests that there is a number defined by
the amount of genetic drift below which populations are likely to go extinct on their own.
Determination of the range for this number will be context-specific and will require multiple
species-specific studies under multiple conditions. This kind of analysis might contribute to
developing a stopping rule as control measures approach elimination.

APPLICATION OF MOLECULAR TECHNIQUES TO THE EPIDEMIOLOGY OF
EUKARYOTIC PATHOGENS

As we emphasize throughout reviews in this series, the molecular method employed to
assess the epidemiology of a pathogen or vector depends on the question being asked and
the biology of the organism’s DNA. Many protozoa employ asexual reproduction, and the
tools applied to their study resemble the pattern recognition approaches used for bacteria:
DNA fingerprinting, rep-PCR, ERIC, spoligotyping etc. Although this part has emphasized
population genetics, the study of malaria and other protozoa with similar life histories may
present a special case relative to helminths. While malaria is a sexually reproducing
organism in the mosquito, in humans it reproduces asexually, and its multiplicity of infection
(MOI) is rarely more than 3 even when based on genomic sequence (10) and usually less
than 2. Despite infection with multiple genotypes, yet these infections remain simple, so that
several simple marker systems and analyses suffice for some questions. Helminths, by
contrast, tend not to reproduce asexually in humans, and infections are acquired one or a few
individuals at a time over years (111). This produces a rich mix of multilocus genotypes, a
situation not easily addressed by analysis of banding patterns on a gel. To differentiate
species, or individuals of the same species, or to identify resistance when the gene(s)
responsible are known, requires few markers and a read-out for presence or absence.
Depending on the question, however, larger numbers of polymorphic markers and standard
population genetics approaches offer better differentiation, an understanding of the reasons
for diversity and population histories, as much for malaria as for helminths.

A major role for molecular techniques in infection control programs is for detection. In
many cases, PCR is more sensitive (68) than microscopy and permits differentiation of
closely related species, such as the filarial worms (74), hookworm species (127) or
Lefshmania (14, 55). Beyond this, simple prevalence or incidence of infection alone may not
reveal local differences in the stability of the parasite population or its response to control
measures. An analysis of population genetics with adequate sampling better reflects the
whole population, since the genetics represents sampling from a much wider range of
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individuals and over several generations. The pattern of transmission of DNA over
generations in itself provides information about the relationship of multiple unseen members
of the species. For example, reduction in population size may be accompanied by increasing
LD where inbreeding and genetic drift result in reduced diversity (105). An increase in
differentiation from one time period to the next may indicate a new introduction or an
epidemic burst from a resident subpopulation. Similarity between geographic isolates (low
Fst) also suggests a high degree of movement between regions, i.e. high gene flow.
Interpretation will still depend on the context: presence of control measure, change in
morbidity or prevalence, a change in vectors, new hosts etc. Each of these conditions may
require a different public health response. Some examples of the application of molecular
methods to address problems of parasite epidemiology are given in this section.

Molecular methods become essential for the assessment of population status when
transmission is declining in order to improve detection, to focus attention on “hot spots”, to
evaluate the impact of interventions and to scan for evidence of resistance. This section is a
partial review of studies that apply molecular techniques to questions of public health and
parasites. This section also has a heavy emphasis on malaria and some helminths.
Schistosoma mansoni and Plasmodium vivax are addressed in greater detail in later reviews,
but a few examples are included here. Given the importance of P, falciparum for global
health, a large amount of attention has been focused on this pathogen.

Distinguishing recrudescence from re-infection and determining multiplicity of infection

For studies of treatment efficacy, new infections must be distinguished from persistence of
the pre-treatment infection. For most £ falciparum studies, the highly polymorphic loci
merozoite surface proteins 1 and 2 (mspl1, msp2), and the glutamate-rich protein (glurp)
have become standard tools for infection control (75, 108). They are specifically
recommended by the WHO (36) to accompany trials of drug efficacy, and there is an
extensive literature on their application for this purpose (2, 3, 22, 46, 52, 75, 80, 82, 83, 91,
101, 103, 118).

