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ABSTRACT

Genetic diversity is crucial for species adaptation and promotes species diversification.
In addition, genetic diversity patterns are widely used to infer the past history of pop-
ulations and to guide conservation policies. Population structure, when a set of pop-
ulations are connected through migration, is known to lead to genetic differentiation
and to influence the dynamics of genetic diversity. Nevertheless, how to accurately
measure genetic differentiation, and what is the impact of past changes of migration
rate on the dynamics of genetic diversity, are still open questions. This thesis has four
aims. First, investigate the ability of commonly used measures to describe genetic dif-
ferentiation. Second, assess the impact of an abrupt change of migration rate on the
dynamics of genetic diversity. Third, assess the impact of multiple changes of migra-
tion rate. Fourth, investigate the inference of past migration rate changes from genetic
diversity patterns. Results show that existing genetic differentiation measures are com-
plementary, as they are accurate in different mutation regimes. In addition, it is shown
that a single abrupt increase of migration rate can generate a large persistent excess of
genetic diversity. Multiple changes of migration rate can either lead to a large excess of
genetic diversity, or a high turnover of genetic diversity, depending on the frequency
of the changes. Finally, results show that contrasting genetic diversity patterns from
multiple populations allows the distinction of migration changes from other demo-
graphic processes. Results of the thesis refine our understanding of genetic diversity
in structured populations, and provide guidelines to measure genetic differentiation.
Moreover, the processes highlighted could influence the rate and mechanism of adap-
tation. Finally, results improve the inference of the demographic history of natural

populations from genetic data, facilitating their management.
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viii

RESUME
La diversité génétique est cruciale pour I’adaptation des espéces et favorise leur diver-

sification; les patrons de diversité génétique sont utilisés pour inférer 1'histoire des
populations et guider les stratégies de conservation. La structure des populations
(ensemble de populations connectées par la migration) crée une différenciation géné-
tique et influence la dynamique de la diversité génétique. Néanmoins, deux questions
restent en suspens: comment mesurer la différenciation génétique, et quel est I'impact
de changements du taux de migration sur la dynamique de la diversité génétique.
Cette these a quatre objectifs. (i) Etudier la capacité des mesures les plus communes
a décrire la différenciation génétique. (ii) Analyser 1'effet d"'un changement abrupt, et
(iii) de multiples changements du taux de migration sur la dynamique de la diver-
sité génétique. (iv) Etudier l'inférence de changements passés de migration a partir
des patrons de diversité génétique. Les résultats montrent que les mesures de diver-
sité génétique existantes sont complémentaires, car exactes dans différents régimes de
mutation. Une augmentation abrupte de la migration peut générer un large exces de
diversité génétique sur une longue durée. De multiples changements du taux de mi-
gration peuvent soit entrainer un large exces de diversité génétique, soit un grand re-
nouvellement de la diversité génétique, en fonction de la fréquence des changements.
Enfin, comparer les patrons de diversité génétique de plusieurs populations permet de
distinguer les changements de migration d’autres processus démographiques. Ces ré-
sultats améliorent notre compréhension de la diversité génétique dans les populations
structurées et fournissent des recommandations pour mesurer la différenciation géné-
tique. Les processus mis en avant pourraient influencer le taux d’adaptation et ses
mécanismes. Enfin, les résultats améliorent 'inférence de I'histoire démographique

des populations naturelles a partir des données génétiques, facilitant leur gestion.
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ON THE IMPORTANCE OF GENETIC DIVERSITY Xii

ON THE IMPORTANCE OF GENETIC DIVERSITY

Genetic diversity and the diversity of Life

RGANISMS present a tremendous diversity. Recent estimations suggest
that there are approximately 8.7 million eukaryotic species on Earth,
and hundreds of thousands to millions of prokaryotic species (MORA

et al. 2011). The smallest organisms are composed of a single cell and measure less
than 300 nanometers, while the largest tree, the giant sequoia, has an average height
of 80 meters and is composed of hundreds of trillions of cells (BERRY 1943). We also
observe an enormous diversity of species’ life-spans, life-cycles, mating strategies, and
social organizations. In addition, individuals from a same species can display very

diverse phenotypes (e.g. flower color variation in Figure 1).

Figure 1 Flower color variation in I. purpurea. From CLEGG and DURBIN (2000)

Most of this huge observed diversity is due to genetic diversity. Indeed, most
species traits are inherited, rather than acquired during the life-span of the individ-
uals. The discovery that deoxyribonucleic acid (DNA) carries the hereditary infor-
mation (WATSON and CRICK 1953; MESELSON and STAHL 1958) prompted the era of

molecular genetics, which focuses on the variability of DNA molecules. In the fol-
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lowing decades, the large diversity of genome size and gene variation was uncovered.
Genome sizes can vary from a thousand of base pairs in viruses to hundreds of billions
of base pairs in plants (GREGORY et al. 2007); similarly, the number of protein-coding
genes per genome ranges from a few genes in viruses to almost 90,000 genes in eu-
karyotes. Within a species, individuals can display very different patterns of genetic
diversity: human genes were shown to harbor a very low diversity (less than 0.1% dif-
ferences in DNA sequences between two individuals from a same population), while

Drosophila populations have a tenfold higher diversity (LI and SADLER 1991).

Genetic diversity and species survival

Genetic diversity is the raw material for species adaptation. Species with a large ge-
netic diversity are more likely to adapt to new environments (TURNER et al. 1993;
FEDER et al. 2003; COLOSIMO et al. 2005; HERNANDEZ et al. 2011; JONES et al. 2012). In-
deed, a large genetic diversity increases the chances that an individual will carry an al-
lele providing larger survival chances in the new environment (GIBSON and DWORKIN
2004). In addition, a large genetic diversity reduces the time to fixation of beneficial al-
leles (BARRETT and SCHLUTER 2008). For example, in Drosophila melanogaster, an al-
lele conferring a resistance to insecticides only recently increased in frequency (during
the last century), while evidence suggests it was present in the population for 90,000
years (AMINETZACH et al. 2005). This benefit of genetic diversity is even true when the
alleles adapted to the new environment were slightly deleterious under the previous
environmental conditions (GIBSON and DWORKIN 2004; HERMISSON and PENNINGS

2005).

Low genetic diversity can lead to population extinction. Indeed, as genetic diversity
is low, individuals have an increased probability to be heterozygotes which is known

N. Alcala Ph.D Thesis
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to reduce fitness by allowing the expression of recessive deleterious alleles (inbreeding
depression; GILPIN and SOULE 1986; JIMENEZ et al. 1994; HEDRICK and KALINOWSKI
2000). For example, it was shown that inbred captive wolves suffered from reduced
reproduction and longevity (LAIKRE and RYMAN 1991). In addition, populations with
low genetic diversity often have a reduced effective size, which increases the odds
of accumulating deleterious mutations (GILPIN and SOULE 1986; FRANKHAM 1995;

LANDE 1998).

Genetic diversity and species diversification

The fast diversification of some taxa have a large contribution to the observed biodi-
versity. Why do some geographical regions harbor more biodiversity than others is
still an open question (ANTONELLI and SANMARTIN 2011). Mathematical models pre-
dict that a high level of genetic diversity promotes allopatric speciation and rapid di-
versification (GAVRILETS and VOSE 2005; GAVRILETS and LOSOS 2009). In agreement
with these results, a large genetic diversity was reported in the ancestral populations
of several famous examples of radiations (in cichlid fishes of the great African lakes,
SEEHAUSEN et al. 2003, in Darwin’s finches, FREELAND and BOAG 1999, and Hawaiian
crickets, SHAW 2002). Consequently, processes which can generate the large amounts
of genetic diversity necessary for radiations are of large interest to understand the ori-

gin of biodiversity.

In conclusion, genetic diversity is of tremendous importance for the evolution of

species. The large diversity of life raises several questions:

e How is genetic diversity generated?

e Which processes lead to large amounts of genetic diversity?




XV General introduction

EVOLUTIONARY PROCESSES AND THE PREDICTED EQUILIBRIUM GE-
NETIC DIVERSITY

A tentative answer to these questions was first given in the 1920-1930s by Sewall
Wright and Ronald Fisher, who provided predictions of the expected long-term ge-
netic diversity (FISHER 1922, 1930; WRIGHT 1931). They showed that observed genetic
diversity is the result of the interaction of multiple evolutionary processes, namely mu-
tation, selection, genetic drift and migration. They showed how mathematical model-
ing enables to predict the long-term level of genetic diversity, given the evolutionary
processes at work, and assuming that the environment of the species remains stable

under large time-scales.

The following sections briefly describe the main processes influencing the level of

genetic diversity and describe their expected impact.

Mutation

Mutations are the primary source of genetic diversity. Mutation results from the ran-
dom error in DNA replication, which can lead to a new version of a gene, an allele. In
population genetics, we are interested in inherited mutations, that is, mutations that
affect the germline and are transmitted to the offsprings. The most common conceptual

models used in population genetics are presented in Box 1.

N. Alcala Ph.D Thesis
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Box 1: modeling mutation

In this thesis, we use two mutation models.

1. The infinite alleles model (KIMURA and CROW 1964). Under this model, we assume
that two successive mutations have a null probability to lead to the same allele,
so the set of possible alleles is infinite. This model can help to quantify genetic
diversity, thus they are used in Chapters 1 to 3 to describe the expected level of

genetic diversity in equilibrium and non-equilibrium situations.

2. The infinite sites model (KIMURA 1969), where genes are modeled as a sequence of
sites, and each mutation is assumed to change the state (nucleotide) of a different
site, so the set of possible sites is infinite. This model can predict DNA sequence
polymorphism patterns, thus it is used in Chapter 4 to describe the expected ge-

nomic signature of particular historical events.

Both models are a good approximation when DNA sequences considered are long.

A largely used alternative mutation model is the stepwise mutation model (OHTA and
KIMURA 1973), which assumes that each allele has a given number of repeat units, and
mutations either increase or decrease the number of units by 1. This model is relevant for
some genetic markers like microsatellites, but not to describe the general polymorphism

of the genome, thus it is not used in this thesis.

Natural selection

Natural selection is the process by which some individuals have more offspring that
survive and reproduce than others (DARWIN 1859; FISHER 1922). Natural selection
arises because individuals in a population have more offsprings than can possibly sur-
vive and reproduce, and because survival and reproduction of offsprings is influenced
by heritable traits.

Selective processes can have a wide variety of effects on genetic diversity, depend-

ing on the fitness of the different alleles. Under directional selection, one allele has



xvii General introduction

a selective advantage over all others; this results in reduced genetic diversity (FISHER
1922). On the contrary, under balancing selection, several alleles are maintained by nat-
ural selection, and thus genetic diversity is maintained (FISHER 1922; KARLIN 1982). It
can be due to negative frequency dependent selection, where rare alleles have a selec-

tive advantage, or from a selective advantage of heterozygotes.

Finite population size and the genetic drift

Finite population size has an important impact on genetic diversity (WRIGHT 1931).
First, the limited number of individuals limits the number of alleles simultaneously
present in the population. Second, due to the random sampling of genes from one
generation to another (Box 2), we expect genetic diversity to decrease over time in the
absence of mutation. This process is called genetic drift. When both mutation and
genetic drift are acting, genetic diversity is expected to tend to an equilibrium value,
which reflects the number of (selectively neutral) alleles that can be maintained in the

population (KIMURA and CROW 1964).

N. Alcala Ph.D Thesis
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Box 2: modeling finite population size

The Wright-Fisher model (FISHER 1930; WRIGHT 1931) describes the changes of allele
frequencies across generations. It assumes that generations are non-overlapping, i.e., that
at each generation, all individuals die simultaneously and the new generation consists
entirely of their offspring. The alleles of the new generation result from the multinomial

sampling of alleles from the current generation.

generation ¢ generation ¢ + 1

# rabbits ~ Binomial(N, )
335 - 335

N=15 individuals N=15 individuals

# rabbits =9

# rabbits =6

Population structure and migration

Early population genetics models considered that all individuals have the same proba-
bility to mate with any other individual in the population (panmixia). Nevertheless, in
many species, populations are structured: individuals mate preferentially with a sub-
part of the population, called a subpopulation or deme. The mating between different
subpopulations requires that an individual leaves its birth deme for another deme; this
processes is called migration. The most widely used migration models in population
genetics are presented in Box 3.

The main consequence of population structure is genetic differentiation, the ten-
dency of individuals from different subpopulations to be more different genetically
than individuals from a same population (WRIGHT 1950). Measuring genetic differ-

entiation and understanding its underlying processes is one of the primary goals of
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population genetics studies. Recent studies cast doubt on how to best measure ge-
netic differentiation (BALLOUX et al. 2000; HEDRICK 2005; JOST 2008; WHITLOCK 2011).
Progress is necessary to perfectly understand genetic diversity at equilibrium in struc-
tured populations. This is a necessary first step in order to predict and interpret genetic

diversity patterns under more complex scenarios, and it will be studied in Chapter 1.

Box 3: modeling population structure

The finite island model assumes that individuals from a sub-

population have the same probability to migrate to any other

subpopulation (MAYNARD SMITH 1970). It is the simplest

migration model and is thus usually studied as a first approx-

imation to more realistic migration models. Consequently, the OO
thesis focuses on this model, which enables to compare our

results to a large body of literature (MARUYAMA 1970; OHTA

1982; WAKELEY 1999; SCHIERUP et al. 2000; CHERRY 2003).

Alternative models include the stepping-stone model, where in- @@ Q@
dividuals can only migrate to neighboring subpopulations, and

, which generalize the migration model

@)

to any migration pattern between populations. Nevertheless,

due to their mathematical intricacy, they are discussed but no

o O

analytical results were derived under these models.

HISTORICAL EVENTS AND NON-EQUILIBRIUM GENETIC DIVERSITY

Nevertheless, the assumption of stable environment is often violated. Abiotic and bi-
otic processes frequently impact species, leading to strong selective and demographic
consequences. Climatic events strongly impacted species; the most striking example
concerns the glaciation cycles of the Quaternary period, during which temperate and
tropical species were repeatedly isolated into refugia and experienced range expan-

N. Alcala Ph.D Thesis



HISTORICAL EVENTS AND NON-EQUILIBRIUM GENETIC DIVERSITY XX

sions and secondary contacts (HEWITT 2000, 2004; YOUNG et al. 2009). In addition,
declines in precipitations affected freshwater, leading to fragmentation and fusion of
basins (e.g. in the great African lakes Victoria, Malawi and Tanganyika, GALIS and
METZ 1998; STURMBAUER et al. 2001). Geological events can also strongly impact
species, for example through mountain formation, which isolated numerous popu-
lations (e.g. plant species in the American neotropics, HUGHES and EASTWOOD 2006;
ANTONELLI et al. 2009; ANTONELLI and SANMARTIN 2011). Nowadays, anthropogenic
changes (e.g., due to urbanization and agriculture) strongly impact species distribu-
tion and introduce new selective pressures (MILLER and HOBBS 2002; DELANEY et al.
2010). Indeed, species can suffer from human-induced sudden habitat reduction and
fragmentation (KELLER et al. 2004; NOEL et al. 2007; VANDERGAST et al. 2009). In the
meantime, other species experience habitat and population expansion (e.g., sparrows,
white-tailed deer, zebra mussels; WAPLES 2010). Demographic changes are not only
the consequence of abiotic processes, but they can also be due to spatial and temporal
interactions of populations (e.g., secondary contacts; GREEN et al. 2010; DOMINGUES

et al. 2012).

In particular, periods of isolation followed by re-connection of populations are com-
mon in natural populations. Our own ancestors, anatomically modern human, and
Neanderthal populations where isolated, respectively in Africa and Europe, between
200,000 to 60,000 years ago, and there is recent evidence of subsequent mating be-
tween them in Europe (GREEN et al. 2010; PATTERSON et al. 2012; SANKARARAMAN
et al. 2012). Similarly, African and non-African populations of Drosophila melanogaster
were isolated, and subsequently re-connected (POOL et al. 2012). Such events also oc-
cur between domesticated species of both plants and animals and their wild relatives

(e.g. in crops; ELLSTRAND et al. 1999). Viral populations are also often temporally iso-
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lated within hosts, and transmission events re-connect populations (e.g., in malaria,
ROBERT et al. 2003). Such re-connections have been reported in the Human Immunod-
eficiency Virus (HIV), where previously geographically isolated strains are now inter-

mixing (TEBIT and ARTS 2011).

As aresult, since the late 1970s, many studies focused on the impact of demographic
events on genetic diversity (NAGYLAKI 1977, MARUYAMA and FUERST 1984; WHIT-
LOCK 1992; EXCOFFIER et al. 2009). The aims of these studies is to quantify the changes
of genetic diversity and the duration of the transient dynamics. The following section

briefly describe the main theoretical results and highlight the current gaps.

Demographic changes and the dynamics of genetic diversity

A demographic change can be modeled as a change of some of the model parameters
(e.g. the population size or migration rate). Mathematically, this change results in
a non-equilibrium state, followed by changes of genetic diversity until it reaches its
new equilibrium value expected with the new parameters (NEI and FELDMAN 1972;

LATTER 1973; NEI 1973; NAGYLAKI 1974, 1977).

Some particular demographic changes were widely studied and were shown to
have strong consequences on genetic diversity. A sudden population size reduction
(population bottleneck) was shown to lead to a decrease of genetic diversity, and the
time to reach the new equilibrium value depends on the effective population size
(NAGYLAKI 1974, 1977). A sudden decrease in migration rates (population fragmenta-
tion or isolation) has been shown to to reduce the amount of genetic diversity within
populations and allow for population differentiation (LATTER 1973; TAKAHATA and
NEI 1985). Quantifying the degree of admixture following a population re-connection
has recently received a lot of attention (e.g., PRITCHARD et al. 2000; FALUSH et al. 2003;

N. Alcala Ph.D Thesis
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PRICE et al. 2009; GRAVEL 2012), in particular in Human populations (ROSENBERG et al.
2002; SHRIVER et al. 2003). Nevertheless, the dynamics of genetic genetic diversity fol-
lowing past isolation and subsequent population re-connection still lacks theoretical

predictions. This is the focus of Chapter 2.

Environmental conditions often change cyclically, so that genetic diversity never
reaches an equilibrium value and is constantly maintained in a transient state. For
example, serial founder effects occurring during colonization were shown to drasti-
cally reduce genetic diversity (AUSTERLITZ et al. 1997). Migration fluctuations at small
time-scales (a few generations) were shown to moderately affect genetic diversity, so
that the fluctuating migration rate can be approximated by an effective migration rate
(NAGYLAKI 1979; WHITLOCK 1992; RICE and PAPADOPOULOS 2009; SHPAK et al. 2010).
Nevertheless, intermediate and long time-scales fluctuations have still no good theo-

retical basis. This topic is the focus of Chapter 3.

INFERRING HISTORICAL EVENTS FROM THEIR GENOMIC SIGNATURE

Contrasting the observed DNA polymorphism with expected patterns can be used to
detect past evolutionary and demographic events. For example, a deficit of low fre-
quency alleles compared to the neutral expectation (i.e. assuming constant population
size, no structure and no selection) is usually interpreted as the signature of a popu-
lation bottleneck (TAJIMA 1989). On the contrary, an excess of low frequency alleles
is usually interpreted as a population expansion (TAJIMA 1989; SLATKIN 1996). An
excess of both high and low frequency alleles is expected under directional selection
(BARTON 1998), while an excess of intermediate frequency alleles is expected under
balancing selection (FAY and WU 2000; BARTON and ETHERIDGE 2004; ZENG et al.

2006).

Due to recent advances in statistical genetics, increased genomic data and computa-
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tional power, it is now also possible to estimate demographic and selective parameters
(e.g. populations size and growth rate, proportion of admixture, selection coefficient;
BEAUMONT et al. 2002; KIM and STEPHAN 2002; KiM and NIELSEN 2004; NIELSEN
et al. 2005; PRICE et al. 2009; EXCOFFIER et al. 2013) and estimate the relative likelihood
of different demographic scenarios from genomic data (e.g. population bottleneck and
subdivision, PETER et al. 2010). Nevertheless, it is often difficult to disentangle the im-
pact of demographic changes and the effects of selection (JENSEN et al. 2005; NIELSEN
2005; L1 and STEPHAN 2006; KiM and GULISIJA 2010; PAVLIDIS et al. 2010). It is also dif-
ficult to distinguish between the signatures of different demographic changes such as
changes in population size or migration rate (WAKELEY 1999; STRASBURG and RIESE-
BERG 2011). Thus, it is necessary to better characterize the signature of past demo-
graphic changes in order to take full advantage of the genomic revolution. This is

addressed in Chapter 4.

PLAN OF THE THESIS

The objectives of the thesis are to describe and summarize genetic diversity and genetic
differentiation in an equilibrium structured population, to assess the transient impact
of migration changes (isolation and subsequent re-connection of populations) on pat-
terns of genetic diversity, and finally to investigate the signature and detection of past

isolation and re-connection of populations from genomic data.

Chapter 1 assesses the ability of commonly used genetic differentiation measures
Gsr and D to describe the degree of isolation and panmixia of populations. It is shown
that both Ggr and D can indicate no genetic differentiation even though important fea-
tures of genetic differentiation (e.g. the proportion of private alleles) are very close to
their expected value when populations are isolated. What information is given by each
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differentiation measure depending on the mutation regime is discussed, their comple-
mentarity is highlighted and guidelines are provided for the use of Ggr and D. In
addition, G'sy and D are shown to be complementary to estimate demographic param-
eters. This chapter is expected to have an impact on the theoretical concept of genetic
differentiation as well as on many empirical genetic studies, both in population genet-

ics and conservation genetics.