In addition to distinguishing persistence from reinfection, msp 1, msp 2 and glurp are
commonly used to determine MOI. Prior to molecular analyses, human infections with
malaria were often considered completely clonal. We now know that infection with multiple
genotypes is common, albeit with a small number of individuals, so that MOI ranges from
1-3. MOl is used as an indicator of the intensity of transmission and diversity (4). While this
set of markers clearly has utility and often performs the purpose for which it was designed, it
has some significant technical and analytic limitations. To reduce cost, these markers are
often analyzed on agarose gels. The joint amplification of these markers in multiplex assays,
and the resolution available on agarose gels likely underestimates diversity compared to their
detection by capillary electrophoresis (75). There is also inherent variability in agarose gel
electrophoresis that needs to be taken into account when establishing criteria for band sizes
(83, 101). Even under ideal conditions, they tend to underestimate MOI compared to
sequencing approaches (10). As control programs achieve lower prevalence, the loss of
diversity can further decrease the ability to differentiate relapse from new infections locally
(91), while genetic differentiation between foci of infection increases (79). The small
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number of markers also does not permit a higher order analysis of population dynamics such
as effective population size or differentiation.

Distinguishing epidemic from endemic disease occurrence

Reduce variability is a key characteristic of founder, bottlenecked and outbreak populations
(107). With bacteria and some protozoa (9), an outbreak often means the presence of a
clonal population. In an outbreak of P falciparum in Cape Verde reported by Arez et al., the
population was genetically homogeneous based on the msp 1, msp 2, glurp loci. Since the
area was previously one of very low transmission, this suggested that the increased incidence
was due to a single introduction and single initial transmission, given that the parasite needs
to complete a sexual cycle for continued transmission. More commonly, for outbreaks with
sexually reproducing organisms, diversity is low but not clonal and LD is high. These
characteristics have previously identified a spike in 2 vivax infections in the Amazon basin
as an epidemic circulating on top of endemic transmission (12).

Diversity can also be used in other ways to interpret population structure. Where there is a
low level of endemic circulation, there will be low diversity, fewer multiple infections, and
high LD due to higher amounts of inbreeding. This was the expectation in a survey of 130
samples from 7 districts in Bangladesh, where malaria is considered hypoendemic based on
the number of symptomatic cases. Instead, a relatively high MOI and high heterozygosity,
more typical of hyperendemic regions of Africa, were observed and this is consistent with a
much larger population than expected. This indicated to the authors that the current national
strategy should now include asymptomatic cases, since they likely contributed to the overall
size of the population and persistence (4).

Distinguishing pathovars vs commensal flora or saprophytes

Distinguishing pathogenic varieties (pathovars) of parasites from non-pathogenic ones is
primarily a question of distinguishing species This task, therefore, employs marker systems
that provide simple “present” or “absent” responses. A classic problem in the diagnosis of
amebiasis (a complex of conditions including severe dysentery and liver abscess) is how to
distinguish Entamoeba histolytica (the principal cause), from E. moshkovskii (an uncommon
cause) and £. dispar (a commensal). They are all morphologically indistinguishable.
Serologic tests have been developed, which are less sensitive than PCR for 16 S rDNA (68,
93). The diagnosis of large tapeworms is similarly difficult primarily due to a newly
identified species 7aefna asiatica. For many decades, dogma held that there were 2 species of
tapeworms infecting humans in the genus 7aenia. Differentiation was important, since the
species using the pig as an intermediate host ( 7. so/ium) produced an invasive intermediate
form causing serious neurologic disease in humans (cysticercosis), while the species
developing in cattle (7. saginata) did not. These species could be distinguished
morphologically. In the early 1990’s, however, a parasite with the morphological features of
T. saginata and infecting pigs was found to be invasive for humans (30). This new species
was designated 7. asiatica. Sequences within the valine tRNA and NADH genes were used
to design a species-specific PCR capable of distinguishing these 3 important species. The
complete sequence of the mitochondrial genome (56, 57) provided a level of resolution that
allowed in-depth analysis of the population status and dynamics of this new pathogen. These
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studies also showed the close phylogenetic similarity of 7. asiaticato 7. saginata (18) as well
as evidence of hybridization, which, unhappily, may indicate a path for rescuing
characteristics of the pathogenic species from extinction (5).