Chapter 2 presents an investigation of the impact of a period of isolation or low mi-
gration followed by a sudden migration increase on the dynamics of genetic diversity.
Results show that a sudden migration increase can lead to a large persistent peak of
genetic diversity within-populations, and the impact of such events on evolutionary
processes is discussed. In addition, the consequences for genetic data analysis is as-
sessed, as migration increases are shown to lead to spurious signals of population size

changes using the most common test statistics (e.g. Tajima’s D).

Chapter 3 demonstrates how periodic isolation and connection of populations impacts
genetic diversity. The importance of the length of the isolation and connection periods
and the initial genetic diversity on the temporal accumulation or decrease of genetic
diversity is shown. In particular, an important domain of period length previously
overlooked by theoretical studies is highlighted, where periods range from a few hun-
dred to tens of thousands of generations, for which genetic diversities undergo large
variations and can display a variety of behaviors (accumulation or decrease). The high
relevance of this domain is documented for species adaptation to novel environments
based on standing genetic variation, pathogen dynamics, and inference of population

history.



XXV General introduction

In Chapter 4, the signature of past isolation on DNA sequence data is investigated.
Theoretical expectations are derived for the patterns of DNA sequence polymorphism,
and the possibility to infer past isolation from such data is investigated. Results demon-
strate that the comparison of gene genealogies and the frequency of single nucleotide
polymorphisms (SNPs) between different sampling schemes (one or numerous pop-
ulations) are strongly informative on past isolation events, and allow the distinction
of isolation events from other demographic processes. The theoretical results are il-
lustrated by the genomic signature of past isolation and successive connection events
between the major HIV subtypes in China. Finally, the usefulness of the study for
building improved methodology for inferring the parameters of past isolation in natu-

ral populations is highlighted.
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ABSTRACT

Population genetic differentiation characterizes the repartition of alleles among pop-
ulations. It is commonly thought that genetic differentiation measures, such as Ggr
and D, should be near zero when allele frequencies are close to their expected value
in panmictic populations, and close to one when they are close to their expected value
in isolated populations. To analyze those properties, we first derive analytically a
reference function f of known parameters that describes how important features of
genetic differentiation (e.g. gene diversity, proportion of private alleles, frequency of
the most common allele) are close to their expected panmictic and isolation value.
We find that the behavior of function f differs according to three distinct mutation
regimes defined by the scaled mutation rate and the number of populations. Then, we
compare Ggr and D to f, and demonstrate that their signal of differentiation strongly
depends on the mutation regime. In particular, we show that D captures well the
variations of genetic diversity when mutation is weak, otherwise it overestimates it
when panmixia is not met. Ggr detects population differentiation when mutation
is intermediate but has a low sensitivity to the variations of genetic diversity when
mutation is weak. When mutation is strong the domain of sensitivity of both measures
are altered. Finally, we also point out the importance of the number of populations on

genetic differentiation measures, and provide recommendations for the use of Ggr and D.
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UANTIFICATION of population genetic differentiation (i.e. how different
are allele frequencies between populations) is a long standing issue in
population genetics. WRIGHT (1951) first proposed the fixation index

Fs7, which measures both the proportion of alleles that reach fixation and population
allelic differentiation for a bi-allelic locus. Wright’s fixation index was then extended
to multi-allelic loci, G g7, by NEI (1973) and WEIR and COCKERHAM (1984) - also often
referred as Fgr (HOLSINGER and WEIR 2009; JAKOBSSON et al. 2013). G g7 characterizes
the ratio of within-population, Hj, to total, H,, gene diversities (notations are summa-
rized in Table 1.1):

H;

—1- = 1.1
Ger =1 T (1.1a)

where

H,=1- %Zzpfj (1.1b)
7 i

Ho=1-3 G5 ) (119

pij is the frequency of allele 7 in population j and n is the number of populations. Thus
H, and H, correspond to the probability that two genes randomly chosen, respectively,
from the same population and from different populations, at a given locus, are different

(NEI 1973).

NEI (1973) considered Gt as a statistics which characterizes the properties of sam-
pled populations, while WEIR and COCKERHAM (1984) considered that G g7 is inde-
pendent of the sampling scheme and represents a parameter of the populations that
can be estimated (HOLSINGER and WEIR 2009). In this study, we analyze the actual
level of genetic differentiation of the populations, and not the properties of a sample,

thus we consider genetic differentiation measures as parameters and not as statistics.

Several issues related to Gsr have been raised (CHARLESWORTH 1998; NAGYLAKI
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Table 1.1 Summary of notations

GENETIC DIFFERENTIATION MEASURES

Gsr differentiation measure based on allele fixation (NEI 1973)
Gsr normalized genetic differentiation measure based on allele fixation (HEDRICK 2005)
D genetic differentiation measure based on genetic composition (JOST 2008)
Dgr absolute genetic differentiation measure (NEI 1973)
GENETIC DIVERSITY MEASURES
H, within-population gene diversity (NEI 1973)
H, total gene diversity (NEI 1973)
Ag within-population effective number of alleles (JOST 2008)
Ar total effective number of alleles (JOST 2008)

SUMMARY STATISTICS OF ALLELE FREQUENCIES
Pmaz frequency of most frequent allele in the total population (JAKOBSSON et al. 2013)

Phas frequency of most frequent allele in each population (JAKOBSSON et al. 2013)

Dpriv proportion of private alleles (SLATKIN 1985)

o mean singular value of the allele frequency table (GOLUB and KAHAN 1965)
FUNCTIONS

f(M)  function describing the transition from isolation to panmixia
fa(M)  function describing the behavior of Ggr as a function of the scaled migration rate
fpo(M) function describing the behavior of D as a function of the scaled migration rate

Mr threshold migration value of function f (M)
Mea threshold migration value of function fg(M)
Mp threshold migration value of function fp (M)

1998; HEDRICK 1999; JOST 2008). Authors showed that values of G g are constrained
by the value of within-population gene diversity H,; G'gr remains inferior to 1 — H,
(see Figure 1 from JOST 2008). Therefore, when H; is large, the range of the genetic
differentiation signal is truncated and G g can be constrained by the frequency of the
most frequent allele (JAKOBSSON et al. 2013). This has two main consequences; first,
when H; is high, Ggr cannot detect differentiation (as shown for high mutation rate
loci in BALLOUX et al. 2000); second, when loci have different H, values, correspond-
ing G'gr values cannot be compared as Ggr does not rank populations by their degree
of differentiation (JOST 2008; HELLER and SIEGISMUND 2009). For example, a set of
populations with high H, that does not share alleles has a lower G'sy than a set of pop-
ulation with low H, but that shares alleles (JOST 2008). In addition, Gsr can take a

value of 1 when in each population the same allele is fixed (GREGORIUS 2010).
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To overcome the limitations of G g7, new measures of differentiation were proposed.
First, HEDRICK (2005) derived a normalized value of G g7, G's;,, which ranges from 0 to
1 whatever the level of within-population gene diversity, H,. Nevertheless, like Gsr,

‘s cannot detect differentiation when the same allele is fixed in each population,
as Gy is very close to Gsr when H; is low (HEDRICK 2005). Second, JOST (2008)
proposed a new measure of genetic differentiation, D, based on the ratio of the within-
population Ag to the total Ay effective number of alleles (KIMURA and CROW 1964;

also called "true diversity" in JOST 2008).

(1--—=) (1.2)

with Ag = 1_1HS and Ay = 1_—1Ht
'sp and D provide similar estimations of population differentiation (HELLER and
SIEGISMUND 2009) when H, is high. However, both have slow rate of convergence
to their equilibrium values after a perturbation when mutation is low (RYMAN and
LEIMAR 2008, 2009). Thus, following a demographic change (i.e. change in population
size or migration rate), G'g;, and D values can depend on the prior population size
and gene diversity. Impacts can be strong in situation where the within-population
gene diversity H, before the demographic change is far from the expected H; after the
change. On the contrary, when the mutation rate is high, D can converge faster than
Gsr. When loci are under different mutation regimes their rate of convergence differ
accordingly.
The discrepancies between G g7 and D have been analyzed and discussed in numer-
ous recent studies (JOST 2008; RYMAN and LEIMAR 2008, 2009; JOST 2009; GERLACH
et al. 2010; GREGORIUS 2010; KRONHOLM et al. 2010; MEIRMANS and HEDRICK 2011;

WHITLOCK 2011; WANG 2012). Those studies conclude that D and G s do not detect
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the same type of genetic differentiation. Ggr values could be interpreted as a mea-
sure of the level of allele fixation in populations (WHITLOCK 2003), and also reflects
the population’s demographic properties (e.g. the number of migrants per generation
under assumed mutation rate) independently of the analyzed loci. D values could be
interpreted as measures of the difference in the genetic composition of populations,
reflecting the properties of the analyzed loci and are related to genetic distance (JOST

2009).

Many studies that compared Ggr and D values used one of them as a reference
value (RYMAN and LEIMAR 2009). To compare G g7 and D, HELLER and SIEGISMUND
(2009) used D as a reference value, which prevented the detection of any issue related
to D. Similarly, WHITLOCK (2011) used the coalescent Fs1 as a reference value, which
is closer to G gr than D when the mutation rate is low. On the contrary, JOST (2008) used
a genetic differentiation definition to compare D and Gsr values and avoid circular ar-
guments (Table 1 and figure 2 in JOST 2008), however it involved only two populations
and considered a restrictive number of illustrative examples. To have a deep under-
standing of the behavior and the properties of measures of genetic differentiation such
as Ggr and D, an independent reference is necessary. This approach must provide a
description of the behavior of the measures of genetic differentiation given any num-

ber of populations considered and across a large range of migration and mutation rates.

Here, we do not propose a new measure of genetic differentiation, instead, we pro-
pose an innovative approach to characterize the transition of genetic differentiation
from isolation to panmixia and to understand the properties of measures of genetic
differentiation, Ggr and D. We first introduce a function, f(M), that is implicitly de-

tined and describes the degree to which populations are closer to isolation (i.e. no
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mating between individuals from different populations) or panmixia (i.e. random mat-
ing between individuals from all populations) and how transition between these two
states occurs as a function of the number of migrants per generation. The derivation
of f(M) requires a complete understanding of the processes shaping genetic diversity
and genetic differentiation and thus requires to specify a model with known parame-
ters. We use the most common population structure model, the finite island model and
the infinite allele model of mutation, under equilibrium conditions (MARUYAMA 1970;
MAYNARD SMITH 1970). Thus, f(M) is not a model-independent statistics measurable
from population data, but is a theoretical reference to which the values of Gsy and D

can be compared under a known model.

Second, we demonstrate that the function, f(M), captures the behavior of the within-
population gene diversity H, and the total gene diversity, H;, derived by MARUYAMA
(1970) under the finite island model. The function f(A/) has a threshold migration
value My that characterizes the number of migrants that leads to a transition between
a behavior of gene diversity close to isolation or close to panmixia. Interestingly, the
behavior of gene diversities (H, and H,) as a function of the number of migrants dif-
fers according to three distinct mutation regimes that are defined by the mutation rate
and the number of populations. For each domain a different threshold migration value

applies.

Third, we demonstrate that the function f(M) implicitly describes the behavior
of the within-population Ag and total A effective number of alleles (JOST 2008), as
well as the behavior of four statistics representative of distinctive features of genetic
differentiation. The four statistics are: the frequency of the most common allele in the
total population p,,., and in each population pi,,, (e.g. used in JAKOBSSON et al. 2013),
the proportion of private alleles p,,;, (e.g. used in SLATKIN 1985 as indicator of gene
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flow) and the mean singular value o of the singular value decomposition of the allele
frequency matrix (GOLUB and KAHAN 1965) which represents the degree of overlap of
allele frequencies between populations.

Fourth, using function f(M), we analyze the type of genetic differentiation that
Gsr and D actually measure. In particular, we show that the behavior of Gsr and
D depends on the mutation regime and on the number of populations. We find that
differentiation measures G'sr and D display different signals of genetic differentiation
in different, specific and restricted mutation regimes. We define those domains given
any migration rate, number of populations and mutation rate. We discuss how infor-
mative are Ggr and D in those domains and highlight the complementarity of Gsr
and D. Finally, we provide recommendations on the use of measures of population

differentiation.

BEHAVIOR OF GENETIC DIFFERENTIATION: FROM ISOLATION TO PAN-

MIXIA

JosT (2008) showed that a genetic differentiation measure requires at least three prop-
erties: (i) the measure is 0 when all populations have the same allele at the same fre-
quencies (panmictic state), (ii) the measure is 1 when all populations only have private
alleles (isolation state), and (iii) the measure monotonically decreases as allele frequen-
cies change from the isolation state to the panmictic state. Depending on its construc-
tion, a measure of differentiation will be sensitive to changes in allele frequencies from
isolation to panmixia in a different domain. Thus, two measures can signal differen-
tiation at different changes of allele frequencies: one could have a strong sensitivity
close to isolation and the other close to panmixia. Identifying the domain in which
a measure provides a strong or a weak signal when frequencies of alleles in popula-

tion change is thus crucial and is determinant for its relevant use and interpretation.
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To identify such domains, we introduce a reference function, f, for which there is a
well defined relationship between the transition from 0 to 1 of the measure and the

transition of allele frequencies from isolation to panmixia.

To derive the function f, we consider the within-population gene diversity, H,, and
the total gene diversity, H,, introduced by NEI (1973). H,; and H; are commonly used to
estimate genetic differentiation, such as in Ggr, D and G’ (NEI 1973; HEDRICK 2005;
JOsT 2008). Then, we show that the function f describes many important features of
the distribution of alleles among populations: frequency of the most common allele
in each population and among populations, proportion of private alleles and mean

singular value of the allele frequency matrix.

Deriving the reference function f(M) from H, and H;

We investigate the specific behavior of H; and H, as a function of migration in a
parametrized finite island model at equilibrium - in which all parameters are known-
and assuming that mutation follows the infinite allele model (IAM) (MARUYAMA 1970;
MAYNARD SMITH 1970). In this model, n populations composed of N individuals (N
or 2N genes per population, for haploid or diploid individuals, respectively) are con-
nected through migration at rate m and mutations occur at rate p (the scaled migra-
tion and mutation rates are M = 2Nm and § = 2Ny for haploid individuals, and
M = 4Nm and 6 = 4Ny for diploid individuals). We derive function f of the scaled
migration rate, M, using the equilibrium of gene diversities derived by KIMURA and
CROW (1964) and MARUYAMA (1970) under the finite island model. The function f (M)
is implicitly defined, and describes the relationship between gene diversities and the

scaled migration rate M.

Gene diversities, H; and H;, can be rescaled and normalized by their values at isola-
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tion (no migration among populations), H*° and H;*°, and at panmixia (m =1 — 1/n),
HPr, with H,=H,=H?*". Under the island model and infinite allele model at equi-

) iso _ _#0 pan __ _nf iso _ 1_1_1 __ n=14n6
librium, we have H*° = g H = Tind and H}* =1 nTH T (1) (from

KIMURA and CROW 1964). Using the expressions of H, and H; from eqs. 2-3 and
2-4in MARUYAMA (1970) and assuming small mutation and migration rates (terms in

1/N?, u?, m?, u/N, m/N and pm can be removed), we obtain:

H, — H"™"
Hiso — Hpan - f(M>

o (1.3)
H/L'zo _ Hpan = f(M)

t

Note that assuming small mutation and migration rates y and m does not imply assum-
ing small § and M. Indeed, mutation rates rarely excesses 1072 and satisfy u << 1),
thus,  >> 1 requires that N >> 1. Similarly, the assumption of small migration rate

does not strongly constrain the values of M.

The two rescaled expressions of within and total gene diversities in eq. 1.3 can
be described by a unique function f(A/). With this function, the transition of gene
diversities from isolation to panmictic state can be described as a function of the scaled

migration rate, given the scaled mutation rate and the number of populations:

My
— T 4
f(M) M + My (1.4)
with
140
My = (n— D (1.4b)

From eq. 1.4b, we can see that the value of the threshold migration M depends

only on the number of populations n and the scaled mutation rate 6.
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The relationship between the scaled migration rate M/ and M7 has a simple interpre-
tation. My represents the strength of the mechanisms leading to genetic differentiation
(i.e. gene diversities approach their isolation values); while, M represents the strength
of the mechanisms reducing genetic differentiation (i.e. gene diversities approach their
panmictic values). Their relative strengths determine whether populations tend to
have alleles at the same or at different frequencies. The value of function f(M) de-
creases monotonically as allele frequencies change from the isolation state (f(M) = 1),
to the panmictic state (f(M) = 0) and describes accurately the changes in allele fre-
quency during the transition. The transition from the isolation state to the panmictic

state occurs at value f(M) = 0.5.

Interestingly, the function f(M) describes the behavior of H, as well as H;. This
has a strong consequence: comparing either H, or H, with its expected value at pan-
mixia (H?*") and isolation (H*° and H;*°, equation 1.3) leads to the same informa-
tion on closeness to panmixia or isolation. Thus, f(}) can be based on either H; or
H;, while commonly-used measures of genetic differentiation rely on comparisons be-
tween within-population and total genetic diversities, through diversity ratios for Gsr
(NEI 1973), or ratios of effective number of alleles for D (JOST 2008). Also, the function
f(M) describes the relative influence of H** and H**" (resp. H;*° to H**") on the value
of H, (resp. H;). However, these relationships depend on the differences between val-
ues of M and My (Figure 1.1). When M << My gene diversities are close to their equi-
librium at isolation values H; ~ H*° and H, ~ H;*’ (light grey area in Figure 1.1a, b).
When M >> My gene diversities are close to their equilibrium at panmixia 77" (dark
grey area in Figure 1.1a, b). When M = My, the equilibrium diversity is exactly the

mean of the isolation and panmictic equilibria Z—£7"=

(black solid line in Figure 1.1a,
b). For example, when M is 19 fold lower than threshold My (M = 0.05/0.95 x M),
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we have f(M) = 0.95 and thus gene diversities become H;, = 0.05H""" + 0.95H %
and H, = 0.05HP™" + 0.95H;*: the gene diversity values are at 5% of their expected

panmixia value and at 95% of their isolation value.

0 <<1 nd >>1
Mo, 0.95 ]\/[
1000 g M= 1000 005
panmixia panmixia
100 My
0.95
10 i 0.05
P 0905 ]\/[T
M 1 """""""""" "."" """ ]\/IT
0.1 0.05
0. 97]\/[
0.01 isolation 0.01 isolation
S M=0
0.001 0.001%

0.01 0.1 1 10 100 0.01 0.1 1 10 100

no 0
(a) (b)

Figure 1.1 Threshold migration value of gene diversities, )M, as a function of the
scaled mutation, ¢, and migration rate, 1/, and the number of populations n, when
n is large. The solid line represents the exact value of M7 (eq. 1.4) and the dashed line
its linear approximation (eq. 1.5). The domains of panmixia and isolation correspond
to the parameter spaces where gene diversity values are at least 95% of their expected
panmixia and isolation values, respectively. Gene diversities at 95% of the isolation
value, which corresponds to H, = 0.05H7"" + 0.95H° and H, = 0.05H""" + 0.95H,*,
require that M = 23Mp. Similarly, gene d1ver51t1es at 95% of the panmixia value
require that M = & 95M (a) When 6 << 1, My is a function of nf, My can be approx-
imated by the hne n@ (dashed line M = n#) in the weak mutation regime (i.e. when
nf < 1) and by the line 1 (dashed line M = 1) in the intermediate mutation regime (i.e.
when 0 < 1 < n#). (b) When nf >> 1, My is a function of # and independent of n, My
can be approximated by the line 1 (dashed line /M = 1) in the intermediate mutation
regime (i.e. when ¢ < 1 < nf) and by the line 6 (dashed line M/ = ) in the strong
mutation regime (i.e. when 1 < 6).

Ratios between within and total diversity can provide measures between 0 and 1
(Gsr when the mutation rate is low and D rely on this property). Intermediate values
between 0 and 1 remain difficult to interpret, for example a value of 0.5 means that the
within-population diversity is half the total diversity. However, it does not necessar-

ily mean that main features of allele frequency distributions (e.g. number of private

alleles, frequency of the most common allele, etc.) are halfway between isolation and
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panmixia. We will show that a value of 0.5 using f(M) means that the main features
of allele frequency distributions are halfway between isolation and panmixia.

Finally, it can be shown that f()/) also describes the transition from the isolation
state to the panmictic state of the between-population gene diversity, H,, defined in

NEI (1973) and CROW (1986). Indeed, using the relationship H, = -5 H,—- (NEI

n—1

1973) and eq. 1.3, we can show that f(M) = %, where H* is the expected
d

value of H,; in the isolation state.