Ascarid nematode worms have the ability to infect a variety of vertebrates, but it is uncertain
whether worms from different hosts represent different species. When the pig pathogen,
Ascaris suum, infects humans, the larvae can be invasive and may migrate aberrantly to
viscera, including to the central nervous system. The morphologically identical A.
lumbricoides is not invasive. The two can be differentiated by PCR amplification of the
ribosomal internal transcribed spacer and by using a commercial kit based on NADH
dehydrogenase subunit 5, yet there is still controversy (24, 67, 94). Molecular studies have
not been sufficient to resolve this question, since it has not been clear what is meant by
“species” in this case and to what degree it matters.

In addition to distinguishing pathogens from commensals, molecular techniques have also
been used to differentiate more pathogenic strains from lesser pathogens within the same
species. Infection with Onchocerca volvulus is a cause of blindness and a debilitating
dermatitis, but blindness and other severe complications are more common with the savanna
form than with stains found in the forest. In transition zones and in a landscape being shaped
by human activity these geographic descriptions do not always correspond to the parasite
strain being transmitted. Several investigators (31, 32, 74, 128) helped develop a system for
differentiating species and strains of Onchocercabased on PCR amplification of a highly
repeated 150 bp element followed by hybridization with a strain-specific probe (O-150).
This marker system has been widely adopted by the WHO’s Onchocerciasis Control
Program to estimate the potential for severe disease in multiple populations of the parasite
(126). The use of a single marker will not carry implications for status of the population in
and of itself, but combined with demographic data can indicate migration events (90) and
inform the planning of control/elimination measures (44, 69, 119).

Identifying new hosts and modes of transmission

Many helminthic parasites distribute their development among different hosts, and the
epidemiology of the infection is greatly influenced by the biology of these hosts. Further, the
host range of a given parasite is not always clear. In several recent cases, the zoonotic
contribution to human disease could only be appreciated by molecular techniques.
Morphologically similar parasites may infect human and/or animal hosts without belonging
to the same species (15). In other cases, there may be new or unappreciated hosts, and these
must be verified using molecular techniques. The elimination of Guinea worm suffered a
recent set back when it became apparent that dogs were previously unappreciated or had
become major hosts of the parasite (20, 28). Whole genome sequence verified the identity of
the parasite in both humans and dogs as the same guinea worm species, Dracunculus
medinensis. This necessitated a re-analysis of the elimination strategy. Similarly, sequence
of Hymenolepis nana from humans and rats demonstrated that the same species was being
transmitted and confirmed rodent involvement in the life cycle (71) with attendant
implications for control measures.
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In Denmark, human infection with ascarid worms is uncommon (1%), but is commonly
found in Danish pigs (25%). By PCR-RFLP analysis, parasites from infected Danes
clustered with the local pig parasites rather than human infections elsewhere in the world
(85). Thus, the few observed human infections in Denmark were native A. suumand not
imported cases of A. lumbricoides. A similar association was observed in the United
Kingdom (13). The implication for public health is that in these countries, whether or not
there are separate species, human infection results from a zoonosis, and control in the human
population should target control in pigs.

Finally, S. japonicum, a trematode, unlike the other major human schistosomes is primarily
zoonotic. The risk to humans tracks with the biology of the other infected species. Rudge et
al. (96) observed local geographic clustering of S. japonicum base on microsatellite
genotypes and Fst. They also clustered with parasites infecting the predominant local non-
human host species. This suggested that rodents might represent a more important reservoir
that initially thought in some areas. The highest gene flow was between humans and
domestic ruminants as suggested by low Fst values and Bayesian clustering with the
program Structure (96). Identification of the principal local hosts by a molecular approach
contributes to planning local control measures.

Tracking geographic and temporal distribution of infectious disease agents

Panels of 23 or 24 SNP markers for 2. falciparum (25, 95) have been derived from bacteria-
like organelles, such as mitochondria and apicoplasts. These cellular structures have the
advantage of not being subject to sexual recombination (112), and markers can be analyzed
simply as present or absent analogous to supermarket barcode labels. DNA barcoding was
originally developed as a taxonomic tool. The 23 SNP barcode panel was able to classify
most isolates by continent of isolation with 92% predictive accuracy. It was able to
determine that the origin of a mystery isolate that infected a Dutch resident living near
Amsterdam’s international airport originated to the continent of Africa, but was unable to
determine if the source was from East or West Africa. A limitation of such markers is their
resolution, since the questions are often over a continental scale and resolution deteriorates
with increasing diversity. A subsequent panel of 42 nuclear SNPs forms a barcode may have
better resolution and is able to distinguish between populations from Brazil/French Guiana,
Ethiopia and Sri Lanka (11).

Genomic sequencing, while currently the most costly approach, has the advantage of
providing higher resolution. For 2. vivax, most studies have used sequences from the
mitochondrial genome (23, 43, 51, 54, 98). Paradoxically, while differentiating regional
populations, mitochondrial sequences were less useful for differentiating continental origins
(98). Mitochondrial genome sequence were critical for identifying the origin for the 1993 re-
emergence of vivax malaria in South Korea as coming from a regional source (54) rather
than a more distant importation.

In and of itself, geographic origin may not be a key epidemiologic factor, unless associated
with a pathogen phenotype, a new invasion, or as a factor in evaluation or planning for a
control program. The study of longitudinal microsatellite diversity of 2 vivax populations
has been able to resolve many questions about the nature of transmission (37). In the
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Amazon basin, for example, increased incidence during a three-year study was associated
with diminished genetic diversity signaling a localized outbreak by a limited number of
strains. As the incidence fell, diversity returned to pre-outbreak levels (12). By contrast,
during a resurgence of vivax malaria in Greece (109) and Sri Lanka (45) high parasite
diversity indicated contribution from multiple strains consistent with rapid expansion of the
local population. In the context of declining prevalence, this suggested multiple
introductions, rather than clonal expansion. Options for control and prevention differ for
these 2 situations.

Understanding the distribution of resistance

Molecular tools for the study of the epidemiology of drug resistance rely primarily on
identification of the gene or genes involved. The paradigm of “one drug, one resistance
gene”, however, clearly does not always reflect reality for parasites any more than it does for
bacteria. Anti-malarials is the category of most concern at present. For chloroquine and the
combination sulfadoxine and pyrimethamine (Fansidar) there is a well-defined and limited
number of genes responsible. By contrast, artemisinin resistance is the result of a summation
of several mutations in multiple genes with key variants tipping the balance toward
resistance (72, 77). These patterns correspond to what have been termed, respectively, hard
selective sweeps, where resistance arises on one or a few genes, and soft selective sweeps,
which are the result of the summation and concentration of multiple pre-existing
characteristics to result in a resistant phenotype. Even for what appears to be hard selective
sweeps, multiple mutations are required in 2 genes for resistance to chloroquine (ofertand
prfmdrl) (124) and sulfadoxine/pyrimethamine (pfdhps and pfahfr) (reviewed in (123)). The
epidemiology of antimalarials, then, depends on the genetic mechanism for the development
of resistance. Mutations within the kelch motif protein 13 gene serve as markers for
artemisinin resistance, at least in Asia (72). An approach for detection of resistance without
identification of a responsible gene are discussed in a later review.