The effect of mutation, genetic drift and the number of populations
on MT

Now, we investigate how the behavior of M is affected by the mutation rate and the
number of populations. From eq. 1.4 and using the limit values of M; when nf<<1,
f<<l<<nb, and 1<<0, the threshold M7 can be simplified by piecewise linearisation

(see Figure 1.1) and becomes:

(n—1)0 fornf <1
-1
Mp~{ It forf <1 < nb (1.5)
n
”_19 forl <@
\ n

Eq. 1.5 decomposes the relationship between gene diversity and migration into
the three distinct mutation regimes, which depend on the relative value of the scaled
mutation rate 0, the scaled genetic drift, 1, and the number of populations n. The three
distinct regimes of mutation are (a) the weak mutation regime, (b) the intermediate mutation
regime and (c) the strong mutation regime. In the weak mutation regime, the total amount
of mutation over n populations is weaker than genetic drift (nf<1; Figure 1.1a, left)
i.e. there is less than 1 mutant per generation in the total population and the threshold
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migration value M depends on the mutations in all populations (n¢; dashed line in
the left of Figure 1.1a). In the intermediate mutation regime genetic drift in a population
is stronger than mutation in each population but weaker than mutation occurring over
all populations (f<1<nf; Figure 1.1a, right, and Figure 1.1b, left) i.e. there is less than
1 mutant per generation in each population but more than 1 mutant per generation in
the total population. In this regime, the threshold migration value, which determines
whether genetic diversities are closer to their expected isolation or panmictic values,
depends mainly on genetic drift (1; dashed line in the right of Figure 1.1a and left of
Figure 1.1b). In the strong mutation regime mutation is stronger than genetic drift (1<6;
Figure 1.1b, right) i.e. there are more than 1 mutant per generation in each population
and the threshold migration value depends on mutation (¢; dashed line in the right of

Figure 1.1b).

Genetic differentiation can also be estimated based on the effective number of al-
leles (the within-population Ag and total Ay effective number of alleles; JosT 2008).
Similar to the above analyzed gene diversities, we can describe the degree to which
Ag and Ay, respectively, are close to their isolated and panmictic value. This analysis
defines two different functions of the scaled migration rate, one for Ag and one for Ay
(see appendix S1). These functions have different threshold values that differ from the
one defined in eq. 1.4. However, as the effective number of alleles and gene diversi-
ties are related, A = 1/(1 — H) (from JOST 2008), we can derive a direct relationship
between f(M) (eq. 1.4a) and the functions that describe Ag and Ar (see appendix S1).

Thus, f(M) also describes the behavior of Ag and A simultaneously.

Now, we investigate how generally the function, f (M), captures various features of
genetic differentiation. We analyze four statistics: the frequency of the most common

allele in the total population p,,,, and in each population p¢,,,, the proportion of pri-
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vate alleles p,,;, and the mean singular value 0. p,,,, is close to 0 when several alleles
are present in all populations, and is 1 when a single allele is fixed in all populations
(the same allele). pi  is 0 when many alleles are present in each population and is
1 when one allele is fixed in each population (not necessarily the same allele). p,,;, is
0 when all alleles are present at least in 2 populations and is close to 1 when most of
the alleles are present in only 1 population. Finally, o represents the degree of over-
lap of allele frequencies between populations. We can show that ¢ = /F,/n when
the same alleles are present at the same frequency in each population (appendix S2),
F being the gene identity (within-populations and total gene identities are equal un-
der panmixia). When populations have different alleles, o = Y, \/F;; (appendix S2),
where F; is the within-population gene identity in population . These four statis-
tics are not commonly used to measure genetic differentiation, however they provide
distinctive features of genetic differentiation. Interestingly, as shown in Figure 1.2, the
four statistics have a common behavior across scaled migration rates and they follow
the function, f(M), in the three distinct regimes of mutation identified eq. 1.5. On the
contrary, D and Gsr do not have the same behavior as the four statistics for all param-
eter values (see Figure S1). Figure 1.2 shows that f(M) ~ 1 when all statistics are close
to their isolation value and f(A/) ~ 0, when all statistics are close to their panmictic
value. Figure 1.2 also shows that f() and the four statistics are logarithmic functions
of the scaled migration rate M. This demonstrates that the difference in order of mag-
nitude of M and My determines the value of f(M) and the four statistics and not their

absolute differences.

Gene diversities, effective number of alleles and the four statistics describing differ-
ent features of genetic differentiation follow the function f(M) with threshold migra-
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Figure 1.2 Behavior of four normalized statistics of allelic frequencies that describe
features of genetic differentiation, as a function of the scaled migration rate //, and
comparison with function f()). Results are presented for (a) weak mutation, (b)
intermediate mutation and (c) strong mutation regimes. Statistics are: the frequency
of the most common allele in the total population (p,..,), the frequency of the most
common allele in each population (pi,,.), the proportion of private alleles (p,,;,)and
the mean singular value (¢). Migration is represented into three domains depend-
ing on how close the expected value is from isolation and panmixia: the isolation do-
main (f(M)>0.95), the transition domain (0.05< f(1/)<0.95) and the panmixia domain
(f(M)<0.05). Simulations are based on an island model (MAYNARD SMITH 1970) in
which n populations exchange migrants at a rate m, generations are non-overlapping,
and mutation follows an infinite allele model with mutation rate .
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tion value M. Thus, f(M) can be used as a reference function to describe the transition
of allele frequencies from the isolation state to the panmictic state. f()/) also allows
the determination of the domain in which genetic differentiation measures, in partic-
ular Ggr and D, have strong signal in relation to changes in allele frequencies. But,
the function f (M) does not provide a direct measure of genetic differentiation as it is a

reference function to compare commonly used measures of genetic differentiation.

WHAT CAN G g7 AND D ACTUALLY MEASURE?

In this section, we first summarize the relationship between gene diversity (the within-
population gene diversity, H;, and the total gene diversity, H;) and Gsr as well as the
relationship between the effective number of alleles (the within-population Ag and to-
tal Ay effective number of alleles) and D. Then, we determine the threshold migration
value M, for which the behavior of Ggr and D changes in the three mutation regimes
identified in eq. 1.5.

Ggsr and D are derived from different normalizations of Nei’s "absolute differenti-
ation measure" Dgpr = H; — Hy (NEI 1973). As Dgr is not bounded by 0 and 1, only the

normalized Dgr value would allow comparison and ranking of different structured

populations. The relationships between measures Dsy, Gsr and D are as follows:

Dgr

Ggr =
ST 1,

(1.6)

Dsr

D=5
nT_l(l_Hs)

(1.7)

Equations 1.6 and 1.7 show that G'sp corresponds to the normalization of Dgr by H,
(i.e., its maximum value for a given H;) and D corresponds to the normalization of Dgp
by ”T‘l (1— Hy) (i.e., its maximum value for a given H,). Thus, Ggr and D rely on a dif-
ferent conception of differentiation. With G g7, populations are considered completely
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differentiated when they have a minimum within-population diversity (i.e., H;, = 0),
while with D, populations are considered completely differentiated when they have
a maximum total gene diversity (the maximum value of H, given H, is H,="-1+1),
In consequence, Gsr, in opposition to D, does not estimate how close to isolation or

panmixia populations are for monomorphic, or almost monomorphic populations.

The normalization of Dgr by H,; or by ”T’l(l — H,), that leads to Ggr and D, de-
termines their relationship with migration. As for the gene diversities (eq. 1.4), the
behavior of Dgr can be described by a function f(M) of the scaled migration rate with
a threshold value Mr. Assuming that population sizes are large and mutation and mi-
gration rates are small (removing all term in 1/N?, 2, m?, u/N, m/N, um), we have the

following relationship between Dgy and f(M):

Dgr =

— (1= f(M)) (1.8)

Thus, Ggr can be described by a function of the scaled migration rate, f(M) :

1
Gsr = @fG(M) (1.9a)
Where
Jfa(M) = Mo+ 0 (1.9b)

with threshold migration value Mg = (%-+)?+2-10. Note that G g7 is 0 when migration
is very strong but is not upper bounded by 1, except under the weak mutation regime

(0 << 1), where Ggr ~ fa(M).
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D can also be described by a function of the scaled migration rate, fp(M):

D = fp(M) 10
M, (1.10)

T Mp+ M

with threshold migration value My = (n — 1)0. Note that eq. 1.10 is equivalent to
eq. 17 from JOST (2008), but the expression here does not require ;1 << m to be valid
(only m << 1and p << 1). Also D is 0 when migration is very strong, 1 when there is
no migration, and it is a monotonic function of M.

The threshold values Mg and Mp of the function fo(M) and fp(M) are different
and, more importantly, this difference depends on the mutation regime considered.
In Table 1.2, the values of the threshold M values for each function that describes the
transition from isolation to panmixia of H;, H;, Dsr, Gsr and D in the three mutation
regimes identified previously (equations 1.4a, 1.8, 1.9 and 1.10) are presented.

Table 1.2 Summary of threshold values M/

Threshold M value
Mutation regime H;, H, & Dsy  Ggr D

nf <1 (n—1)0 (=12 (n—1)0
6<1<nb n-l (=12 (n—1)0
1<6<nb =19 =10 (n—1)0

We now investigate how the differences between threshold values of Gsr and D
translate into differences in the detection of nearness to panmixia and isolation, and
the parameter space for which Ggr and D provide an informative signal, in the three
mutation regimes.

Under the weak mutation regime (n/<1), the within population gene diversity, H,
is smaller than 0.5 whatever the value of the scaled migration rate, M. Low H, values
indicate that in most populations one allele has a high frequency (frequency p > 0.5;
see examples Figure S2). However, the value of the total gene diversity, H, is close to
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1 when migration is low but quickly decreases with migration. Thus, in this regime,
measure of differentiation, G'sr, signals a strong genetic differentiation (Table 1.3), even
when migration increases and the total gene diversity, H,, is very low. Consequently,
when only one population has a different genetic composition from many others, Ggr
has a high value (Figure 1.3d; Figure S2). When H; is low, G'sy has a non-linear signal
across changes in H; (Figure 1.3a). In this situation, Ggr is very sensitive to departure
from the panmictic state (Figure 1.3d-f; Figure S2). In contrast to G g7, in this regime, D
varies almost linearly with H, and can detect nearness to panmixia and isolation when
populations are either monomorphic or polymorphic (Figure 1.3a-f; Figure S2). In this
regime, D is monotonic and bounded by 0 and 1. Furthermore, we have D ~ f(M),
thus the domain where D signals genetic differentiation corresponds exactly to the

transition of allele frequencies from isolation to panmixia signaled by f(M).

Table 1.3 Genetic differentiation measure values in the 3 mutation regimes

Mutation regime (parameter values) M f(M) Gsr D
1073 0.8992  0.9988 0.9000
1071 0.0819 0.8892())  0.0825
10-1 09158  0.8333 0.9990
10 0.0981 0.0868  0.9058(!)
1 09158 0.0825(!)  0.9990
100 0.0981 0.0088  0.9079(!)

0 (=10-%) < nb (=1072) < 1

0 (=10-1) < 1 < nb (=100)

1 < 0 (=10) < nb (=1000)

Under the intermediate mutation regime (¢ < 1<n#), while the value of the within
population gene diversity H; increases with the migration rate, the total gene diversity
H, is high for any migration value. Ggr varies almost linearly with 1 — H,, while D
changes when 1 — H; is close to 0 (Figure 1.4a). Thus, D signals strong genetic differen-
tiation, even when allele frequencies are close to their expected value under panmixia
(f(M) ~ 0, Table 1.3, Figure S3). Also, as shown in Figure 1.4b-d, when populations

are polymorphic with similar allele frequencies (weak differentiation), G g7 signals no
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Figure 1.3 Difference in sensitivity of Ggr and D to detect genetic differentiation
when the within-population gene diversity is low (illustrative value for 7, = 0.15).
(a) Gsr and D as a function of H,. (b)-(f) lllustrative cases of alleles distributions for
different H; and number of alleles a in n = 10 populations, assuming that populations
are bi-allelic with one allele at frequency 0.92 and the other at frequency 0.08. The re-
ported allele frequency values match the ones obtained by simulations under the weak
mutation regime (Figure S2). Each row represents an allele (frequencies are indicated
when the allele is present) and each column a population. (b) Two populations have
the same alleles at the same frequencies, the others have only private alleles; H;~0.90,
Gsr~0.84 and D~0.98; (c) half of the populations have the same alleles at the same fre-
quencies; H;=0.5, Ggr~0.71 and D~0.46; (d)-(f) All populations have the same alleles
at the same frequencies except one. (d) H;~0.28, Gg;r~0.48 and D~0.17. (e) H,~0.21,
Gsr=~0.31 and D~0.09. (f) H;~0.16, Ggr~0.07 and D~0.02. D decreases linearly with
the number of genetically identical populations while Gsr values are sensitive to small
departure from panmixia.
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differentiation. In contrast, in this case, D signals strong differentiation (see Figure 1.4).
Interestingly, a high D value is observed even when only one population has a different
genetic composition than the others (Figure 1.4d, which can occur when migration is
strong, see Figure S3). Ggp ~ f(M), thus the domain where G signals differentiation

corresponds to the transition signaled by f(M).

a=10

0 02 04 06 08 1
1— H,

Figure 1.4 Difference in sensitivity of Ggr and D to detect genetic differentiation
when the total gene diversity is high (i.e. when H; ~ 1). (a) Gsr and D as a function
of 1 — H,, for a high value of H, (0.9). (b)-(d) Illustrative cases of alleles distributions
for different 1 — H, and number of alleles a in n = 10 populations. Few populations
can have private alleles while others share alleles at similar frequencies (for illustrative
values obtained by simulations see Figure S3). (b) Different alleles are fixed in different
populations, H,~0, Ggr=1 and D=1; (c) half of the populations shares five alleles at
the same frequency and the other half populations has each one allele fixed, H;~0.4,
Gsr~0.56 and D~0.93; (d) all populations share nine alleles at the same frequency,
except one with H,~0.8, Ggr~0.11 and D~0.56. Ggr decreases with the number of
genetically identical populations while D values are high in (b), (c) and (d).

Under the strong mutation regime (1 < 6), the total gene diversity and the within-
population gene diversity are very high whatever the value of migration (H,; ~ 1 and
H, ~ 1). Ggr signals weak genetic differentiation, as populations are always poly-
morphic (low fixation level) and is not upper bounded by 1 (fig S4). When n = 2,

D corresponds exactly to the transition from isolation to panmictic state signalled by
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f(M) (as then f(M) ~ D). However, D values increase when the number of popula-
tions n is large (see Figure 1.5). Indeed, when n >> 1, we have f(M)<D. Thus, D is
very sensitive to departures from the expected panmictic values when n is large and
reflects that under these conditions (numerous alleles at low frequency, a large number
populations), correlations between allele frequencies from different populations might
not be expected (fig S4, even under panmixia, allele frequencies might not be identi-
cal in all populations). D then signals well how allele frequencies are differentiated

between any two demes.

0.8 K

0.6 D
0.4 K
0.2 Gsr

>
2 10 100 1000
n

Figure 1.5 Behavior of Gs; and D as a function of the number of populations n
in panmixia when both the within-population and total gene diversities are high
(i.e. H, and H, close to 1). D detects genetic differentiation (values superior to 0)
when n increases, while Ggr detects panmixia (values close to 0). As the number of
polymorphic populations increases, the number of alleles present in few copies in few
populations increased (as shown Figure S4). As D estimates genes overlap between
populations, this results in an overestimation of genetic differentiation by D.

USES OF Gg7 AND D TO ESTIMATE GENETIC DIFFERENTIATION

Our results have direct implications for the use of differentiation measures. We de-
fine a function f(M) that considers genetic differentiation as the degree to which allele
frequencies are close to what is expected under isolation or panmixia (see Figure 1.2).
Under this definition, we provide in Table 1.4 the measure that is the most appropriate
to estimate genetic differentiation given the mutation regime (assuming a finite island
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model and the infinite allele model). In empirical studies, only H, and H; are com-
monly available and the values of n and 6 are often unknown. Assuming again an
island model, an infinite allele model, and equilibrium conditions, it is possible to in-
fer the mutation regime using the values of H, and H,. Indeed, we know that H, and

H, are bounded as follows:

(1.11)

Table 1.4 Differentiation measures Gs; and D uses when parameters n and ¢ are
known

Mutation regime Measure to use

nd <1 D
0 <1<nb Gsr
1< 8 <nb Da

2 In this case, D overestimates the level of genetic dif-
ferentiation; the lower the number of populations n,
the more accurate D

0

Therefore, H, < 0.5 implies that ite

< 0.5 and thus # < 1 which corresponds to the
weak or intermediate mutation regime. In a similar way, we can show that H, > 0.5
implies nf > 1 which corresponds to the intermediate or high mutation regime, and
tinally H; < 0.5 implies that nf < 1 which is the weak mutation regime. Consequently,
(results summarized Table 1.5). (i) When H, < 0.5, D measures accurately the transi-
tion from isolation to panmixia under the weak mutation regime. (ii) When H, < 0.5,
either the weak or the intermediate mutation regime apply. When the mutation regime
is weak, D measures accurately the transition from isolation to panmixia while G g7 is
very sensitive to departure from panmictic state (as the threshold migration value of

Gsris 1 > Mrp=nf; Table 1.2). When the mutation regime is intermediate, G'sy mea-

sures accurately the transition from isolation to panmixia while D is very sensitive to
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departure from panmictic state (as the threshold migration value of D is nf > Mp=1;
Table 1.2). Interestingly in those two cases, the lowest value of Gsr and D accurately
measures the transition. (iii) When H, > 0.5, either the intermediate or the strong mu-
tation regime can apply. When the mutation regime is intermediate, Gsr measures
accurately the transition and D overestimates it (as its threshold migration value is
nf > Mp = 1; Table 1.2). In the strong mutation regime, G s weakly detects nearness
to the isolation state and D is very sensitive to departure from panmictic state (as the
threshold migration value of D is nf > Myp; Table 1.2). Moreover in this regime, the

number of populations n can also rise the values of D.

Table 1.5 Differentiation measures Gs; and D uses when parameters n and 6§ are
unknown

Condition Mutation regime Measure to use
weak mutation
H, < 0.5 D
¢ (nf < 1)
H. <05 weak or intermediate mutation min(D, Gr)
@<1)
o> 05 intermediate or strong mutation  Ggr (if < 1)*
o (nf > 1) orDP

2 The condition is necessary for Ggr to measure correctly genetic differentiation,
though 6 is usually unknown

b In this case, D overestimates the level of differentiation; the lower the number of
populations n (usually unknown), the more accurate D

Our results imply that assuming an infinite allele model, for low mutation rate
markers such as SNPs and allozymes, D should be privileged when there are few pop-
ulations and Ggr when the number of populations is large. For high mutation rate
markers, such as microsatellites, D should be favoured, although its value depends on
n. In summary, to capture genetic differentiation and to have a complete understand-
ing of genetic differentiation, it is important to estimate the within population gene
diversity H, the total gene diversity H; and to use both G'sy and D values.
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USES OF Gg7 AND D TO ESTIMATE DEMOGRAPHIC PARAMETERS

The coalescent Fsr provides a good estimate of demographic parameters under the is-
land model (WHITLOCK 2011). From our results we can show that Gs7 and D can also
be used to estimate demographic parameters. SLATKIN (1993) already showed that
under low mutation rates, Ggr performs very well to estimate the amount of migra-
tion between populations - the number of migrants per generation in an island model
Nm. Besides, WHITLOCK (2011) showed that Gsr should be preferred to D to infer
demographic parameters as it is less sensitive to the strength of mutations. Our results
showed that D and Ggr are sensitive to different aspects of genetic diversity among
populations that are reflected by the mutation regimes. Together they provide comple-
mentary measures to infer demographic parameters of populations. Indeed, assuming
that n is known, assuming equilibrium conditions (following assumptions in SLATKIN
1993), and using results in equations 1.9 and 1.10, estimators of the number of migrants

per generation, Nm, and the number of mutants per generation, N, can be derived as

1—Ggr\ (n—1\*/ 1-D
GST n 1—"T_ID

follows:

(1.12)

The estimator of Nm, Nm in eq. 1.12 corresponds to SLATKIN (1993)’s estimator,

corrected by a ratio %. Thus, eq. 1.12 corresponds to SLATKIN (1993)’s estimator

1-D -
1—n=1p 18

n

of Nm when D is close to 0 or n is large. For example, when n = 100, the ratio
larger than 0.95 for all D < 0.84. The estimator of Ny, m in eq. 1.12 was also derived

in JOST (2008).
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DISCUSSION

Here, we present a function f that captures the main features of the transition of al-
lele frequencies from their expected isolation state to their panmictic state, under the
tinite island model. This function allows a deep analysis of the properties of genetic
differentiation measures G and D. With this function, we found that Ggr and D
display accurate signals of genetic differentiation (as defined above) in three different,
specific and restricted mutation regimes (Tables 1.4, 1.5). We derive the limits of those
domains and discuss the parameter domain for which the use of Gsr or D should be
favored. The limits of the three mutation regimes identified depend on the number of
mutants per generation /2 and on the number of populations n. Interestingly, the limit
of the weak mutation regime presented here (n) corresponds to the threshold value
provided by MAYNARD SMITH (1970) that determines the domain in which genetic di-
versity between different populations is maintained. Indeed, MAYNARD SMITH (1970)
found that under the finite island model, when M << nf, genes from different pop-
ulations are likely to have different alleles, and when M >> nf, the genetic diversity
is shared between populations, as expected in panmictic populations. This threshold
value also corresponds to the threshold value of D (eq. 1.10, and eq. 17 in JOST 2008),
which supports the use of D to understand genetic differentiation in the weak muta-

tion regime.

Our description of the transition of allele frequencies from isolation to panmictic
state using f reflects the transition of a set of summary statistics (number of private
alleles, gene diversities, effective number of alleles, frequency of the most common al-
lele in each population and among populations, mean singular value). Those summary
statistics provide a precise meaning to the transition function f. Therefore the use of f
allows a deep understanding of differentiation measures by comparing their expected
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behavior with f. However, other summary statistics exist and some require new ex-
pression for f. For example, using the ratio of within Ag and total effective number of
alleles Ay as summary statistics leads to a function fy(M) = D (normalizing Ag/Ar
between 0 and 1, as in JOST 2008). Alternatively, normalizing the ratio Ar/Ag leads

n—1

to function f3(M) = ﬂnefM' Interestingly, these functions correspond to the function

f(M) derived here, under the weak and strong mutation regimes, respectively.

An appropriate measure of genetic differentiation should accurately describe the
distribution of alleles among populations. We highlight a complex dependency of ge-
netic differentiation to the mutation rate, population size and migration rate, charac-
terized by function f. This dependency reflects the complex interaction between pro-
cesses which tend to homogenize (migration) or differentiate (genetic drift, mutation)
allele frequencies between populations. While a measure independent of the mutation
rate, such as the coalescent Fsy, provides insight into important evolutionary forces
(WHITLOCK 2011), our results show that it might fail to describe the main features of
the distribution of alleles among populations (e.g., Figure 1.3 and S2). For example,
the number of private alleles in each population results from the interaction between

mutation (generating private alleles) and migration (sharing these alleles).

A large body of literature described the "one migrant per generation rule" (OMPG).
This rule states that 1 migrant per generation is the threshold number of migrants
to maintain genetic diversity in a structured population, whatever the mutation rate
(SPIETH 1974; SLATKIN 1993; MILLS and ALLENDORF 1996). Our results suggest, in
agreement with MAYNARD SMITH (1970), that depending on the mutation regime, less
or more than one migrant might be enough to reach the highest possible genetic diver-
sity. Our results show that both the threshold identified by MAYNARD SMITH (1970),

and the OMPG describe how close populations are to panmixia and isolation states,
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but in different mutation regimes. Our results also highlight, as in JOST (2008), the im-
portance of the relative values of nf and the number of migrants per generation /2

to characterize the level differentiation of populations.

When mutation rates are low, in agreement with GREGORIUS (2010), we found that
G'sr describes accurately the fixation of alleles in populations, but not the transition
between panmictic and isolation states (Figure 1.3), even when populations are not
monomorphic. Ggr values are high regardless of the similarity of allele frequencies
between populations. This result is surprising, as G'sr is commonly thought as possi-
bly misleading only when H; is high, and provide reliable estimates when H; is low
(HEDRICK 2005). Although Gsr values are not constrained by the value of H,, when
mutation rates are low it might not accurately measure transition from isolation to pan-
mictic states of populations in this domain. We also identify an intermediate mutation
regime, where G g characterizes the transition from isolation state to panmictic state
better than D. We show that in the strong mutation regime, both Gsr and D can be
weakly sensitive to the transition of allele frequencies from isolation state to panmictic
state; this result was surprising, as D was developed to solve the unreliability of Ggr
in this domain (JOST 2008). Our results also show that the total number of populations
that belongs to the studied systems, n, (not the number of sampled populations), is im-
portant and can impact measures of genetic differentiation. Indeed, we demonstrate
(Figure 1.5, Tables 1.2 and 1.3) that population genetic differentiation estimated with

D rises when the number of population is large, even under panmixia.

One important point of our study is that D and Gsr are complementary, as they
are sensitive to different features of the genetic diversity among populations: Gy de-
tects the level of differentiation based on allele fixation and D the difference in genetic
composition. Depending on the requested information on genetic differentiation, they
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can be used in a complementary manner. This is illustrated in Figures 1.3, 1.4 and 1.5,
where, under the weak mutation regime, G gy (but not D) can detect differentiation
when a single population is genetically different from the others, while under the in-
termediate mutation regime, D (but not Gg7) can detect differentiation when a single
population is genetically different from the others. The complementarity of D and Gsr
can also be used to infer the mutation and demographic parameters of populations.
Indeed, SLATKIN (1993)’s estimator of the number migrants per generation Nm in an
island model (assuming an infinite allele model), ]Vr\n, which is valid only under weak
mutation, can be generalized to any mutation rate. Although parameter Nm is ex-
pected to be the same for all loci, Nm must be estimated for each locus independently
to correct for differences in mutation rates as they affect differently Ggr and D. Esti-
mators of the other model parameters such as the number of mutants per generation
Ny can also be inferred using both D and G'sp. Using Estimators in eq. 1.12 in an ap-
proximate Bayesian computation framework (BEAUMONT et al. 2002), for example, is
expected to refine estimates of the model parameters in more complex scenarii as we

showed that they are sensitive to different processes.

Results presented here assume equilibrium gene diversities and rely on specific mi-
gration and mutation models. The mutation regimes identified and presented here are
derived assuming an island model, however, they can be generalized to any migration
model which has the isolation and island model as a limit model. Indeed, as long as
gene diversities are bounded by the values of H**° and H?*", they depend on the num-
ber of populations, n, and on the scaled mutation, ¢, thus the three mutation regimes
identified apply. Results presented here thus cannot be generalized to stepping-stone
models (1-dimension or 2-dimension, finite, circular or infinite) but, to models where

the migration has an unconstrained dispersal kernel.
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We also assume an infinite allele model. The use of other mutation models, such
as the finite allele model, or the stepwise mutation model is expected to lead to dif-
ferent results. Indeed, under those mutation models a lower genetic diversity will be
achieved, even under strong mutation (/, and H, could be lower than 1 whatever the
mutation rate). Thus, under the intermediate and strong mutation regimes, results
are expected to differ from our predictions. Other measures of genetic differentiation
based on different mutation models could provide additional insight into genetic dif-
ferentiation under the strong mutation regime (e.g. ¢ g7 for haplotype data; EXCOFFIER

et al. 1992; Rgr for microsatellite data SLATKIN 1995).

Gsr converges faster than D to its equilibrium values when mutation rate is low,
and the opposite is true when the mutation rate is high (RYMAN and LEIMAR 2008).
Thus, D might better reflected the level of genetic differentiation in non-equilibrium
populations (JOST 2009). However, given the complexity and the diversity of processes
that can lead to transient dynamics of genetic diversity (e.g. population size changes,
migration changes and selection event), further investigations are needed to disentan-
gle for each of these events the expected impact on measures of genetic differentiation.
Moreover the advantage or disadvantage of a slow or fast rate of convergence depends

on the questions investigated.

To have an accurate picture of the actual distribution of alleles among populations,
we suggest that population genetics studies should investigate the two genetic di-
versity measures H,, H;, and the two genetic differentiation measures D and Ggr.
Together, they provide a better characterization of the partition of genetic diversity
among populations than any single measure.
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ABSTRACT

Genetic diversity is essential for population survival and adaptation to changing envi-
ronments. Demographic processes (e.g., bottleneck and expansion) and spatial structure
(e.g., migration, number and size of populations) are known to shape the patterns of the
genetic diversity of populations. However, the impact of temporal changes in migration
on genetic diversity has seldom been considered, although such events might be the
norm. Indeed, during the millions of years of a species’ lifetime, repeated isolation
and reconnection of populations occur. Geological and climatic events alternately
isolate and reconnect habitats. We analytically document the dynamics of genetic
diversity after an abrupt change in migration given the mutation rate and the number
and sizes of the populations. We demonstrate that during transient dynamics, genetic
diversity can reach unexpectedly high values that can be maintained over thousands of
generations. We discuss the consequences of such processes for the evolution of species
based on standing genetic variation and how they can affect the reconstruction of a
population’s demographic and evolutionary history from genetic data. Our results also

provide guidelines for the use of genetic data for the conservation of natural populations.
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ENETIC diversity in a population of constant size results from the bal-

ance between the occurrence of new mutations and the loss of alleles

by genetic drift (FISHER 1922; WRIGHT 1931; KIMURA and CROW 1964).

The expected population genetic diversity can thus be estimated from the effective
population size and the mutation rate in the population. In subdivided populations
this estimate should further account for the strength of migration (MARUYAMA 1970;
MAYNARD SMITH 1970; NEI 1973): limited migration allows for strong differentiation
between populations, while strong migration tends to homogenize genetic diversity
between populations. Genetic diversity is also known to be impacted by population
demographic changes; following bottlenecks and founder events, a loss of genetic di-
versity is expected to occur (NEI et al. 1975). Recently, spatial population expansions
were shown to lead to increased differentiation between populations and to generate

a low level of genetic diversity at the front of the expansion (EXCOFFIER et al. 2009).

Although theoretical studies on the dynamics of genetic diversity in subdivided
populations started appearing in the 1970s (NEI and FELDMAN 1972; LATTER 1973;
NEI 1973; NAGYLAKI 1974, 1977), the transient dynamics and non-equilibrium states
of genetic diversity still do not have a good theoretical basis. Early authors charac-
terized the ultimate rate of change of genetic diversity after a perturbation (either a
change in population size or gene flow;NEI and FELDMAN 1972; LATTER 1973; NEI
1973; NAGYLAKI 1974, 1977). They found that changes in genetic diversity are related
to the total effective population size, which results in a slow dynamics of genetic di-
versity change. They thus first highlighted that non-equilibrium states and transient
dynamics are expected to act on very large temporal scales. In particular, they showed
that decreases in migration rates (population fragmentation or isolation) have long-
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term effects on genetic diversity: they reduce the amount of genetic diversity within
populations and allow for population differentiation (LATTER 1973; TAKAHATA and
NEI 1985). Additionally, it has been shown that short timescale random fluctuations
in migration increase population differentiation (NAGYLAKI 1979; WHITLOCK 1992;
RICE and PAPADOPOULOS 2009) while cyclic fluctuations of gene flow (such as sea-
sonal fluctuations) mainly impact genetic diversity within populations (KARLIN 1982;
SHPAK et al. 2010). Although the genetic consequences of migration events (admixture)
have recently received much attention (e.g., PRITCHARD et al. 2000; FALUSH et al. 2003;
PRICE et al. 2009; GRAVEL 2012), their impact on genetic diversity and more particu-

larly the expected induced transient dynamics have not received much attention.

Genetic diversity has a crucial importance in estimating populations at risk of ex-
tinction and species’ adaptive potential. Current genetic diversity characterizes species
at risk of extinction through inbreeding depression, loss of genetic diversity, and ac-
cumulation of deleterious mutations (GILPIN and SOULE 1986; JIMENEZ et al. 1994;
FRANKHAM 1995; HEDRICK and KALINOWSKI 2000). The current level of genetic di-
versity (or standing genetic variation) is now widely recognized as a determinant for
the adaptation of a population to a novel environment (TURNER et al. 1993; FEDER
et al. 2003; PELZ et al. 2005; COLOSIMO et al. 2005; HERMISSON and PENNINGS 2005;
MYLES et al. 2005; HERNANDEZ et al. 2011; JONES et al. 2012). First, under new selective
pressures, the adaptive value of a pre-existing allele can switch from neutral or dele-
terious to beneficial (GIBSON and DWORKIN 2004; HERMISSON and PENNINGS 2005).
Second, alleles from the standing genetic variation are present at higher frequencies in
the population than any newly arisen (de novo) mutation are, thus they have higher fix-

ation probabilities and lower times to fixation (BARRETT and SCHLUTER 2008). Finally,
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these alleles have already passed successive selective filters and are consequently more
likely to be compatible with the background genome (ORR and BETANCOURT 2001;

SCHLUTER et al. 2004; BARRETT and SCHLUTER 2008).

Measures of genetic diversity are widely used to understand and infer the demo-
graphic and evolutionary history of populations. Indeed, statistical tests using poly-
morphism data can detect departure from neutrality and infer demographic or selec-
tive processes (e.g. EWENS 1972; WATTERSON 1978; TAJIMA 1983; FU and L1 1993; FAY
and WU 2000, see review in KREITMAN 2000). Furthermore, due to recent modeling
advances in coalescent theory and increased genomic data and computational power,
it is now possible to distinguish different demographic scenarios (e.g. population bot-
tleneck and subdivision, PETER et al. 2010) and estimate demographic and selective
parameters (e.g. populations size and growth rate, proportion of admixture, selection
coefficient) using polymorphism data (BEAUMONT et al. 2002; KIM and STEPHAN 2002;
KiM and NIELSEN 2004; NIELSEN et al. 2005; PRICE et al. 2009). Nevertheless, it is often
difficult to distinguish between the transient effects of demographic changes and the
effects of selection on polymorphism data (JENSEN et al. 2005; NIELSEN 2005; L1 and
STEPHAN 2006; KiM and GULISIJA 2010; PAVLIDIS et al. 2010). It is also difficult to dis-
tinguish between the signatures of different demographic changes such as changes in
population size, number or migration rate (WAKELEY 1999). A better understanding
of the impact on genetic data of transient dynamics during demographic changes is

necessary to disentangle these processes.

Interestingly, although the impact of population subdivision and short timescale
population demographic changes on genetic diversity have received a lot of atten-
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tion, other processes, such as long-term isolation and subsequent population reconnec-
tion, have received little attention. Such events have, without a doubt, occurred sev-
eral times in the past, at long and short timescales. Repeated environmental changes
have modified habitats and species distribution and created isolation and reconnec-
tion of populations. For example, during the climatic oscillations of the Quaternary
period, temperate and tropical species were successively isolated into refugia and ex-
perienced habitat and population expansion, allowing for population reconnection
(HEWITT 2000, 2004; ZHANG et al. 2008; YOUNG et al. 2009). At the same time, the
reduction of sea levels (120 m lower than present, LAMBECK et al. 2004) allowed the
formation of land bridges that connected isolated lands in several parts of the world
(HEWITT 2000). Repeated changes in water level resulted in fragmentation and fu-
sion of basins within continents (as in the Great African Lakes, GALIS and METZ 1998;
STURMBAUER et al. 2001). Similarly, geological events such as volcanic eruptions in-
duced periodic isolation and reconnection of islands (COOK 2008), while tectonic pro-
cesses such as the formation of mountains isolated populations and reconnected others
(HUGHES and EASTWOOD 2006; ANTONELLI et al. 2009; ANTONELLI and SANMARTIN
2011). More recently, climatic, environmental and anthropogenic changes (e.g., global
warming, urbanization and agriculture) have also played important roles in modify-
ing the connectivity pattern between populations (MILLER and HOBBS 2002; DELANEY
et al. 2010). Consequently, some species are currently subdivided into poorly connected
or completely isolated populations; for examples ground beetles (KELLER et al. 2004),
salamanders (NOEL et al. 2007) and crickets (VANDERGAST et al. 2009). In the mean-
time, other species experience habitat and population expansion (e.g., sparrows, white-
tailed deer, zebra mussels; WAPLES 2010). Isolation and reconnection of populations

not only reflect abiotic processes, but they can also represent spatial and temporal in-
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teractions of populations (e.g., secondary contacts; GREEN et al. 2010; DOMINGUES et al.
2012). Consequently, transient states of genetic diversity are expected to be the norm,

and deserve much more attention.

In this study, we analytically characterized the dynamics of genetic diversity fol-
lowing a change in migration rate between populations, given any migration rate,
mutation rate, population size and degree of fragmentation. We first analyzed how
genetic diversity is affected by an event of isolation of populations, and by an event of
reconnection of populations. We then generalized our results for situations where the
migration rate between populations displays strong variation. We demonstrate that
temporal changes of migration generate periods where genetic diversity reaches unex-
pectedly high values that can be maintained over thousands of generations. We also
show that migration changes can produce a signature on summary statistics such as
Tajima’s D and Ewens-Watterson’s statistics that cannot be differentiated from a signa-
ture of population size change or from the signature of selection. Finally, we discuss
how such processes can impact observed macro-evolutionary patterns of species di-
versity and how they can affect the reconstruction of populations” demographic and

evolutionary history from genetic data.

GENETIC DIVERSITY OF POPULATIONS

To study the dynamics of genetic diversity after connectivity changes, we consider
diploid individuals in a finite island model composed of n random mating populations
of size IV, so that the total population size is n/N. The populations exchange migrants
at a rate m. The mutations follow the infinite allele model (each mutation produces a
new allele; KIMURA and CROW 1964) and occur at a rate p. The generations are non-
overlapping (Wright-Fisher model; FISHER 1930; WRIGHT 1931).
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Genetic diversity, H, is estimated using the identity by descent F' between pairs of

alleles, through the relationship provided by NEI and FELDMAN (1972):

H=1-F 2.1)

Further, we characterize within-population genetic diversity H; and between-population
genetic diversity H,, using within- and between-population genetic identities, respec-
tively. Within-population genetic identity, F;, corresponds to the probability that two
genes randomly chosen from the same population are identical by descent. Between-
population genetic identity, 4}, corresponds to the probability that two genes randomly
chosen from different populations are identical by descent. Considering that within-
and between-population genetic identities F and F} at a given time ¢ are, respectively,

F,; and F;;, their values at the next generation (forward in time), respectively, F} ;1

and F;, ;.1, will follow (MAYNARD SMITH 1970; MARUYAMA 1970; LATTER 1973):

Fopr =lalet (L=0)F)+ (1—a)F](1—p)’

(2.2a)
Foirn = [blet (L=0)F)+ (1 —=0)F (1 — p)?
where the parameters are:
a:(l—mf+vﬁ?1 (2.2b)
b:<i:% (2.20)
o b (2.2d)
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System of equations 2.2 can be expressed under matrix notation as:

Ft+1 = AFt + B (23a)
Where:
a(l—c¢) 1—a
A=(1- M)z (2.3b)
b(l—c) 1-0
ac
B=(1- u)Q (2.3¢)
be
Fs,t
Fyy

Parameters have the following interpretation: a is the probability that two genes at
the same location before migration are still at the same location after migration (either
both migrate to the same location or both do not migrate); b is the probability that two
genes that were at the same location before migration migrated to different locations;
c is the probability that two genes within a population are copies of the same gene;

(1 — p)? is the probability that neither of the two randomly chosen genes mutated.

PREDICTING THE DYNAMICS OF GENETIC DIVERSITY

To characterize the impact of connectivity changes on genetic diversity, we analyzed
the trajectories of within- and between-population genetic diversity from any initial ge-
netic identity state. Using the equation (2.2), MAYNARD SMITH (1970) and MARUYAMA
(1970) showed that genetic identities converge toward an equilibrium value F¢¢ (value
given in Supporting Information File S1). Extending the results obtained by NEI and
FELDMAN (1972) for n=2 populations, we show that the temporal dynamics of genetic
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diversity follow (see appendix A for more details):

F; = C\) + Co)\, + F (2.4a)
Where
Fea
Fel = (2.4b)
F?

A1 and ), are respectively the largest and smallest eigenvalues of matrix A, and they

follow:

5 [a(l —¢) +1—b+ /(1 —a(l —c) +b)2 — 4b]
(2.5)

Ag = [a(1—¢)+1—b—+/(1 —a(l —c)+b)2 — 4b]

C; and C; are column vectors of dimension 2 composed of constant values which
depend on the parameters of the model (m, 1, n and N) and on the initial genetic

identity F( (appendix A).

In the next section, we provide from eq. 2.4a and 2.5 the temporal change of genetic
diversity and derive the corresponding time to reach genetic diversity equilibrium af-

ter a connectivity change.

TIME TO REACH GENETIC DIVERSITY EQUILIBRIUM

The change of genetic diversity can be decomposed in two main temporal dynamics:
a long-term and a short-term dynamics. Indeed, the temporal change of genetic diver-
sity depends on two components: |C;\:| and |Cy)\y| (eq. 2.4a). They both follow an
exponential decay and their rate of change depends on r = In()\) and r; = In(\,),
respectively (appendix A). As 1 > A\; > Ay > 0, |C2 5| decays more rapidly than |C X! |
(see Supporting Information File S1). Thus r; determines the ultimate (or long-term)

change of genetic diversity and r, determines the transient (or short-term) change of
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genetic diversity.

When migration and mutation rates are small (i.e. m << 1 and ¢ << 1) and local

population sizes are large (i.e. N >> 1), the decay constants r, and r, follow:

1
ry=—2u—
2N (2.62)
n 1 1
re = 2= 2miT T N Y oN
With
(n—1)
N, = nN(1 2.6b
AN+ =) (2.6b)

where M = 4Nm is the scaled migration rate and N, is the effective population size
of the total population (inbreeding, eigenvalue, variance and mutation effective size
are equivalent in the finite island model, WHITLOCK and BARTON 1997). As expected
from theory (WHITLOCK and BARTON 1997; WAKELEY 1999), in the strong migration
limit (M >>1), the effective size is equal to the total population size n/N, while in the

weak migration limit (M <<1), the effective size is higher than the total population size.

We can estimate the durations of the ultimate and transient changes of genetic
diversity, denoted ¢; and ¢,, respectively. Formally, we define ¢, and ¢, as the times
needed for A} and A} to be reduced to a number «, where a € |0; 1]:

M=«
(2.7)
A2 =a
Assuming that migration and mutation rates are small and population sizes are large,
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t1 and ¢, simplify to (appendix A):

_ —In(a)
20+ 33
—In(«)

_2u+2m%+ﬁ—ﬁ

1
(2.8)

123

The genetic diversity changes as follows (Figure 2.1): (i) a convergence of duration
t, from the initial genetic diversity value to a transient genetic diversity value and then
(ii) a convergence of duration ¢; to the genetic diversity equilibrium H. The time to
reach genetic diversity equilibrium, ¢;, depends only on two terms: the mutation rate
(term 2y) and the genetic drift at the total population level (term 53-). The duration
of the transient dynamics, ¢;, depends on four terms: the mutation rate (term 2.), the
migration rate (term 2m), the genetic drift in each population (term ;) and the genetic
drift at the total population level (term ﬁ). The convergence to the transient and
equilibrium values of genetic diversity can occur on separated timescales (i.e. t; >> t5)
depending on the parameter values. The timescales ¢; and ¢, can differ from several

orders of magnitude. When n > 14, differences are the highest (t; >> t,), in the

L
2N

and also when p >> L and m > . When n < 14, the

domain where ;1 << 5N

same conditions apply for ¢; >> ¢, except in a restricted domain where m ~ see

2w (
appendix A). For example, the duration of the transient dynamics is ¢3~~134 and the

time to reach equilibrium is ¢;~1.5x10° (with a=5%), when 10 populations of size

2,500 with a mutation rate of 10~ are connected with a migration rate of 0.01.