Since 1996, the WHO has recommended national surveillance for antimalarial resistance
every 2 years. Initially the advocated methodology was purely based on monitoring response
to treatment (125), but in 2009 standard PCR was added for a more sensitive measure of
infection and to distinguish persistence from reinfection. There is as yet no standard
recommendation for surveillance based purely on identification of resistance genes. A
surveillance program for malaria and resistance genes revealed that subclinical infections
were more frequent than symptomatic cases (OR 3.7) and served as a likely reservoir for
chloroquine resistance genes pfcrtand pfmari (19). The existence and importance of this
reservoir could only be uncovered by a molecular method. Molecular surveillance of specific
polymorphisms was also used to demonstrate high degrees of susceptibility (61, 70, 73, 87),
sustained resistance (60) or high risk for resistance (89) in specific countries. In each case,
ongoing molecular surveillance is suggested as an early warning mechanism for the arrival
or development of resistance. An excellent resource for the distribution of artemisinin,
chloroquine and sulfadoxine/pyrimethamine resistance mutants is the Worldwide
Antimalarial Resistance Network website (http://www.wwarn.org). Detailed and updated
interactive maps and tables are provided. Similar approaches are taken using equivalent 2
vivax genes (76).
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A limited number of markers is sufficient to track resistance within a country and across the
globe when the gene(s) is known. Some of these studies allow assessment for resistance
arising within a population, such as the assessment of mutations contributing to artemisinin
resistance in migrants in Myanmar (89) or geographic clustering of sulfadoxine/
pyrimethamine resistance in Republic of Congo (115). Another dimension to the potential
for the spread of resistance is the degree of gene flow between populations. Since resistance
usually arises in one or a few areas, the mobility of parasite genotypes in general will predict
the rapidity and extent of spread of a resistant phenotype. Based on using multiple
microsatellite markers, low differentiation indices (Fst ~0.02) predict the ready
dissemination of any new resistance characteristic that arrives in areas of Mali (88) or the
Sudan (1). In a similar way, measures of gene flow are useful for planning the release of
modified mosquitoes in vector control programs (65).

Anderson et al. used SNPs to provide a new much higher estimate of Ne to study the
development of artemisinin resistance in Southeast Asia (7). They were able to estimate that
mutations in the most important resistance locus (ke/ch13) arose hundreds of times,
implying that the drugs used in combination with artemisinin were likely to be only partially
effective. This lent support to the use of 3 effective drugs for treatment.

Few resistance genes against antihelminthics have been identified, but the number of drugs
in common use is small to begin with.. Recently, a gene for resistance to the drug
oxamniquine was found (117), but this drug is no longer commonly used. The target of
albendazole, a key drug for nearly all nematode infections, is B-tubulin. In veterinary
practice, resistance is becoming common, since it relies on point mutations within this gene.
Surveillance for some of these mutations in human parasites showed them to be high
following treatment (27). Decreased efficacy, however, was observed only in Trichuris
trichuria and not in hookworm or Ascaris lumbricoides, where the relevant mutants were
few.

Planning control strategies

The very structure of populations is a useful guide for planning control measures. The ability
of parasites to migrate into a control area can be gauged by looking at differentiation as an
indication of gene flow. In the Comoros archipelago, gene flow for 2 falciparum was high
between all 4 islands (Fst <0.05), except the most southern of them (>0.10). This was still
not considered sufficient degree of isolation to prevent rapid repopulation. The authors felt
that the best strategy would be for control measures initiated simultaneously on all islands to
avoid rapid repopulation (97). Similar degrees of gene flow with similar recommendations
was observed on islands in Lake Victoria (81). A survey across West Africa likewise
demonstrated extensive gene flow (most Fst values <0.03) and for that reason the authors
were pessimistic about the development of a fragmented landscape that would facilitate
elimination without very extensive fall in prevalence (78). The distribution of A2 falciparum
in Malaysia stands in contrast to West Africa. Here endemicity has been declining for some
time, and there are high levels of differentiation between sites and elevated LD suggesting
elevated inbreeding (8, 79). While the fragmentation suggests an island-by-island approach
may be successful for malaria control, the increased LD and even clonal expansion in some
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areas may make monitoring difficult, since it will become more difficult to distinguish
recrudescence from reinfection where individuals are highly related.

Surveillance and monitoring response to intervention

Molecular techniques contribute to the measurement of the success of control programs by
increasing the sensitivity of detection and assessing the impact on target populations. In
addition to morbidity reduction, the aim of many programs today is to eliminate
transmission, which requires increasingly more sensitive methods of detection. Lamberton et
al. (63) assessed the impact of ivermectin treatment on transmission of onchocerciasis in
Ghana where treatment and control programs have been ongoing for 3-24 years, depending
on locale. Using species-specific ribosomal markers and the O-150 marker on captured
black flies, they observed a negative correlation between the prevalence of O. volvulus in the
vector and duration of the treatment program, yet there was still vector positivity after 24
years of control efforts. This meant treatment with ivermectin alone was unlikely lead to
elimination. This emphasized the need for new approaches with triple combination therapy,
which is showing remarkable ability to maintain long-term elimination in humans (38) and
is now recommended by the WHO.

Senegal intensified its malaria control efforts starting in 2006 through their National Malaria
Control Program (NMCP), with apparent marked reduction in transmission. The long-term
effect on the population could be tracked through analysis of 24 microsatellite markers (25,
95) as well as complete sequencing of a sample of parasites. SNPs developed from the
sequences were optimized into sets of barcodes, and the extent of similarity and identity
were used to model rates of reproduction. The pattern of inbreeding and extensive regions of
LD mirrored the significant reduction from 2006-2010. Re-expansion of unique barcodes in
2013-2014 were consistent with the rebound observed in clinical incidence data (26).

In a similar fashion, Ingasia in Kenya surveyed £ falciparum populations from the 2 well-
defined ecological zones of lowland and highland transmission as well as Eastern versus
Western Kenya (53). Of particular importance, this group wanted to assess the effect on the
population of the introduction of artemether—lumefantrine. The study employed 12
microsatellite loci genotyped in >200 isolates from 5 sites. In Eastern Kenya, where the
infection has been in decline due to intensive treatment and use of bed nets, parasite
diversity was low. Otherwise, there was high diversity elsewhere in the country suggesting
high effective population size and little effect. In the highlands there was high within
population LD, but overall differentiation between sites was moderate (Fst 0.072). In Kenya,
where gene flow is high, the prevalence of antimalarial resistance genes was comparable
across geographic and ecological regions as predicted from population structure (17).

Not all efforts at malaria control have been associated with evidence of a genetic impact on
the parasite population. Another study on falciparum malaria in Kenya employed 8
microsatellite loci to assess parasite genetic structure over a 10 year period following the
introduction of insecticide treated bed nets (42). The expectation was for a decrease in
diversity, but no significant changes in multiplicity of infection, heterozygosity or LD.
Differentiation between the populations over this period remained low at an average Fst of
0.04. The high diversity and low differentiation suggested that high gene flow helped
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maintain the population in this area. Haiti was another country where stepped up efforts to
control and eliminate malaria occurred especially following the 2010 earthquake.
Microsatellite analysis with 12 neutral loci indicated high gene flow, high diversity and little
evidence for a genetic bottleneck (21). The approach to control needed to be modified.

Finally, Malawi instituted a multipronged control effort directed at vector control with
indoor residual spraying, widespread use of bed nets, rapid diagnosis and treatment.
Parasites were sampled 2 years before and twice during a 5-year period following
implementation of these measures. Many of the methods mentioned in this review were
applied to evaluate the impact of these efforts. No changes were noted for MOI,
heterozygosity, genotypic richness, multilocus LD and Ne. There was some modest
reduction in heterozygosity for multiple-genotype infections (104), but the general
conclusion was that these efforts were insufficient to effect significant change in the overall
population and that other approaches should be incorporated. It was also possible that the
sample size gave insufficient plower to detect changes in all of the parameters measured.
The report of this study further acknowledged 2 other studies of malaria (45, 86) with
similar poor responses when the starting prevalence was very high.

CONCLUDING REMARKS

Some problems in the study of molecular epidemiology of eukaryotic pathogens can be
addressed with a few markers and categorical interpretations for their presence or absence
(e.g. MOI, savannah vs forest forms, pathovar vs non-pathovar). Markers for antimicrobial
resistance sometimes fall into this category, but as with bacteria, we are finding resistance
can be complex and multigenic traits in parasites. The application of population genetics to
the study of parasite epidemiology is more complex, but promises enormous rewards in
bringing to light processes at work within the pathogen community. Every control program
whose aim is elimination should apply this kind of analysis to assess success and understand
failure. Otherwise, these programs operate blindly with respect to the parasite’s perspective
on how the outcome was achieved.

A population genetic analysis is not a perfect crystal ball, but contributes important clues
about the continued risk of transmission, the quality of the intervention (coverage), as well
as with what resources the parasites as a group responded (drug resistance, immigration,
reservoirs, force of infection, persistence) and consequently, how best to approach control or
elimination.