DYNAMICS OF GENETIC DIVERSITY AFTER AN ISOLATION EVENT

We analyzed the dynamics of genetic diversity after an isolation event, starting with a
situation where populations are connected and at their equilibrium value, i.e., within-

and between-population genetic diversity H, and H, are at the expected connection
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1e+05 ty

1e+04

1e+03

1e+02

1e+01 o

1e+00 —

T T T T T T T
1e-07 1e-06 1e-05 1e-04 1e-03 1e-02 1e-01

m

Figure 2.1 The time (in number of generations) ¢; to reach genetic diversity equilib-
rium and the length of the transient dynamics period ¢, as a function of the migra-
tion rate m. The solid line corresponds to n = 2 populations, the dashed line to n = 10

and the dotted line to n = 100. ¢, is always at least one order of magnitude higher than

ty. This separation of the two periods becomes even greater when m > & = 107

4N
Parameter values are N = 2500, u = 107, a=5%.

equilibrium values H?  and H;? = (see MARUYAMA 1970; MAYNARD SMITH 1970

s,con b,con

and Supporting Information File S1).

We observe (Figure 2.2) that immediately after an isolation event, within-population
genetic diversity decreases due to genetic drift to the point where it reaches the mutation-

drift equilibrium of an isolated population H;'

5,180

(see Supporting Information File S1
and KIMURA and CROW 1964), at a rate determined by 7, (from eq. 2.6). Meanwhile,
between-population genetic diversity slowly increases due to the differentiation of
populations induced by mutations (at a rate determined by r; from eq. 2.6). Pop-
ulations ultimately reach complete differentiation (equilibrium value of H;j,, = 1).
We can show from eq. 2.2 that following an isolation event, within- and between-
population diversities change independently and reach their equilibrium value in ¢,

and ¢, generations, respectively (Supporting Information File S2).

The decrease of population genetic diversity (within) can occur quickly relative to
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Figure 2.2 Dynamics of (a) within-population [, and (b) between-population H,
genetic diversity after an isolation event. Within- and between-population diver-
sity (solid lines) were previously at their respective connection equilibrium H¢?,, and
HyY,,- After the isolation event, within- and between-population diversities reach their
isolation equilibrium ¢} , and H;},, (dashed lines) at rates determined by r, and 7,
(eq. 2.6). ty and t; estimate the time to reach the within- and between-population
genetic diversity equilibrium, respectively (eq. 2.8). Under the effect of genetic
drift, within-population diversity reaches its equilibrium value faster than between-
population genetic diversity. Parameters are n = 10, N = 2,500, m = 10~* before iso-
lation and m = 0 afterwards, and p = 107°. ¢; ~ 149,000 generations and ¢, ~ 13,600

generations (for a=5%).
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population differentiation (between-population genetic diversity, see Figure 2.1). After
an isolation event, within-population genetic diversity (/1) remains above its expected

equilibrium H?

s,is07

while between-population genetic diversity (/,) remains below its

expected equilibrium H; 4

biso- FHOWever, the timescales of these non-equilibrium periods
differ. When populations are isolated (m=0), H, reaches a value close to its equilib-

1
2yt 55

rium value in ty~ generations, while H, reaches a value close to its equilibrium
value in tlwﬁ generations (eq. 2.8). Therefore, when #<<1, H, converges much more
quickly than H;, and when 6>>1, both converge in approximately the same amount
of time. For example, assuming ¢ = 107° and N = 1,000, H, is significantly lower
than the equilibrium value for approximately ¢,~150, 000 generations while H; is sig-

nificantly higher than the equilibrium value for approximately ¢,~6, 000 generations

(given a=5%).

DYNAMICS OF GENETIC DIVERSITY AFTER A CONNECTION EVENT

We analyzed the dynamics of genetic diversity after a connection event, starting with
a situation where populations are isolated and at their equilibrium value H;?  and

5,180

H;*

b,iso

(see MAYNARD SMITH 1970; MARUYAMA 1970 and Supporting Information File
S1). After a connection event (Figure 2.3), the genetic diversity accumulated in each
population during the isolation period is quickly spread to all populations (Figure 2.3,
fast dynamics in light gray, at a rate determined by 7, from eq. 2.6). Consequently,
within-population genetic diversity quickly increases and reaches a high value that is
above its expected connected equilibrium value (H¢%,, Figure 2.3, see Supporting In-
formation File S1). This process creates a peak of within-population genetic diversity
AH, and a transient excess of genetic diversity between populations AH,, (see Figure
2.3). Then, due to genetic drift, both the within- and the between-population diver-

sities decrease (slow dynamics in dark gray in Figure 2.3, at a rate determined by r;
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from eq. 2.6), to the point where the diversities reach the expected value of mutation-

migration-drift equilibrium (H¢%,,, and H;?

s,con b,con

from eq. 2.4b; KIMURA and CROW 1964).

H
A
sieon H,
(a) Within
H4
tQ tl !
reconnection
H
Hl(;q A
H | AT
(b) Between "bcon [TTTTTTIT T T T oo oo oo m T n o m T e E T H,

Figure 2.3 Dynamics of (a) within-population genetic diversity /7, and (b) between-
population genetic diversity H, after a reconnection event. Within- and between-
population diversities were previously at their respective isolation equilibriums H(j,,
and H,],, (eq. 2.4b). After the reconnection event, within- and between-population di-
versities reach their respective connection equilibriums H¢?,, and H;?,,, (dashed lines).
As shown in eq. 2.8, the time to reach genetic diversity equilibrium ¢; and the length
of the transient period ¢, are well separated. The two periods are: (1) Fast convergence
at a rate determined by r; (eq. 2.6) that is driven by the spread of diversity that had
accumulated within populations during isolation, which creates the peak of within-
population diversity (AH;) and the excess of between-population diversity (AH,). (2)
Slow dynamics at a rate determined by r; (eq. 2.6) that is caused by the gradual loss of
genetic diversity. A large number of generations is needed to reach equilibrium. When
n =10, N = 2,500, m = 10~ after reconnection, and x = 107°,¢; ~ 97,000 generations,
ty =~ 6,900 generations (for a=5%) and AH, ~ AH, ~ 0.11.

Within- and between-population diversities change successively according to two
timescales: first, a fast transient dynamics, followed by a slow asymptotic dynamics
(separation of timescales is derived in appendix A and illustrated in Figure 2.3). Be-
cause the transient dynamics can be shorter than the asymptotic dynamics, the excess
of genetic diversity (AH, and AH,) can be maintained for a very long period (from

Figure 2.1, t; is longer than 10, 000 generations).
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PEAK OF GENETIC DIVERSITY GENERATED BY A CONNECTION EVENT

In this section, we characterize the peak of within-population genetic diversity, AH,,
and the excess of between-population genetic diversity, AH,, observed after a connec-
tion event as a function of the mutation rate, the genetic drift, the number of popula-
tions and the migration rate after connection. The exact value of the within-population
genetic diversity peak is represented in Figure 2.4. Assuming that migration and mu-
tation rates are small, we can show that good approximations of the values of AH, and

AH, are (see derivations in appendix B):

M "= M

AH,=(1—(1-F%)—"1_y. 0.05

( ( 5,150)1 + Mnil) b,conl _’_Mnil _ ?VN 1
N (2.9a)

AHy = (1 (1= Fer )ty g THMTN g

= —_ —_ . _—) . . tq

b $,i80/ 1 Mnﬁl b,conl + Mn:ll . ?VN
Where
e — . (2.9b)
s,1s0 1 T 9 :

is the expected equilibrium identity within an isolated population (KIMURA and CROW

1964), and

M
Fo = " :
b,con M + (n _ 1)9(1 + 9 + % ) (2 9C)

is the expected equilibrium identity between connected populations with the scaled
migration rate )/, the number of populations n and the scaled mutation rate § = 4Ny
(MARUYAMA 1970; MAYNARD SMITH 1970). These approximations lead to the largest
absolute error when a small number of populations (n = 2) is combined with weak
mutation (/ < 1) and intermediate migration (M =~ 5). Nevertheless, this error is
small (error smaller than 0.025 for AH, and smaller than 0.08 for AH,;), so equation
2.9 provides a good approximation of AH, and AH, for all n, M and ¢ values (see
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appendix B for more details about the validity of approximation 2.9).
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Figure 2.4 Peak of within-population genetic diversity AH, generated by a recon-
nection event. (A) Contour plot of AH, as a function of § and M, for n = 100. We can
clearly see the highest peak of diversity in the high M and low 6 region. (B) Contour
plot of the peak of genetic diversity after a reconnection event as a function of # and
n, for M >> 1 (high M region identified in (A)). In the high M region, the within-
population diversity peak AH, and the between-population diversity excess AH, are
equal. The dashed line represents the number of populations which maximizes the

peak of diversity n* = 1+ 1//0.

The peak of genetic diversity increases with the difference between the two timescales
(AHs; and AH, increase with %) as genetic diversity increases during the transient
phase and decreases during the asymptotic phase. Indeed, when those two phases are
separated there is no loss of genetic diversity caused by the asymptotic decay during
the transient phase (terms 0.05% ~ 1in eq. 2.9).

In the domain where the peak is the largest (M >> 1and 0 << 1), AH; and AH,

reach the same value:
n—1 1

AHWG$ —
n 1+n6

(2.10)

In this domain, AH™* is maximized when the number of populations is (dashed line
in Figure 2.4B):

n*=1+1/V0 (2.11)
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The corresponding peak of genetic diversity, reached at n*, is AH™*"|,,« = In-

1
1+2v6°
terestingly, the number of populations and the peak of diversity have a non-monotonous
relationship. The peak of genetic diversity decreases when the number of populations
approaches 2 and when it tends to infinity, while an intermediate number of popu-
lations n* maximizes the peak of genetic diversity. This can be easily explained by
the following processes. During isolation, a small number of populations accumulates
less between-population genetic diversity, thus, once reconnected, they share a smaller
amount of diversity. In contrast, a large number of populations accumulates a higher
level of genetic diversity but also has a higher connection equilibrium value; thus, once

reconnected, diversity reaches its expected equilibrium and no peak of diversity is ob-

served.

In summary, high peaks of genetic diversity (AH,>0.25 in Figure 2.4) can occur for
a large range of the parameter space: when mutation is weak (/<0.05) and migration is
moderate to strong (//>0.5). Under these conditions, drastic genetic diversity changes
can be observed (AH; values larger than 0.95, Figure 2.4B for M/ >50 and #<5x107*).

*

The number of populations that maximize the peak of diversity, n*, ranges from a
few populations when 6~1, up to a few hundred populations when §=10"° (values of
6<10~% are expected to be very rare, they would require a mutation rate of 2.5x107'2/bp
for a 1 kb gene and a population size of 100). Interestingly, a significant peak of genetic
diversity is also observed when only two populations reconnect (A H™**|,,_,=0.5 Fig-

ure 2.4B).
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PEAK OF GENETIC DIVERSITY RESULTING FROM A MIGRATION RATE

INCREASE

Complete isolation of populations is not required to generate peaks of genetic diver-
sity. Indeed, an abrupt increase of migration can generate the peak of genetic diversity
characterized in the previous sections. In Supporting Information File S3, we deter-
mined that if migration crosses a threshold value My, peaks of genetic diversity can

occur. The value of the threshold M, assuming that m << 1and p << 1, is:

1+0

My = —1
r=(n )91+n6

(2.12)

Consequently, an increase of migration from M, to M crossing the threshold value
My (i.e. My << Mr) generates a peak of genetic diversity that can be approximated by
eq. 2.9 (see Supporting Information File S3). For example, in a subdivided population
of n = 10 and # = 0.1, an increase in migration from M, = 0.01 to M = 10 (which
crosses the migration threshold My = 0.495, eq. 2.12), generates a peak of within-
population diversity of 0.350, while a reconnection event in a similar situation would

generate a peak of similar intensity (0.358).

IMPLICATIONS FOR THE INFERENCE OF DEMOGRAPHY AND SELEC-

TION

To describe the impact of migration changes on the inference of demography and
selection from genetic data, we described the dynamics of two broadly used sum-
mary statistics: the Ewens-Watterson statistics (Watterson 1978) and Tajima’s D (Tajima
1989). Both the Ewens-Watterson statistics and Tajima’s D are known to detect an ex-
cess (resp. deficit) of rare alleles, which induces negative (resp. positive) values of the

statistics, compared with the expected neutral equilibrium (constant size population
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without selection). Usually, an excess of rare alleles is interpreted either as the sig-
nature of balancing selection or population expansion, and a deficit of rare alleles is
interpreted as the signature of directional selection or as a population bottleneck. We
used the Ewens-Watterson statistics, which we denote H gy, and follows (WATTERSON
1978):

Hpw = H, — Ha (2.13)

where H, is the genetic diversity, and [, is the expected genetic diversity given the
observed number of alleles K. We also used Tajima’s D, which we denote Dy, and

follows (Tajima 1989):
mw — S/Cll

DT =
VVar(m — S/ay)

(2.14)

m
where a;= 3} 1, m is the sample size, 7 is the average number of pairwise nucleotide
1=1

differences, and S is the number of segregating sites.

We simulated samples of 50 sequences of 1 kb, with a per nucleotide mutation rate
of 2.107%, in 4 populations of size 2500, and ran 5, 000 replicate simulations. We sim-
ulated an isolation event, where the migration rate changed from 0.002 to 0, and a re-
connection event in which the migration rate changed from 0 to 0.002. The simulations
were performed with the software fastsimcoal (EXCOFFIER and FOLL 2011), and the data
analysis was performed with Arlequin (EXCOFFIER and LISCHER 2010). We simulated
samples from the same population (with the parameter values that were used, the sam-
pling scheme had a very weak impact; see CHIKHI et al. 2010 for a discussion of how
the sampling scheme affects the values of Tajima’s D). To allow for convergence of the
coalescent algorithm, we always assumed that the populations were connected prior
to the isolation phase. In the reconnection event simulations, we set the duration of
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the isolated phase to 10N, which allowed the genetic diversity values to reach their

equilibrium value.

We followed the dynamics of the statistics and estimated their distribution as a
function of time. The results in Figure 2.5 show that an isolation event produces the
same signature on the Ewens-Watterson statistics (Figure 2.5A) and Tajima’s D (Fig-
ure 2.5B), as expected from a bottleneck event and from directional selection. Indeed,
following an isolation event, genetic drift first causes the elimination of rare alleles
and then eliminates more common alleles. Consequently, the number of alleles K de-
creases more quickly than genetic diversity H, (Figure 2.5C). Similarly, the number of
segregating sites S decreases faster than the number of pairwise differencies 7 (Figure
2.5D). Therefore, D1 and Hpy are skewed toward positive values, as expected after a
bottleneck or under the effect of directional selection. Moreover, the statistics remain
skewed for a long period of time (less than 10, 000 generations in our simulations, see

Figure 2.5).

Results in figure 2.6 show that a reconnection event can successively produce the
same signature as expected from a population expansion or from a bottleneck event
on Hgy (Figure 2.6A) and Dy (Figure 2.6B). Indeed, following a reconnection event,
migrants first create an excess of rare variants. The number of alleles K increases more
quickly than the genetic diversity H, (Figure 2.6C), and the number of segregating
sites S increases faster than the number of pairwise differences 7 (Figure 2.6D), which
skews Hpy and Dy toward negative values. Second, new alleles brought by migrants
increase in frequency, creating an excess of common variants. Consequently K in-

creases more than H,, and 7 increases more than S, which skews D7 and Hgy toward
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Figure 2.5 Effect of an isolation event on Ewens-Watterson and Tajima’s D neutral-
ity tests and on related summary statistics. (A) Ewens-Watterson statistics (Hgyw ), (B)
genetic diversity (H;), (C) number of alleles (X), (D) Tajima’s D (Dr), (E) number of
pairwise differences (7), and (F) number of segregating sites (S). For each statistics,
the black line represents the median of the distribution and the light gray surface rep-
resents the 97.5% and 2.5% quantiles of the distribution as a function of the number
of generations ¢ after the isolation event. Gray boxes in (A) and (B) represent the ex-
pected distribution of the statistics in an isolated population at equilibrium. Values
of Hpw and D after an isolation event are skewed toward positive values (signature
of a bottleneck or directional selection), while there was no change in the size of the
population. K and S decrease more quickly than H, and 7, because rare alleles are
eliminated by genetic drift more quickly than common alleles. Coalescence simula-
tions of a 1 kb locus with a mutation rate of 2.10~® per bp, where 4 populations of size
2,500 are isolated; 5, 000 replicates.
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positive values.

Interestingly, the observed duration of the periods where both statistics are skewed
are similar to the expected duration of the dynamics of genetic diversity (from eq. 2.8).
After an isolation event, we observe, in Figure 2.5, that all statistics reach their equilib-
rium value within approximately 10,000 generations (4N generations). This duration
corresponds to the value of the time required to reach within-population genetic di-
versity equilibrium after an isolation event, ¢,>~12, 000 generations (4.8 N generations,
estimated from eq. 2.8 with a=5%). In this example, genetic drift is stronger than muta-
tion (2u<<1/2N) and thus t, ~ 2N. t, corresponds to the duration of the period where
the deficit of rare alleles skews the distribution of Hgy and Dp. After a reconnection
event, we observe Figure 2.6 that Hzy and Dy reach a "peak" within approximately
600 generations (0.24N generations). This duration corresponds to the value of the du-
ration of the transient dynamics following a reconnection event, ¢,~540 generations
(0.216N generations, estimated from eq. 2.8 with a=5%). In this example, migration is
stronger than genetic drift and mutation (m>>x and m>>1/2N), and thus, t, ~ 1/2m.
ty corresponds to the period during which the distribution of Hgy and Dy is skewed.
Subsequently, H gy and Dy reach their equilibrium value in approximately 80, 000 gen-
erations (32N generations); this duration corresponds to the time required to reach the
genetic diversity equilibrium value after a reconnection event, ¢;~75, 000 generations
(30N generations, estimated from eq. 2.8 with a=5%). ¢, corresponds to the period

during which the deficit of rare alleles is eliminated.

In conclusion, both an isolation and a reconnection event induce changes in the

proportion of rare alleles, which skews the values of Hgy and Dy, thus producing a
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Figure 2.6 Effect of a reconnection event on Ewens-Watterson and Tajima’s D neu-
trality tests and on related summary statistics. (A) Ewens-Watterson statistics (Hgw),
(B) genetic diversity (H;), (C) number of alleles (K), (D) Tajima’s D (D7), (E) number
of pairwise differences (7), and (F) number of segregating sites (.5). For each statistics,
the black line represents the median of the distribution, and the light gray surface rep-
resents the 97.5% and 2.5% quantiles of the distribution, as a function of the number of
generations ¢ after the isolation event. Gray boxes in (A) and (B) represent the expected
distribution of the statistics in an isolated equilibrium population. Values of Hgy and
D after a reconnection event are first skewed toward negative values (signature of a
population expansion or balancing selection) and then toward positive values (signa-
ture of a bottleneck or directional selection), while there was no change in the size of
the population. K and S first increase more quickly than H, and 7 because immigrants
bring rare alleles, and then H; and 7 reach a higher value because immigrant alleles
increase in frequency. Finally, alleles are eliminated by genetic drift until the statistics
reach their expected equilibrium value when populations are connected. Coalescence
simulations of a 1 kb locus with a mutation rate of 2.10~® per bp, where 4 populations
of size 2, 500 isolated during 25, 000 generations are reconnected with a migration rate
m = 0.002; 5, 000 replicates.
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signature that can not be differentiated from the signature of past demographic events

or of selection.

DISCUSSION

We documented a simple neutral mechanism, which creates long-term peaks of ge-
netic diversity. This peak of genetic diversity appears shortly after an abrupt increase
in migration and is conserved for a long time. We also demonstrated that such genetic
diversity peaks can occur for a large and plausible range of population sizes, migration
rates, mutation rates and numbers of populations. Subsequent to the genetic diversity
peak, the rate of decay of genetic diversity was slow. Consequently, the mechanisms
described here leave a strong and long-term footprint on genetic diversity that affects
the Ewens-Watterson statistics and Tajima’s D that are commonly used to infer the his-

tory of populations from genetic data.

The peak of genetic diversity is due to the spread of the genetic diversity accumu-
lated during (partial) isolation. Therefore, the migration model that is assumed (island
model of migration) is a leading factor in determining the strength of the observed
genetic diversity peak. Assuming isolation by distance, the within-population genetic
diversity is expected to have locally lower peaks. At the same time, under this assump-
tion, the between-population genetic diversity is expected to be higher. Indeed, once
populations are connected, each population shares with its neighboring populations
alleles accumulated during isolation; thus, differentiation between distant populations
will be maintained. Additionally, the amount of genetic diversity accumulated dur-
ing isolation determines the size of the peak of genetic diversity. The maximum value
is reached when populations are completely differentiated, i.e., when no alleles are

shared between populations. Our results are robust to the relaxation of the complete
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isolation and complete differentiation assumptions: when isolation is not complete (be-
cause of small migration or non-equilibrium genetic diversity), we show that a genetic

diversity peak is still observed (see Supporting Information File S3).