Terms and Abbreviations

Ae (effective allele number)
A measure of diversity. It is related to heterozygosity by Ae = 1/(1-Hexp)

Allele
Points of variation at homologous loci

Ar (Allelic richness)
A measure of diversity. The total number of different alleles in a population
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Diallelic
having 2 alleles (types of nucleotide variation) at the given locus

Diploid
The status of organisms or cells that have 2 homologous chromosome

Crossing over
During gametogenesis in sexually reproducing organisms, homologous segments of different
chromosomes are exchanged

Gene flow
The geographic movement of genes due to migration and reproduction of organisms

Genetic drift

Gamete and zygote formation in sexual reproduction are probabilistic, so expected
combinations appear at expected frequencies when the numbers are large. When the
numbers are small unusual combinations occur. Populations with small numbers will
develop unexpected allelic and genotypic frequencies over time. For this reason infinite
population size is one of the criteria for the HWE

Haploid
The status of organisms or cells with 1 copy of each

Heterozygosity

The percent of a population that is heterozygous at a given locus or the average percent over
all loci. This is often taken to be one measure of diversity, but is dependent on the kind of
marker used. Microsatellites often have high heterozygosity (50-80%), while SNP
heterozygosity is generally less than 50%

Homozygote/Heterozygote
For diploid organisms, homozygotes have no variation between DNA sequence or structure
at homologous loci, while heterozygotes differ

HWE (Hardy-Weinberg Equilibrium)
A description of the relationship of allele frequency to genotypic frequency in an ideal
population. The null hypothesis in population genetics

Linkage
The degree to which loci within the genome are inherited randomly due to their proximity.
Loci that are close to each other tend to be transmitted together to the next generation

LD (Linkage disequilibrium)

The observation of the joint occurrence of alleles at 2 or more loci more often than expected
given their frequency. The concept refers to families and populations and involves
demographic and evolutionary processes more than the physical geography of loci in the
genome (reviewed in (105)). The expectation under HWE is that there will be no association
between alleles on different loci
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Locus
An identified region of a chromosome
Ne (effective population size)
A measure of diversity. The sensitivity of a population to genetic drift, the number of
breeding pairs in a population or the minimum number of individuals in an ideal population
required to reconstitute the diversity in a real population
MOl
multiplicity of infection
Panmixia
The state where all individuals have an equal chance of reproducing with all others
Pathovars
Pathogenic varieties
Reassortment
The mixing of genetic material in the process of reproduction. In sexually reproducing
organisms this includes the random assignment of chromosomes to the haploid sex cells
(gametes) as well as the process of exchanging homologous sections of chromosomes (see
crossing-over). In viruses, such as influenza, segments from one viral strain or species may
be mixed and segregated with those of a different strain
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KEY POINTS
. Asexual reproduction usually produces a clone; sexual reproduction never
does.
. A population is a group of organisms that tends to breed together
. Allele and genotype frequencies describe populations
. Allelic/genotypic frequencies and traits tend to be maintained within groups

of interbreeding organisms (derived from the Hardy-Weinberg equilibrium)

. Gross changes in allelic/genotypic frequencies are due to a limited set of
events

. Allele and genotype frequencies can be used to infer population histories

. Indices and statistics can be used to compare & assess population history and

to project population dynamics
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Chromosome A

Locus 1

Allele A— —Allele a

Figure 1.
There are 2 nearly identical copies of all chromosomes for diploid organisms, except those

responsible for determining sex. The corresponding location on each chromosome is a locus.
Specific differences or similarities within a locus are alleles. The identity of both alleles at a
locus is the genotype. In this case the genotype is Aa, i.e. heterozygous. Were it AA, the
genotype would be homozygous.
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Figure 2.
(left panel) Asexual organisms or organelles: a) Circular genome with bacterial

reproduction; b) diploid linear genome and asexual eukaryotic reproduction. Every time the
marker is present, the trait genotype is present.