A connection event that occurs after an isolation period might play an important
role on species diversification. Indeed, we have demonstrated that such events create
an excess of genetic diversity. A high level of genetic diversity has often been hypothe-
sized as being a key factor for species diversification. First, evolution from standing ge-
netic variation might be stronger than from de novo mutation (GIBSON and DWORKIN
2004; HERMISSON and PENNINGS 2005; MYLES et al. 2005, BARRETT and SCHLUTER
2008). Second, both theoretical (GAVRILETS 2003; GAVRILETS and LOSOs 2009) and
empirical work suggest that a high level of pre-existing genetic diversity in a popula-
tion increases its rate of diversification (HARMON et al. 2003; SEEHAUSEN 2004; BAR-
RETT and SCHLUTER 2008). Interestingly, in several cases of adaptive radiation, a high
genetic diversity of founder populations has been documented (e.g., BARRIER et al.
1999; BEZAULT et al. 2011). Several authors argued that the connection of populations
after a period of isolation might have played an important role in many adaptive radi-
ations (HUGHES and EASTWOOD 2006; ANTONELLI and SANMARTIN 2011; BEZAULT
et al. 2011; JOYCE et al. 2011). Therefore, species that experienced population isolation
followed by reconnection events could have benefited from a temporary genetic diver-
sity peak which has promoted the diversification of that species. Numerous species
are known to have experienced such connectivity changes in the past and show re-
markable levels of genetic and species diversity (ARNEGARD et al. 1999). For example,
cichlid fishes in the great African lakes experienced periods of habitat fragmentation
and reconnection due to lake water level fluctuations (ARNEGARD et al. 1999); there is
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some evidence that these processes might have played a role in the explosive radiation
of the species (OWEN et al. 1990; YOUNG et al. 2009). Additionally, a high rate of spe-
ciation is correlated with the timeframe surrounding the uplift of the Northern Andes
(SEDANO and BURNS 2010). The mechanisms described here are thus expected to con-
siderably impact the ability of species to adapt to novel environmental conditions and

to diversify over a very long period of time.

Statistics on allelic frequencies such as the Ewens-Watterson statistics (WATTERSON
1978) and Tajima’s D (TAJIMA 1989) allow the inference of either selection or popula-
tion demographic changes. Here, we demonstrate that migration changes can lead to
signatures that cannot be differentiated from a selection process or a population size
change when using the Ewens-Watterson test and Tajima’s D. Therefore, past migra-
tion changes must be considered more carefully and should be viewed as an alternative
explanation of bias in neutrality tests and bottleneck or expansion signals. Recently,
authors have shown that population structure can bias neutrality tests and produce
false bottleneck signals (LEBLOIS et al. 2006; STADLER et al. 2009; CHIKHI et al. 2010)
and that shortly after an isolation event departure from the neutrality can be incor-
rectly inferred (as shown with simulations by BROQUET et al. 2010 and discussed in
WAPLES 2010). The proper interpretation of genetic signatures is crucial for the under-
standing of the evolutionary history of populations. An interesting extension of this
work would be to analyze in more detail the molecular signature of the mechanisms
described here and to provide methods that allow the differentiation of such events
from selection or demographic changes. Moreover, our results are also relevant for the
study of genealogies. Indeed, genetic identities as considered here are commonly used

to describe coalescence time distributions (SLATKIN 1991; ROUSSET 1996; WAKELEY
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1999). Future investigations should also investigate the consequences of isolation and
connection events on phylogenetic tree reconstruction. Statistical tools that are avail-
able to estimate demographic parameters classically focus on a priori specific scenarios
(e.g., population bottleneck, expansion, population with constant migration, popula-
tion split with subsequent migration; see review in KUHNER 2009). Given the strong
impact of migration changes on genetic diversity, accounting for such scenarios is nec-
essary. Recent methods allowing a larger range of population demographic scenar-
ios, such as Approximate Bayesian Computation (BEAUMONT et al. 2002; BEAUMONT
2010), may be powerful tools to disentangle the signature of demographic processes

from the observed genetic diversity.

One of the major goals of conservation genetics is to maintain genetic diversity,
decrease extinction risks, avoid inbreeding depression, maintain species evolution-
ary potential and decrease species vulnerability to environmental change (GILPIN and
SOULE 1986; NEWMAN and PILSON 1997; JUMP et al. 2009). In this context, conser-
vationists need to estimate the genetic diversity of a population and its effective size.
Such measures are commonly obtained from genetic data and are estimated with stan-
dard statistics (WRIGHT 1950; JORDE and RYMAN 2007). Although new approaches are
emerging that consider populations at a non-equilibrium state, to estimate population
size changes and instantaneous migration rates (e.g., HEY and NIELSEN 2004), the ex-
pected level of genetic diversity is still commonly estimated assuming that populations
are at an equilibrium. As shown here, genetic diversity is more likely to be in a tran-
sient state. We have demonstrated that reconnecting isolated populations increases
genetic diversity above the expected equilibrium value, while isolating populations
induces a slow decrease of genetic diversity. Consequently, any estimate inferred from
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data collected from a population that underwent strong migration changes will not re-
flect the demographic situation of the population (e.g., census size, genetic diversity).
This can have drastic consequences on the selection of conservation strategies and for

the management of species (PEARSE and CRANDALL 2004; CABALLERO et al. 2010).
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APPENDIX A | DYNAMICS OF GENETIC DIVERSITY

In this appendix, we describe the temporal change of genetic diversity (derivation of

eq. 2.4a, 2.8 and the separation of the dynamics of genetic diversity into two timescales).

Temporal change of genetic diversity: The solution to eq. 2.3 is:

F, = A/(F, — F*) + F (2-A.1)

Denoting P the transformation matrix with eigenvector U, (associated with \;) as

tirst column, and eigenvector U; (associated with );) as second column:

p_ ( U U ) (2-A.2)
and denoting
Y
Yl = P '(F, — F%) (2-A.3)
Y20
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Eq. 2-A.1 becomes:

A O
F,—P P(F, — F0) 4 F
0 X
¢
A O 1o (2-A.4)
= P _I_ FEQ
0 A Y20

= leUl/\tl —|— ygoUQ/\é —I- Feq

Further denoting C; = 30U, and C, = 359U leads to eq. 2.4a.

F, changes according to two exponential decay functions, A\i and Aj. Their rate of
change are % = In(\) - e"@Vt and % = In(Ag) - €™ respectively. Thus r; = In()\;)

and 7 = [n(\;) are the decay constants which determine the rate of change of functions

AL and AL.

Therefore, the eigenvalues of matrix A can be used to compute the rates of change
of genetic diversity. As A\;>\, and both eigenvalues are less than 1, we have |ry|>|r],
and thus C2\} tends to 0 faster than C;\.. ry determines the transient rate of change of

genetic diversity, while r; determines the asymptotic rate of change of genetic diversity.

We now want to simplify the expression of the rates of change of genetic diversity.

To do so, we can rewrite eq. 2.5 as:

4bc
(1 —a(l—c)+0b)?

4bc
(1 —a(l—c)+0b)?

A = [a(l—c)—l—l—b+(1—a(1—c)+b)\/1— ]

)\2:(1_ﬂ)2[a(1—c)+1—b—(1—a(1—c)+b)\/1— ]

With 4bc << (1 —a(1 —¢) +b)? (as m << 1 and N >> 1), and given that /1 —z =



79  Chapter 2 | Peak of Genetic Diversity

1 — 2+ o(z), eq. 2.5 further simplifies to:

be

)\1:<1_'u)2(1_1—a(1—c)+b

)

bc
I—a(l—c)+b

Ao = (1 —p)?(a(l —c) —b+ )

Considering that migration rates and mutation rates are small, we can neglect terms

inm?, &, p*, m/N, mp and £, which leads to:

M=1-2u— mN(1+ =1 (2-A.5)
A2=1—2#—2mnﬁ1 _%+WZ7LW1)
and thus
ry = In(1—2u — m) (2-A.6)

n 1+ 1
n—1 2N  2nN(1+ 21

ro =In(l —2u —2m

)

Assuming that migration and mutation rates are small, and that local population

sizes are large (N>>1), eq. 2-A.6 simplifies to eq. 2.6 as In(1 — ) = —x + o(x).

Respective length of the asymptotic and transient dynamics periods:

We denote ¢; and ¢, the times needed for A} and A, to be reduced to a value a, where

a €]0;1]:

M= a
(2-A.7)

ta __
Ay =

Which leads to:

2-A.8
o In(a) ( :

T2

Assuming small migration and mutation rates and large local population sizes, we
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can replace the expressions of r; and r, from eq. 2.6 into eq. 2-A.8, and we obtain eq.

2.8. F, approximately follows:

;

Fe? + C1>\t1 + CQ}\% fort < to
Fy >~ q Fe94 O\ forty, <t <t (2-A9)
Fee fort; <t

\

Timescales separation:

This section presents the conditions for t; >> t,. When t; >> t5, A2 ~ 0 and \?* ~ 1,

thus eq. 2-A.9 simplifies to:

(

Fe?+ Ci+ CQ}\% fort < to
Fy>~ 4§ F4C\ fort, <t <t (2-A.10)
Fee for t1 <t

\

Eq. 2-A.10 decomposes the dynamics of F, into two timescales: a transient period
of length ¢, and an asymptotic period of length ¢, — t, ~ t;. For t > t;, the genetic
identity is close to its equilibrium value F?, so ¢; can be interpreted as the duration of

the disequilibrium period.

Demonstration: Equation 2-A.10 is true if there exists a ¢ such that A{~1 and \;~0.
For simplicity, we consider that A\i~1 if \1>0.95, and that A\;~0 if \;<0.05. Thus, eq.

2-A.10 is a good approximation if there exists a ¢ such that:

AL >0.95 t <
=

A, < 0.05 A, < 0.05

(2-A.11)
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Thus, showing that
In(0.95)

A, <0.05 (2-A.12)
demonstrates that for ¢t = l’;(?f‘r; , we have \[>0.95 and \;<0.05. This provides a suffi-
cient proof of proposition 2-A.11.

In(A2)

We can demonstrate that proposition 2-A.12 depends only on the ratio —1 =m0 (see

definitions of ¢; and ¢, eq. 2.7). Proposition 2-A.12 leads to:

1n(0.95)

Ay <0.05

In(A2)
(099153 <0.05

t
& In(0.95)— < In(0.05)

ta
- t - In(0.05)
ty ~ In(0.95)
Therefore, the condition tl >l”( % is necessary and sufficient to prove propositions 2-
1n(0.95) y p prop

A.12, 2-A.11 and the validity of equation 2-A.10. As in( 883_58 4, equation 2-A.10 is

valid when i—; > 58.4. Considering that m and x are small, and that NV is large, this
ratio is approximately equal to (from eq. 2.8):

75_1N2N+2mﬁ+ﬁ_2+ve
ty 2p + oy,

(2-A.13)

From eq. 2-A.13 we can derive the conditions of the timescales separation of the
dynamics of genetic diversity (i.e. the parameter values for which ¢; >> ¢5). When
n > 14, differences are the highest (t, >> t,), in the domain where ;1 << 53 and also

when p >> and m > p. When n < 14, the same conditions apply for t; >> ¢,

2N

except in a restricted domain where m ~ & (m>>2— or m<<#= are required for
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In(0.05) ¢,

t1 >> ty, see Figure 2-A.1). Indeed, denoting A = 7755, &

> A implies that:

A+1—2n+(A—-1)nb+ VD

M > il n2
(2-A.14a)
A+1—2n+(A—1)n6—\/5
or M < 5
225
Where
D= (A+1)(A+1—4n)+2n0(A* - 1) +n*(A - 1)%0* (2-A.14b)

For §>>1, we can neglect terms that do not contain 6, and conditions 2-A.14 sim-

plify to:

0 (2-A.15)

Which simplifies to M >> 6.
For §<<1, terms that contain ¢ can be neglected in eq. 2-A.14, which yields the

following conditions:

A+1-2n+/(A+1)(A+1-4n)
2.2
A4+1-2n—/(A+1)(A+1—4n)
225

M >

(2-A.16)

or M <

Atz JATD A+ 3 A+1-204/(A+T)(A+1-4

Therefore, eq. 2-A.10 is not valid when M is between " Y
n—1 n—1

. .. _ A+1-2n+ A+1)(A+1—4n A+1-2n+ A+1)(A+1—4n
This domain is centered around M = ”Tl, as 2( — X ) and 2( — X )
n—1 n—1

equalize to M = ”T’l, for A=4n—1. The size of this domain decreases when n increases

(Figure 2-A.1), and eq. 2-A.10 is valid for any value of M in the domain #<<1 when

005))

n > 14 (as conditions 2-A.16 are relaxed when 4n>A+1, with A = (0.95)
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1000
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0.0014

10* T T T
1 10° 10* 0.001 0.01 0.1

6

Figure 2-A.1 Domain of validity of equation 2-A.10 (white contours), as a function
of the strength of migration (}/) and mutation (9), (A) n = 2, (B) n = 20. The dark

gray filled contours represent the domains where the validity of eq. 2-A.10 is poor (i.e.

the exact value of Ay 5 0 05; from eq. 5).

APPENDIX B | PEAK OF GENETIC DIVERSITY GENERATED BY A RE-
CONNECTION EVENT

We derive first the value of the peak of within-population genetic diversity, AH,, and
the transient excess of between-population genetic diversity, AH,, generated by a re-
connection event. Second, we characterize their dependency on the migration rate,

mutation rate, size and number of populations.

Derivation of AH:

We denote the vector of genetic diversity excess at the end of the transient dynamics

AH;
phase as AH =

AH,

The genetic diversity at the end of the transient dynamics phase is approximately
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H, =1—(F*+C;\??) (from eq. 2-A.9 when t~t,). Thus AH is approximately:
2 1 q PP y

AH = H,, - H%
=1— (F“+ C\2) — (1 — F%) (2-B.1)

— —Cl)\tl2

The peak of genetic diversity depends on C; = 30U, (from eq. 2-A.2 and 2-A.3).

U1
To derive the value of C;, we compute U; and yo. The eigenvector U; = is
U1
associated with \; and follows:
AU, =\ U, (2-B.2)
Eq. 2-B.2 leads to the condition that uy; = — (a(17c)72((117_12)7 VAred) g where Aoy = (1-—
a(l —¢) +b)* — 4bc. We set uy; = 2(1 — a), leading to:
2(1—a)
U1 -
1—a(l—c)—b++/(1—a(l—c)+0b)?—4dbc
Similarly, we can determine the eigenvector associated with As:
2(1—a)
U2 -
1—a(l—c)—b—+/(1—a(l —c)+b)*— 4bc
Fs,(]
Denoting the initial value of genetic identity F, = and replacing the ex-
Fyo
pression of U; and U, in eq. 2-A.3 leads to:
(1—a(1—c)~b—v/Brea) 1 e
o 4(1—a)vVAreq ‘ 2vVA ed FS,O - Fs,%on
Y, =
1—a(1—¢)—b+vAyeq 1 e
4(1_a)\/Ared - _2\/Ared Fb,[) o Fb,gon
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Assuming isolation equilibrium for the initial identity leads to F,, = Fsj,, and

$,180

Fy, o = 0, thus AH simplifies to:

l—a(l—¢)—b—~/DAo, FH
AH = [(Feq _ fea CL( C) b red + b,con

8,is0 s,con) 4(1 _ (l) /Ared 24/ Ared

[U N (2-B.3)

With 4be<<(1 — a(l — ¢) + b)? (as m << 1 and N >> 1), and given that /1 —z =
1 — 1z + o(z), AH further becomes:

1 (Fscgso - Fsﬁ%on) 1-(1(1-6)-’-[)-0

|
2(1—a(1—c)+b—#lic)ﬂ;)

AH = — — F1

U\
n—1 l—a(l—c)+b boonl U1y

(2-B.4)
Assuming that migration and mutation rates are always small, we can neglect terms

in m?, pu?, 5, mu, & and % and eq. 2-B.4 simplifies to:

M
€eq _ eq n T . o N
AH = _[(Fs,iso Fs,con) Mn_l _ e ] l+ﬁM—%
n—1  1+M>2 ~ben ERYEE

[

A (2-B.5)

By replacing the term \!? (eq. 2.8 with a = 0.05) in eq. 2-B.5, we obtain eq. 2.9.

Eq. 2.9 provides a good approximation of the size of the peak of within-population
genetic diversity AH, and of the transient excess of between-population genetic diver-
sity AH, in the entire parameter domain. Figure 2-B.1(A) and (C), and Figure 2-B.2(A)
and (C) represent the exact (solid line) and approximate (dashed line; from eq. 2.9)
values of AH,; and AH,, respectively, as a function of § and M, for n = 2 and n = 20;
we can see that the true and approximate values are very close. Figure 2-B.1(B) and
(D), and Figure 2-B.2(B) and (D), represent the absolute error resulting from the use of
eq. 2.9 as an approximation of AH, and AH,, respectively, instead of its exact value,
for n = 2 and n = 20. Discrepancies between eq. 2.9 and the true values of AH, and
AH, can first come from the assumption that m<<1, u<<1 and N>>1, and second
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from the assumption of the existence of ¢, such that |Co\?| << |C1A%].

1000
100
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14
M

< 0.1 4 0.1 —
0.01 4 0.01 —
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Figure 2-B.1 (A), (C) Exact (solid lines) and approximate (dashed lines, from eq. 2.9)
values of the peak of genetic diversity AH,, as a function of the strength of migration
(1) and mutation (). In both (A) and (C), the exact and approximate values of AH,
are very close. (B), (D) Absolute error when using eq. 2.9 to approximate AH,, as a
function of M and 6. The maximum absolute error is reached when M ~ 5and 0 < 1
in both (B) and (D). The error decreases when M >> 5 or M << 5. The absolute error
increases when n decreases, but remains weak: (B) the maximum absolute error is 0.025
for n = 2, and (D) 0.018 for n = 20. Consequently, eq. 2.9 is a good approximation for
the peak of genetic diversity whatever the parameter values of ¢, M and n considered.

Maximum peak of diversity after a connection event:

d(AH)
dM

The peak of genetic diversity increases monotonously with A ( > 0 for any value

of m, u, n and N), and decreases monotonously with ¢ (d(dAMH) < 0 for any value of

m, 1, n and N). The peak of diversity is maximized for intermediate values of n, and

reached when:

d(AH)
dn

=0 (2-B.6)

If we neglect terms in p?, m?, #, pm, & and %, and assuming small 6 and high M,

solving eq. 2-B.6 using equation 2.10 for the peak of genetic diversity leads to equation

1
nt T 19ve”

2.11. When n = n*, eq. 2.10 leads to a peak of genetic diversity of AH™**
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Figure 2-B.2 (A), (C) Exact (solid lines) and approximate (dashed lines, from eq. 2.9)
values of the transient excess of between-population genetic diversity AH,, as a
function of the strength of migration (/) and mutation (f). In both (A) and (C),
the exact and approximate values of AH,, are very close. (B), (D) Absolute error when
using equation 2-A.9 to approximate AH,, as a function of M and #. The maximum
absolute error is reached when M ~ 1 and 6 < 1, the absolute error is 0.09 for n = 2
(B), and 0.016 for n = 20 (D). Eq. 2.9 is a good approximation for AH, whatever the
parameter values of §, M and n considered.
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ABSTRACT

Major environmental and geological events (e.g. sea and continental water level fluc-
tuations or islands formation) but also population history (secondary contacts) have
generated multiple periods of populations isolation and connection at long and short
time-scales. Recently, numerous empirical and theoretical studies suggest that fast
evolutionary processes might be triggered by such events, as commonly illustrated
in ecology by the adaptive radiation of cichlid fishes (isolation and reconnection of
lakes and watersheds) and in epidemiology by the fast adaptation of the influenza
virus (isolation and reconnection within hosts). We test the hypothesis that isolation
and reconnection events provide the raw material (standing genetic variation) for
species adaptation. Our analytical results confirm that population isolation and re-
connection can provide, to populations, high levels of genetic diversity (higher than
expected at equilibrium) over very large time-periods and that this excess is either
cyclic (high allele turnover) or cumulates with time. The limit between those two
behaviors, the amplitude of variation of genetic diversity as well as its excess across
multiple cycles are defined by the duration of isolation and connection phases and the
scaled mutation rate. We demonstrate that our results are robust to stochasticity and

discuss the consequences of our results to understand the mechanisms of adaptation.




91 Chapter 3 | Genetic Diversity Across Multiple Isolation and Connection
Events

UCCESSIVE environmental changes have often modified species habitat in
the past, repeatedly isolating and connecting populations, successively sup-
pressing and allowing migration between them. During the glaciations of

the quaternary period, many species experienced repeated long-periods of isolation
into refugia followed by population reconnection (HEWITT 2000, 2004, 2011; ZHANG
et al. 2008). At least five wet-dry periods occurred within the African continent (Sz-
abo et al. 1995) in which water level fluctuations have successively isolated and con-
nected ecosystems (Sturmbauer et al, 2001). Such dynamics are often associated with
rapid species and population diversification, for example, allopatric differentiations of
African buffalo populations (Van Hooft et al. 2002, Heller et al. 2008, 2012), giraffe
(Brown et al. 2007) and their associated predators (e.g. lions, Barnett et al. 2006). Sim-
ilarly, repeated hybridizations within and between watersheds are expected to have
played an important role for Cichlid adaptive radiation (Owen et al. 1990, Seehausen

2002, 2004, Seehausen et al. 2003, Schwarzer et al. 2012, Nevado et al. 2013).