(right panel) Sexual organisms: Sexual reproduction between organisms with diploid
chromosomes. ¢) reassortment; d) recombination and reassortment. Every time the marker is
present, the trait genotype may or may not be present.
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Table 1.
Selected Population Genetics Programs
Program Functions Platform Update | Authors URL
Admixture | Clustering Windows 2015 Q!ﬁxander https://www.genetics.ucla.edu/software/admixture/
Arlequin HWE, Fst, Windows Excoffier, . ; ;
(123) t AMOVA Mac Linux 2015 and Lischer http://cmpg.unibe.ch/software/arlequin35/
Bottleneck | Expected Windows 1999 Cornuet et al http://www1.montpellier.inra.fr/CBGP/software/Bottleneck/bottleneck.html
127) t heterozygosity ' ’ ’ T '
diveRsity HWE, Fst, Ar R package | 2017 Keenan http://diversityinlife.weebly.com/
DnaSP Windows .
(124) Fst, Gst Mac Linux 2018 J. Rozas et al. http://www.ub.edu/dnasp/
estMOl Haplotype ; .
(30) generation Windows 2014 Assefa et al. http://pathogenseq.Ishtm.ac.uk
Fluctuatet | Ne \lcgédfyxix 2002 Kuhner http://evolution.genetics.washington.edu/lamarc.html
FSTAT HWE, Fst, Rst | Windows 2005 J Goudet http://www?2.unil.ch/popgen/softwares/fstat.htm
HWE, Ae,
Fst ;
Genealex 4 Windows Peakall and :
Rst, Gst, G’st, 2016 http://biology-assets.anu.edu.au/GenAlEx/
(121) t Jost’s D. Nm Mac Smouse
and AMOVA
Online
: Raymond
Genepop HWE, Nm, Windows . .
(122) Fst* Mac Linux 2017 aRnd http://genepop.curtin.edu.au/
: ousset
Unix
Genetix HWE, Fst, Gst | Windows 2004 K Belkhir., etal. | http:/kimura.univmontp2.fr/genetix/
MLINE Ne,m, N Wind 2003 | wi htps:// |.org/science/software/mi
(126) 1 e, m, Nm indows ang ttps://www.zsl.org/science/software/mine
D,g, G’st and
mmod ot = ST an R package | 2017 Winter et al. https://github.com/dwinter/mmod
(129) ®’sT
Pegas HWE, Fst, . . . .
(1390) AMOVA R package | 2017 Paradis https://cran.r-project.org/web/packages/pegas/index.html
(Plosp]%en HWE, Ar R package | 2016 Kamvar http://popgen.nescent.org/
PopGen HWE,
summar Adamack and
(Rlez%(;rt statistics),l Des R package | 2015 Gruber http://www.popgenreport.org/
G’Stand ¢’st
GST, Online, N.
Poptree2 standardized Windows, Takezaki, . e . .
(113) GST, and DOS, 2014 M. Nei, and http://www.med.kagawa-u.ac.jp/~genomelb/takezaki/poptree2/index.html
Jost’s D UNIX K. Tamura
SpadeRt Jost’s D Online R 2015 Chao http://chao.stat.nthu.edu.tw/wordpress/
package : o R
SPAGeDi Windows Hardy and . .
(125) Fst, Gst, Rst Mac Linux 2015 Vekemans http://ebe.ulb.ac.be/ebe/SPAGeDi.html
(Sgtg;cture Clustering \'\//I\/;r;dows 2012 Pritchard et al. http://web.stanford.edu/group/pritchardlab/structure.html
HWE, Fst,
TFPGA genetic Windows 2000 Miller http://www.marksgeneticsoftware.net/tfpga.htm
distance
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Most programs perform additional analyses, but the emphasis here is for measures of differentiation and diversity discussed in this part. All
programs accept discrete genotypes, except DnaSP. Some () accept allele frequency data and others () raw DNA sequences. Programs producing
estimates of Fst using Weir and Cockerham (121) are indicated by (*). Additional lists of programs can be found in Excoffier et al. (33) or at
websites:

. Population genetics in R (http://grunwaldlab.github.io/Population_Genetics_in_R/)
. University of Washington (https://courses.washington.edu/popgen/Software.htm)
. Softlinks (http://softlinks.amnh.org/popgen.html)
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