Isolation and reconnection events are also common features of virus history. Their
dependency on the host cell and their life cycle isolate viral population in-between
transmission events. Events of reconnection of populations occur through superin-
fections (co-infections) where reassortment of different virus strains can be observed.
Such isolation and reconnection events have been widely observed and constitute a
major cause of pandemics and failures in virus control. For example, reassortment be-
tween an avian and human flu virus caused the pandemic flu in 1957 and 1968 and
a mix of swine, avian and human influenza was responsible for the 2009 swine flu

outbreak (Hsieh et al. 2006, Garten et al. 2009, Flahault and Zylberman 2010).

Previous studies showed that population genetic diversity is slightly impacted by
migration fluctuation and that its influence can be approximated with an effective mi-
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gration rate (NAGYLAKI 1979; WHITLOCK 1992; RICE and PAPADOPOULOS 2009; SH-
PAK et al. 2010). In contrast, high transient values of genetic diversity can observed fol-
lowing a single (ALCALA et al. 2013) or multiples (JESUS et al. 2006) connection events.
Those results raised several questions. In particular, would the excess of genetic diver-
sity observed in JESUS et al. (2006) and ALCALA et al. (2013) accumulate, be maintained
or decreases under periodic isolation and connection events? The answer to this ques-
tion is of theoretical interest but also has strong implications for the understanding
of mechanisms of diversification. Indeed, theoretical and empirical works on speci-
ation and adaptive radiation suggest that a high level of pre-existing neutral genetic
diversity in founder populations is determinant to have a high rate of speciation (BAR-
RIER et al. 1999; GAVRILETS 2003; HARMON et al. 2003; SEEHAUSEN 2004; BARRETT and
SCHLUTER 2008; GAVRILETS and LOSOs 2009; BEZAULT et al. 2011). It could provide
the raw material for evolution from the standing genetic variation (TURNER et al. 1993;
FEDER et al. 2003; PELZ et al. 2005; COLOSIMO et al. 2005; HERMISSON and PENNINGS
2005; MYLES et al. 2005, HERNANDEZ et al. 2011; JONES et al. 2012). This view is sup-
ported by simulation studies showing that alternation between allopatry and sympatry

can trigger species diversification (AGUILEE et al. 2011; AGUILEE et al. 2013).

While a single (ALCALA et al. 2013) or multiple (JESUS et al. 2006) events of popula-
tions connection can generate a large excess of neutral genetic diversity within popu-
lations, the conditions of existence and maintenance of such genetic diversity excesses
remain to be determined. To investigate this question, we analytically describe the
dynamics of genetic diversity under successive periods of isolation and connection of
populations (migration periodically takes the value of 0 and m) of different durations.
Assuming that all alleles are selectively neutral, we disentangle the relative impor-

tance of the length of the isolation and connection periods in regard to the mutation
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rate, the migration rate, the number of populations and the initial population genetic
diversity. Our investigations first consider periods of isolation and connection of de-
terministic lengths. From this, we characterize equilibrium trajectories and transient
values of genetic diversity toward equilibrium. We determine four domains in which
genetic diversity has a determined behaviour in regards to genetic diversity accumula-
tion and turnover. Robustness of our results to stochasticity is then evaluated. Finally,
we discuss the implication of our results for species adaptation to novel environment,

pathogen control, and inference of population history.

DYNAMICS OF GENETIC DIVERSITY UNDER PERIODIC CONNECTION

AND ISOLATION EVENTS

To study the dynamics of genetic diversity, we consider n populations of size N (diploid
individuals) that are periodically isolated and connected (Figure3.1). Connection and
isolation periods are of regular lengths of P generations each, and K cycles of isolation
and connection events are considered. Under this model we determine the recursion
equations describing the dynamics of genetic diversities within and between isolation
and connection periods and the long-term equilibrium trajectory of genetic diversity.
We assume a finite island model, non-overlapping generations (Wright-Fisher model;
FISHER 1930; WRIGHT 1931) and consider that mutations (rate x) follow the infinite

allele model (KIMURA and CROW 1964).

The dynamics of genetic diversities within connection and isolation
periods
Following MARUYAMA (1970), we decompose the genetic diversity H(t) at generation ¢

into the within-population genetic diversity, h4(¢), and the between-population genetic
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cycle cycle
k—1 kE+1

migration rate ! !
P P \ P P : P P

A

0 — — — >
connection isolation connection isolation connection isolation

Figure 3.1 Scheme of periodic isolation and connection events. The migration rate m
periodically switches from m (connection) to 0 (isolation). Each connection or isolation
period lasts P generations and each connection/isolation cycle lasts 2P generations. In
grey are represented the cycle indexes k — 1, k and %k + 1. We arbitrarily chose to begin
cycles with a connection period.

diversity, hy(t):

H(t) = 3.1)

Where h,(t) and hy(t) correspond to the probability that two genes, randomly sam-
pled from a same and from different populations, respectively, are different (NEI and

FELDMAN 1972).
We can derive the recursion equations for the change in genetic diversities after

P generations during a connection period and during an isolation period, H.(P) and

H;(P), respectively (from MARUYAMA 1970; NEI and FELDMAN 1972):

(3.2)

Where H.(0) and H;(0) are the initial genetic diversities during the connection and
the isolation periods and H. and H; are their expected value at equilibrium (from
KIMURA and CROW 1964 and MARUYAMA 1970). Matrix A, and A, are transition

matrices which determine the probability of identity of two genes in a same or differ-
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ent populations, given their previous identity in a same or different populations, they

follow (MARUYAMA 1970; NEI and FELDMAN 1972):

a(l—c¢) 1—a
A= (1 p)? (3.32)
b(l—c) 1-—0
with parameters:
2
()2
a=(1—m) +n—1 (3.3b)
1—a
b= =1 (3-3¢)
S (3.3d)
C= 5w .
1—¢c 0
A= (1— py? (3.4)
0 1

In equation 3.3, a (resp. b) corresponds to the probability that two genes sampled
in a same population (resp. different populations) were in the same population in the
previous generation, and c corresponds to the probability that two genes sampled in a
same population are copies of the same gene; (1 — x)? corresponds to the probability
that neither of the two genes mutated. Thus (1 — p)?%a(1—c) (resp. (1—pu)?b(1—c)) is the
probability that two genes that were identical and in a same population (resp. different
populations) at a given generation are still identical and in the same population at the
next generation; (1 — u)?(1 — a) (resp. (1 — u)*(1 — b)) is the probability that two genes
that were identical and in a same population (resp. different populations) at a given
generation are still identical and in different populations at the next generation.
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The dynamics of genetic diversities accross connection-isolation cy-

cles

From equation 3.2, we derive the recurrence equations describing the dynamics of ge-

netic diversity across multiple cycles k of connection-isolation periods. We obtain the

genetic diversities, Hgkﬂ), at the end of any cycle k£ + 1 (end of isolation period), given
genetic diversities, H*™, at the end of the connection period of the same cycle k + 1.

Similarly, Hgkﬂ) depends on H<k), the genetic diversities at end of the previous cycle &:
Y P i g p y

H*D = APEY - H,) + H,
(3.5)

H§k+1) _ Af(Hgk“) . ﬁz) + IAL

These equations provide a full description of the transient dynamics of genetic di-
versities across any number of cycles £ of duration P. Equation 3.5 can be rewritten as
a simple linear equation:

H® = *HO - 1) + H? (3.6a)

where H is the equilibrium value, and where:

T, = APAP (3.6b)

Consequently, the dynamics of genetic diversities at the end of each cycle k are deter-
mined by matrix I'... Similarly, the matrix T'; = AP A determines the dynamics of Hgk).
As T'; and I'; have the same eigenvalues, the behaviour of genetic diversity studied

here is independent of order of the sequence of connection and isolation event.
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Equilibrium trajectory of genetic diversities under periodic connection-isolation events

The equilibrium trajectory of genetic diversities is reached when two consecutive iso-
lation events, with a connection event in-between, have the same genetic diversity

values, i.e. when:

g = g (3.7)

(2

Denoting H} and H; the equilibrium values of H" and Hgk), respectively, equa-

tions 3.5 and 3.7 lead to:

A~

H' =APMH -H,)+H,

(3.8)
H' = AP(H: — 1) + H,
By solving equation 3.8 we have:
H; =H; + (I- AJA])'(I- Al)(H. - H))
(3.9)

H; = H.+ (I- ATAD) " (I- A])(H - H,)

From equation 3.9 it can be seen that the equilibrium trajectory depends only on the
parameters of the model (M, 6, n, N and P), and are independent from initial value of

genetic diversities.

The duration of the transient dynamics

In this section, we determine the duration of the transient dynamics (relaxation time or
time to equilibrium values) for the within- and between-population genetic diversities
during isolation and connection period. The relaxation times can be derived from the
eigenvalues of the transition matrix A, and A; considering the dynamics of conver-
gence to equilibrium values. Denoting § a small number (0 < ¢ < 1) that characterizes
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the convergence to equilibrium value, we can obtain the relaxation time, 79, as the time
until A = §, where ) is the eigenvalue determining the dynamics of genetic diver-
sity. This yields that 7° = % In our case, the relaxation times of h, and h;, during
a connection and an isolation period are thus determined by the two eigenvalues of

matrix A., 71, and 7., and the two eigenvalues of matrix A;, 7y; and 7y, (from highest

to lowest). From egs. 3.3 and 3.4, we have:

o In(9)
C (U a1 =) = b /U= (T ) + 1) — b))
o In(9)
TRt a(l =) b T —al =)+ 02 =) (310
Lo ()
13 ln((l _ M)Z)
5 In(6)
L2 (1= p)2(1—0)

Where relaxation time 7{, corresponds to the time for both h, and h; to reach their

respective equilibrium value during the connection periods; ¥, and 73, correspond to
the time to reach the equilibrium value of h;, and h;, respectively, during the isolation
periods. Assuming small migration and mutation rates (i.e., m << 1 and ¢ << 1) and

large local population sizes (i.e., N >> 1), and as In(1 — X) = —X + o(X), egs. 3.10

simplify to:
(5 __—n()

1 94 1/2N.,

P —ln(é)

7_20 =
2+ 2m-"- + 1/2N — 1/2N,
pot2mts + 1/ / (3.11)
—In(d

e

O

The expressions of 70, 79, and 73, in eq. 3.10 have also a direct interpretation in

the coalescence framework (the "coalescent with killings"; DURRETT 2002). The de-
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nominator in each expression corresponds to the log probability that lineages did not
mutate or coalesce within a generation. For example, the denominator in the expres-
sion of 77, in eq. 3.10 is the log probability that neither a coalescent event (prob-
ability 1-1/2N,, where N.=nN(14+(n—1)/4nNm)) nor a mutation (probability (1 —
1)?) occurred within a generation when populations are connected (log probability
—log((1—1/2N,)(1—p)?) ~ 2u+1/2N,). Similarly, the denominator in the expression of

71; is the log probability that no mutation occurred in isolated population (—log((1 —

1)?) = 2p).

Determination of domains of the period length

In this section, we determine domains of the period P (number of generations) of iso-
lation and connection in which genetic diversities remain or not in a transient state.
These domains depend on the relationship between P and the relaxation times, 3,7,
3. and 79, defined in eq. 3.11.

First, there is the trivial situation where the periods P between connection changes
are very large, then both within- and between-population genetic diversities reach suc-
cessively their equilibrium values within a timeframe shorter than P (cf. Figure 3.2(A)).
Therefore, after each event, H and H tend to their respective equilibrium, ﬁc and ﬁz

From equation 3.5, this implies that the highest relaxation time from eq. 3.11 is
smaller than P. As 7y, is the highest relaxation time for all parameter values, the min-
imum period duration (in number of generations), P;, for which genetic diversities

reach their equilibrium during isolation and connection periods is:
Py = —in(s)~ (312)
1= n 2” .

The second situation is when P is smaller than P, so H} does not reach the isolation
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Figure 3.2 Trajectories of within- (//;) and between-population (/;) genetic diversi-
ties under periodic isolation and connection events (a) in the short-period domain
P < Py and (b) in the long-period domain P > P;. The dashed and dotted lines
represent the expected equilibrium value when populations are connected and iso-
lated, respectively. In (a) both H, and H, tend to their equilibrium value of connection
(dashed line) with very small fluctuations In (b) both H; and H, reach their expected
equilibrium value at the end of each connection period and isolation period. Parame-
ters are M = 40, n = 10, N = 2,000, p = 2.5 x 1075, (a) P = 60, 000, (b) P = 150.
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equilibrium value within P, and H} tends to its equilibrium value within P. From
equation 3.5, this implies that the relaxation time during connection, 7. (from eq. 3.11),

is smaller than P, thus we can determine a period duration ¢ such that:

1

Fo==n0)5 — 7N

(3.13)
When the length of the period P is smaller than P; but larger than P, genetic di-
versities at the beginning of the connection period has a transient value corresponding

to the one observed at the end of the isolation period.

In the third situation, the relaxation times during connection and isolation are all
larger than P. The trajectory of genetic diversities to their equilibrium values presents
strong fluctuations (Figure 3.3), caused by the succession of peaks of genetic diversity
generated by connection events. The trajectories of the peaks alone are monotonous
toward their equilibrium values (egs. 3.9; Appendix A). However, their direction, in-
creasing or decreasing, depends on the initial value of between-population genetic di-
versity h,(0). When h,(0) is below its equilibrium value, successive connection events
generate peaks of genetic diversity of increasing value (Figure 3.3(A)). When h,(0) is
above its equilibrium value, successive connection events generate peaks of genetic

diversity with decreasing value (Figure 3.3(B)).

Finally we also consider the situation where periods of isolation P are so short that
they do not impact values of genetic diversity (no differentiation during isolation). In
this situation, the value of genetic diversities at the end of the isolation period is close to
the one at the end of the connection period of a same cycle, k, and we have HY ~ H* ),
Considering a small value §' that represents the absolute difference between these two
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Figure 3.3 Trajectories of within- (//;) and between-population (/{;) genetic diversi-
ties under periodic isolation and connection events in the intermediate-period do-
main Py < P < P; when initial genetic diversity H,(0) is (a) low and (b) high (i.e.
below or above the connection equilibrium). In (A) when H,(0) is low the succes-
sive peaks of within-population genetic diversity (indicated by gray arrows) increase
in size, while in (B) they decrease in size. In both (A) and (B), the equilibrium trajec-
tory of genetic diversity (black solid line framed by a rectangle), reached after several
events of isolation and connection, is the same. This equilibrium trajectory does not de-
pend on the initial conditions, but on the parameters of the model. In this simulation,
parameters are M = 400, 0 = 0.1 n =4, N = 10,000, P = 50, 000 generations.

values, we have:

[HE 1| < 26
(3.14)

k k '

H—H})| < 26
From equation 3.5, this implies that the highest relaxation time of the isolation pe-
riod is lower than P. As 7y; is the highest relaxation time, Py = 7'21{5W is the maximum

number of generations for which genetic diversities are not impacted by successive

events of isolation and connection:

/ 1

The dynamics of genetic diversities when the period is smaller than Py are illus-
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trated in Figure 3.2(b): the first event of connection generates a large peak of genetic
diversity, due to the quick distribution among populations of mutation accumulated
during isolation. Following this major change in genetic diversity, the successive iso-
lation and connection events generate only very small fluctuations of the genetic di-
versity values in their trajectories to their equilibrium. The time to reach the expected
equilibrium values is close to what is expected after a single connection event (See

Appendix A for demonstration in the case where m=(n — 1)/n).

In summary, we have found four domains of the period P of isolation and connec-
tion events, where periodic isolation and connection events have a different impact on
the trajectories of genetic diversity; these domains depend on the mutation rate ; and

the population size N (Figure 3.4).

2000N

200N

[UNCORRELAY
20N CYCLES <

R N CORRELATED

2N/10 CYCLES

2N/100
Pc

2N/1000 { WEAK IMPACT
OF ISOLATION
2N /10000 Py
0.01 0.1 1 10 100 1000
AN

Figure 3.4 Domains of period length where the trajectories of genetic diversity have
a different qualitative behavior, as a function of the mutation rate  scaled by the
population size N, 4Nu. N. = nN(1+(n—1)/4nNm) corresponds to the effective pop-
ulation size during the connection period, taking into account the migration rate be-
tween populations, m.

Those results are robust to stochasticity in the per generation probability of event
occurrence and to stochasticity in the duration of the isolation and connection periods
as long as the variance in the duration is smaller than a determined threshold (see
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Appendix B).

The dynamics of the excess of within-population genetic diversity in

the different domains

We now describe the dynamics of the excess of within-population genetic diversities
under periodic connection and isolation events, relative to their expected equilibrium
values (H; and H,), as a function of the period length P and the model parameters.
We focus on two measures that are representative of two important processes: genetic
diversity turnover and accumulation. Genetic diversity turnover is measured as the
amplitude of the variations of the excess of within-population genetic diversity within
an isolation and reconnection cycle (i.e., the difference between maximum and mini-
mum value of h;); this quantity provides information on whether excess of h; is fluc-
tuating or stationary. Genetic diversity accumulation is measured as the cumulative
genetic diversity excess of h, during a given number of generations. These values are
computed numerically from egs. 3.2 and 3.5 and represented in Figure 3.5.

The highest rate of genetic diversity turnover induced by isolation and connection
events is observed when the durations of the isolation and connection period are large
P > 2N (tigure Figure 3.5 (a)) and when the mutation rate is moderate (4Np < 10).
When period are large, multiple peak of excess of genetic diversity are observed allow-
ing for a high turnover of the excess of genetic diversity. When mutation rate is high,
the presence of isolation and reconnection events does not impact the value of genetic
diversity in population as the genetic diversity is at its maximum value (close to 1),
populations are saturated by mutations (as observed observed when 4Ny > 0., = 9
in figure Figure 3.5 (a)-(b)).

The highest amount of cumulated genetic diversity is observed when isolation and
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Figure 3.5 Domains of the period P of connection and isolation events, and the
scaled mutation rate 4N/, where within-population genetic diversity /., follows spe-
cific dynamics. (a) Amplitude of the variations of within-population genetic diversity
hs within an equilibrium cycle. (b) Mean cumulative excess of i, compared to its ex-
pected equilibrium value; initial genetic diversities correspond to the expected equilib-
rium values in isolated populations; the mean is computed over 200,000 generations.
(c) Schematic representation of the domains presented in (a) and (b). In domain A,
there are strong variations of h, within cycles, but a low excess of genetic diversity is
maintained across cycles. In domain B, i, undergoes small variations within cycles
and genetic diversity can accumulate or decrease across cycles, depending on the ini-
tial value of h,. In domain C, genetic diversity is maintained across cycles, and there
are almost no variations within cycles. In domain D, h, saturates and all i, values
are larger than 0.9 during the cycles, regardless of P and 4N values. Parameters are
n = 10 populations, m = 0.01 (4Nm >> 1), 2N = 1000 for each population.
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reconnection periods are smaller than 2. In this case, relaxation times are larger than
the periods. Consequently, genetic diversities remain in a transient state and can cu-
mulate thought time. As the dynamics of i, and h;, are constrained by the value of
4Ny, for all values of 4N larger than a threshold 6., = 9, we have a saturation of h;
(0.9 < hy < hy) from egs. 3.2 and 3.5. In that case almost no variations within or across

cycles of isolation and reconnection can occur.

From the estimation of the value of genetic turnover and accumulation, we can de-
fine four domains in which genetic diversities have a specific behaviour in regard to
turnover and accumulation (Figure 3.5(b)). In domain A (A domain Figure 3.5(c)) ge-
netic diversity turnover is observed and no accumulation of genetic diversity occurs.
Domain A is defined by P > P; (A domain Figure 3.5(c)) and 4Nu < 0. In do-
main B (B domain Figure 3.5(c)) both accumulation and turnover of genetic diversity
is observed. Domain B is defined by approximately P;/60<P<FP;, and 4N < 644 In
domain C (C domain fig 3.5(c)), genetic diversity cumulates across cycles and there
is almost no variation of genetic diversities within-cycles. Domain C is defined by
P << Prand 4Ny < 4. Finally, in domain D (domain D fig 3.5(c)) genetic diversity

is saturated, 4N i = 0,4+, any demographic change will not impact its value.

DISCUSSION

Fluctuations of migration were known to slightly impact the value of genetic diver-
sity (NAGYLAKI 1979; KARLIN 1982; WHITLOCK 1992; SHPAK et al. 2010). Our results
demonstrates that such results also apply in the presence of periods of isolation and
reconnection smaller than Py, (equation 4.9) but only following the first connection
event. In this domain, our results are in agreement with NAGYLAKI (1979), LATTER
and SVED (1981), KARLIN (1982), WHITLOCK (1992) and SHPAK et al. (2010): migration

fluctuations of small periods generate small fluctuations of genetic diversity within
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populations and slightly increase the mean genetic differentiation and have almost no
effect on between-population genetic diversity (Figure 3.3(A)). However, while under
stochastic migration studied in NAGYLAKI (1979) and WHITLOCK (1992) the effective
migration rate have been shown to depend and decreases with the variance of migra-
tion rate, under periodic isolation and connection events (with P < Py and after the
tirst connection events) the effective migration rate is well described by the highest

value of migration rate.

When P is larger than P; and 4Ny < 04, (domain A in Figure 3.5 (c)), we observe
as expected from ALCALA et al. (2013), successive peaks of genetic diversity that do
not overlap. Genetic diversities reach their expected equilibrium values before the
occurrence of a new event. Interestingly, it is in this domain that genetic diversities
undergo the largest variations allowing for a strong turnover of genetic diversity. The
lower limits of this domains is very large, for example, considering a mutation rate
of 107°, the limit between the intermediate and large-period domains is P; ~ 150, 000

generations.

When P is larger than Py but smaller than P; and 4Ny < 0,,, the dynamics of
genetics diversity within each event of isolation and connection interfere (domain B
in Figure 3.5 (c)). The behaviour of the genetic diversities depends on their initial
value. Genetic diversity is cumulated by successive events of isolation and connection
when the genetic diversity is initially low, and is reduced when the genetic diversity
is initially high. The time-scale of this domain is large, for example, considering a
mutation rate of 107° and a population of size 5,000 diploid individuals, the lower

limit of this domains is approximately Py ~ 430 generations.

Interestingly, the time-frame of the domains A and B correspond for many species
to the time-frame of the well described major environmental events that isolated and
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reconnected populations in the past and that have been suggested to play a major role
in speciation events. For example the time-frame of drought events in Africa (SZABO
et al. 1995; DRAKE and BRISTOW 2006; MASLIN and CHRISTENSEN 2007), similar to that
described in SEEHAUSEN (2002) and ELMER et al. (2009), is often associated with rapid
species diversification (for example for the cichlids; ARNEGARD et al. 1999; OWEN et al.
1990; SEEHAUSEN 2004; SEDANO and BURNS 2010; YOUNG et al. 2009; NEVADO et al.
2013). Our results predict that populations might have unexpected large genetic di-
versity in such fluctuating environments. Such large genetic diversity might then have
favored adaptation from standing genetic variation (HERMISSON and PENNINGS 2005;
BARRETT and SCHLUTER 2008). However, we also show that successive isolation and
connection periods can also lead to a decrease in genetic diversity when the initial
level of genetic diversity is high. Those two possible outcomes could explain why
populations which underwent similar isolation and connection event in their history
can display different genetic signatures such as found for the meadow grasshopper
(0.7-0.9% sequence divergence) and for the hedgehog populations (6-12% divergence)

in Europe (HEWITT 2000).

Our result also have implications for the understanding of genome polymorphism.
Several independent loci might display incongruous signals even when they experi-
enced the same history of isolations. Indeed, polymorphism can be strongly heteroge-
neous along the genome (e.g. the human genome; ABECASIS et al. 2010), thus when
periodic migration changes occur on, for example two unlinked loci A and B with
high and low initial level of genetic diversity, respectively, the genetic diversity will
decrease at the A locus but increase at B. Heterogeneous mutation rates throughout
the genome would further increase this effect. This is of particular interest for the in-

ference of past population history (demography and selection) from multiple loci (e.g.
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using approximate bayesian methods, BEAUMONT et al. 2002, or methods using SNP
data, GUTENKUNST et al. 2009), when inconsistent signals are detected throughout the

genome.

The study of the demographic changes on genetic diversity in structured popu-
lations could greatly benefit from the theoretical ecology literature where periodic,
aperiodic, deterministic or stochastic perturbation on demography have been widely
studied (COHEN 1976, 1979; TULJAPURKAR 1982, 1989). Although such developments
consider short-period fluctuations (e.g. seasonal fluctuations), the work of JESUS et al.
(2006) and our own study show that similar methods (e.g. periodic matrix prod-
ucts) could be used to model fluctuations in demographic parameters at longer time-
scales. Interestingly, such models can introduce temporal autocorrelation between de-
mographic parameters (such as in our study), which was not investigated in previous
studies on stochastic migration (NAGYLAKI 1979; LATTER and SVED 1981). An inter-
esting extension of our work could be to consider gradual transition from isolation
to connection, for example using the framework of autoregressive-moving-average
(ARMA) models (BOx and JENKINS 1970, e.g. used in ecology in POOLE 1978; TUL-
JAPURKAR 1989) or the techniques of parameter estimation from time-series used in
ecology (IVES et al. 2010) when repeated (periodic) demographic fluctuations occur
(WAHL et al. 2002). Also, accounting for stochasticity in the event of isolation and
connection does not change the qualitative behavior of genetic diversity. Results pre-
sented here could then ease analytical tractability of the dynamic of genetic diversity
when complex demographic scenarios are considered (e.g. LAVAL and EXCOFFIER
2004, NEUENSCHWANDER et al. 2008; RAY et al. 2010) or provide support for the set

assumptions on the parameter values.

Short-time scale environmental changes have benefit from a large amount of theo-
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retical investigations. Although there is increasing evidence of the importance of large-
scale environmental changes for the generation and maintenance of genetic diversity,
they received only recently attention (JESUS et al. 2006; LEFFLER et al. 2012; AGUILEE
et al. 2013; ALCALA et al. 2013). Consequently, we have a poor understanding of pro-
cesses that occur in dynamic environments. The study of the impact of large-scale
variability of the environment might also contribute to a better understanding of the
high level of genetic diversity observed in domesticated organisms despite strong se-
lection (e.g. in rice, CAICEDO et al. 2007; ZHAO et al. 2010, and cats, LECIS et al. 2006;
LIPINSKI et al. 2008), successive admixture of long-term isolated populations might
have strongly promoted the maintenance of genetic diversity. Similarly, pathogens
extraordinary genetic diversity (LAWRENCE 2005, HEMELAAR et al. 2011), could also
be a results of successive secondary contacts occurring after large periods of isolation
within hosts (RENZETTE et al. 2013), between hosts (CONWAY et al. 1999) or popula-
tions (BURKE 1997; WARD et al. 2013; ALCALA et al. In review). How this diversity
is related to their past demography, their structure or the environment they encoun-
tered remain to be explored in more details. Moreover, similar patterns are expected
to occur in the future. Indeed, with nowadays increase ease to travel worldwide, or-
ganisms (invasive species, local adapted population, virus, and other pathogens) have
increased opportunities to encounter previously isolated related populations, dynamic
of genetic diversity within those events might then provide important information to

predict species evolutionary potential.
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APPENDIX A | THE DYNAMICS OF GENETIC DIVERSITIES ACROSS
CYCLES UNDER THE PANMICTIC CONNECTION PERIODS APPROXIMA-

TION

In this section, we derive simplified dynamics of the genetic diversities under periodic
connection and isolation events in the case where populations are panmictic during
the connection periods (i.e., m = =1).

n

In this case, matrix A, simplifies to:

11 —-¢) n=t
A= (1—p)’ A (3-A.1)
G(l—c) =

and its eigenvalues simplify to:

(3-A.2)

where ¢ = 1/2nN is the rate of genetic drift in a panmictic population of size nN.
Consequently,
1(1 _ C)P+1 n—1
" (3-A.3)
1(1— )P+l ot
with a first eigenvalue . = (1 — p)*”(1 — )" 1(1(1 — o)™ + 1), and a second
eigenvalue which is null.
So we have, for k > 1:

%(1 . C)P-i—lhgo) + nT_lhl(JO)
TR

N (3-A.4)
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where A is the equilibrium value of the cycles both within- and between-population.
Interestingly, when P is small, log(d)/log()\.) tends to 77, thus when periods are
very short, the dynamics of genetic diversities approximately follow that under con-
stant connection. On the contrary, when P is very large, log(d)/log()\.) =~ 2; neverthe-
less, in that domain both values are expected to be lower than the period of the cycle
P, thus despite this long time tu reach equilibrium, the equilibrium cycles dynamics

will be reached after a single cycle.

APPENDIX B | DYNAMICS OF GENETIC DIVERSITY UNDER STOCHAS-

TIC PERIODS OF ISOLATION AND CONNECTION

We showed that values of P, P,y and P; determine the behavior of genetic diversity
under periodic isolation and connection. In this section, we consider that each period
P is a random variable. Thus, we study the two following quantities: the probabili-
ties that the isolation period is shorter than Py, P(P < Py ), and the probability that
it is longer than P;, P(P > P;). Two scenarios are considered. Scenario A assumes
that the probability of an event of isolation (resp. connection) is the same for each
generation (i.e. independent of the generation ¢) but follows a geometric distribution.
Scenario B assumes that the length of isolation and connection periods are regular but
have a Gaussian noise, generating variance around the mean period P (i.e. depen-
dent of the generation ¢). Thus, Scenario A considers time-homogeneous stochastic
changes and Scenario B considers time-inhomogeneous stochastic changes (following

TULJAPURKAR 1989).

Dynamics of genetic diversity under scenario A

Under scenario A, we assume that the probability p to switch from isolation state

to connection state at a given generation is independent of the current generation ¢.
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Thus, the sequence of isolation and connection events is modelled as a two states time-
homogeneous Markov process. Under such a scenario, the duration of each period
(corresponding to the waiting time until state switch), P, follows a geometric distri-
bution of parameter p, p being the probability of the occurrence of the isolation or
connection event (so the mean period is P = 1/p). Thus we have:

P(P < Py)=1—(1-p)w
(3-B.1)

B(P > P;) = (1—p)"

Which yields
PP<Py)>l—epop>1—al™
(3-B.2)
P(P>P)>1l—¢ep<l—(1—e)V
Where €y and ¢; correspond to the probability that a random period P is larger than
Py and lower than P;, respectively. Values of e and ¢; close to 0 lead to a behavior
of genetic diversities that follows what is expected under the short-period and long-
period domains, respectively.
Using the expression of Py and P; from equations 4.9 and 3.13 and given that e* =
1+ X + o(X?), we obtain the following approximation for conditions (3-B.2):

log(ew)

(3-B.3)
log(1 —€p)

P(P>P)>1—¢e < p<2u log(a)

Where a is a value that determines the difference between genetic diversity during the
isolation period and the expected genetic diversity in equilibrium isolated populations
(by default, we use a = 0.05).

From equation 3-B.3, it is interesting to see that the values of probability p which
determine the shape of the equilibrium trajectory are approximately linear functions
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of 1/2N and p. Thus, as population size, N, increases, the probability that the tra-
jectories of genetic diversity belong to the short-period domain increases. Similarly,
as mutation decreases, 1, the probability that the trajectories of genetic diversity be-
long to the short-period domain increase and the probability that they belong to the
large-period domain decreases. Numerical simulations confirm that when conditions
from equation 3-B.3 are met, under scenario A, the genetic diversity reaches the equi-
librium trajectory predicted under deterministic periods of isolation and connection,

even though periods are stochastic (see Figure 3-B.1).

0 50k 100k 150k 200k 0 50k 100k 150k 200k

' iso
T T T T ] 0.0- r*v T T ]
0 50k 100k 150k 200k 0 50k 100k 150k 200k
t t
@p>1—el™ b)p<1—(1—e)/™

Figure 3-B.1 Illustration of the impact of stochastic period length (scenario A, geo-
metric distribution of parameter p) on the trajectories of within- (/7;) and between-
population (H,) genetic diversities during periodic events of isolation and connec-
tion considering (a) short and (b) long expected periods E[P] = 1/p. The dashed and
dotted lines represent the expected equilibrium value when populations are connected

and isolated, respectively. In (a), p > 1 — E%PW (expected short-periods) and both H;
and H, tend to the connection equilibrium (dashed line). In (b), p < 1 — (1 — &)/
(expected long-periods) and genetic diversities reach their expected equilibrium value
at the end of each connection period and isolation period. Parameters are M = 40,
n =10, N =2,000, u = 2.5 x 107, ey=¢;=0.05. (a) p = 0.02 (E[P] = 50), (b) p = 5.107
(E[P] = 2.10°).
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Dynamics of genetic diversity under scenario B

Under scenario B, the period P follows a truncated normal distribution (between 0 and
00). The period of the fluctuations P (i.e. the waiting time until a switch from one state

to another) follows a discretized normal distribution of mean P and variance o

T it 0
fp=t)={ oV (3-B.4)

0 else

where K = 3" % f(P=t) is a normalization constant taking into account the truncation

and discretization of the distribution of P.

We can show that this distribution of waiting time corresponds to a time-inhomogeneous
Markov process with two states (isolation and connection), and derive the correspond-
ing transition probabilities p(¢) as a function of time ¢. Indeed, starting from a given
state (either connection or isolation), the distribution of P is linked to the transition

probabilities p(t) through the relation:

f(P=1)=(1-p(1)1=p(2)..(1-p—-1)p(t) (3-B.5)

p0) = J(P=0) = — =2 (3-B.6)

p(t+1) = =e 22 (3-B.7)
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which yields

p(t+1) = e (3-B.8)

1—p(t)
Using equation 3-B.8 recursively, starting from the expression of p(0) given in equation
3-B.6, leads to all values of p(t).

Assuming that the probabilities, €, and ¢, that the period P is lower than Py and
larger than P; are small, respectively (i.e., ey = ¢; = 0.05) and using the 5% and 95%
quantiles of a normal distribution of parameters P and o (P — 1.640 and P + 1.64c,

respectively) we have:

P(P < Py)>1—ey < P+ 1640 < Py
(3-B.9)

P(P>P)>1—¢ < P—1.640 > P,

Interestingly, we can see from equation 3-B.9 that for a given P, increasing o decreases
the probability to reach the short-period domain and the intermediate period domain,
as then P + 1.640 (resp. P — 1.640) becomes closer and possibly larger than Py (resp.
smaller than P;). The gaussian noise does not change the qualitative behavior of ge-
netic diversity through the periodic isolation and connection events (including the

equilibrium trajectory) when conditions from equation 3-B.9 are met (see Figure 3-B.2).
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0 50k 100k 150k 200k 0 50k 100k 150k 200k

0.0 iso
0 50k 100k 150k 200k 0 50k 100k 150k 200k
t t
(@) P+ 1.640 < Py (b) P —1.640 > P;

Figure 3-B.2 Illustration of the impact of stochastic period length (scenario B, du-
ration following a normal distribution of mean P and standard deviation o) on the
within- (H,) and between-population (H,) genetic diversities during periodic events
of isolation and connection. The dashed and dotted lines represent the expected
value at equilibrium when populations are connected and isolated, respectively. In
(a), P + 1.640 < Py (expected short-periods), both H, and H, tend to the connection
equilibrium (dashed line). In (b), P — 1.640 > P; (expected long-periods), genetic di-
versities reach their expected equilibrium value at the end of each connection period
and isolation period. Parameters are M = 40, n = 10, N = 2,000, p = 2.5 x 107°. (a)
P =100, 0 = 50 (b) P = 65,000, c = 1, 000.
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ABSTRACT

Population genetics has transitioned from the theory-rich data-poor era of Fisher and
Wright, to the theory-poor data-rich genomic era — where inference from large-scale
polymorphism datasets requires new theoretical developments to understand how past
demography and selection have shaped gene genealogies. Despite pervasive evidence
in natural populations, past isolation events remain largely unexplored. European
mammals and birds were isolated into glacial refugia during the quaternary period
and viral populations are isolated within different hosts and between transmission
events. Using coalescent theory, we investigate the temporal impact of past population
isolation on gene genealogies, the site frequency spectrum, and common summary
statistics of DNA polymorphism. We find that past population isolation significantly
alters gene genealogies, with coalescent trees displaying an excess of short and long
branches - the relative proportion of which is informative for inferring timing of isolation
and number of previously isolated populations. We observe in a sample from a single
population a transient excess of low and high frequency variants, while we observe in
a combined sample from all populations an excess of intermediate frequency variants
and a deficit of high frequency variants. We estimate the conditions of detection of
these signature. Finally, we illustrate the utility of our results by detecting the history
of major HIV-1 subtypes in China. We highlight the importance of detected past isola-

tion events in generating and maintaining an HIV-1 genetic diversity hotspot in China.
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AST isolation events are common in natural populations. Anatomically mod-
ern humans are thought to have admixed with Neandertal populations
after a period of isolation between the African and European continents

(GREEN et al. 2010; PATTERSON et al. 2012; SANKARARAMAN et al. 2012). Similarly,
African and non-African populations of Drosophila melanogaster also experienced a pe-
riod of isolation, followed by subsequent admixture (POOL et al. 2012). Domesticated
species of both plants and animals are isolated from their wild relatives, often to expe-
rience subsequent genetic exchange (e.g. in crops; ELLSTRAND et al. 1999). Viral popu-
lations are temporally isolated within hosts, prior to transmission events (co-infection

e.g.in HIV, GROSS et al. 2004, and in malaria, ROBERT et al. 2003).

Past demographic and evolutionary events leave distinctive signatures on gene ge-
nealogies and thus on DNA sequence diversity, patterns commonly described by the
site frequency spectrum (SFS). For example, a population bottleneck increases the vari-
ance of coalescence times and reduces the amount of variants at low frequency in the
SFES. Population expansion creates star-shaped genealogies and increases the amount
of variants at low frequency in the SFS (TAJIMA 1989; SLATKIN 1996). Population sub-
division leads to long internal branches in the genealogy and increases the number of
tixed variants (HARPENDING et al. 1998). It also results in "structured" genealogies in
which the mean and variance of statistics of genealogies (e.g. time to the most recent
common ancestor) is large, resulting in an excess of intermediate frequency variants in
the SFS (WAKELEY 1999). Balancing selection similarly leads to such structure, and to
an excess of variants at intermediate frequency (TAJIMA 1989; FAY and WU 2000; BAR-
TON and ETHERIDGE 2004; ZENG et al. 2006). Directional selection leads to genealogies
with both star shapes (leading to the common ancestor of the selected lineages) and
long branches (due to remaining ancestral lineages and/or recombination with the se-
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lected haplotype), and generates an excess of variants at both low and high frequency

(BARTON 1998).

Polymorphism data is used to infer past demographic events (TAJIMA 1989; SI-
MONSEN et al. 1995; SCHNEIDER and EXCOFFIER 1999; EXCOFFIER 2004; ZENG et al.
2006; GUTENKUNST ef al. 2009; NADUVILEZHATH et al. 2011). Some of the first meth-
ods proposed were developed to infer population growth rates (SLATKIN and HUD-
SON 1991), and recently developed approaches allow for the inference of a wide-range
of demographic parameters (e.g., STRIMMER and PYBUS 2001; BEAUMONT et al. 2002;
DRUMMOND et al. 2005; GUTENKUNST et al. 2009; EXCOFFIER et al. 2013). The isolation
of derived populations from a common ancestral population has received particular
attention. NIELSEN and WAKELEY (2001) first proposed a method to infer time of di-
vergence, the migration rate between the two populations, as well as the relative sizes
of the populations. This approach was recently extended to account for the divergence
of multiple populations (HEY 2010). However, inferring the migration rate between
diverged populations remains difficult, as models of a recent but complete separa-
tion are challenging to distinguish from models of ancient separation with a continued
exchange of migrants. Also, parameter inference requires the a priori knowledge of
a population split (HEY 2010), and the time at which migration event(s) occurred has
thus far been difficult to estimate (STRASBURG and RIESEBERG 2011; SOUSA et al. 2011).
Thus, to develop an accurate inference of past isolation and migration events, it is nec-
essary to estimate parameters that summarize the best these events and thus a full
understanding of their impact through time on gene genealogies and polymorphism

data is required.

We here analyze the dynamics of signatures of past isolation events on gene ge-

nealogies, the SFS and on common polymorphism-based summary statistics. First, us-
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ing coalescent theory, we derive analytically the expected pairwise coalescence times
after a past population isolation, which determine the shape of coalescent trees. Sec-
ond, we derive the time since isolation for which a signature on gene genealogies can
still be detected, and we describe how the changes in gene genealogies influence meth-
ods of demographic inference based on the distribution of coalescence times (i.e., sky-
line plots). Third, we investigate how different SFS frequency classes are impacted
by past isolation events using five estimators of the scaled mutation rate. Fourth,
we describe how past isolation can influence commonly used SFS-based test statis-
tics (Tajima’s D, Fu and Li’s D* and F™*, Fay and Wu's H, Zeng et al.’s E), and discuss
the specificity of the signature of past isolation events relative to other demographic
and selective processes. Finally, to illustrate the utility of our theoretical results, we
analyze the history of HIV-1 subtypes (subtypes B and C and CRF01_AE) in China.
We use the signature of the full genome polymorphism data (pairwise nucleotide dif-
ferences, local, total, and joint SFS) and identify the successive invasion of subtypes B
and C and CRF01_AE in China (during the late 1980s, the early 1990s and mid 1990s,
respectively; TAKEBE ef al. 2010; AN et al. 2012), and recombinant forms between these

subtypes within different risk groups (e.g. AN et al. 2012).

MODEL

To investigate the temporal signature of past isolation events on gene genealogies and
polymorphism data, we consider d populations previously "connected" that became
isolated at time T;,, and then "re-connected" at time 7,..,. We assume that the scaled
migration rate M between populations (i.e. twice the number of migrant genes per
population per generation) is the same before and after the isolation period. The model
assumes that each population has a constant size N and is composed of diploid indi-
viduals that reproduce at random, following the Wright-Fisher model (FISHER 1930;
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WRIGHT 1931), and that mutations occur at a rate ;1 and follows the infinite sites model
(KIMURA 1969). For analytical simplicity, we consider that times T}, and 7)., are
scaled in units of 2N generations, so 7}s, = 1 corresponds to an isolation event which

occurred 2N generations ago.

THE SIGNATURE OF PAST ISOLATION ON PAIRWISE COALESCENCE TIMES

WITHIN AND BETWEEN POPULATIONS

To analyze how past isolation events impact gene genealogies, we first investigate how
it affects the distributions of pairwise within- and between-population coalescence
times 7, and 7;. T, and T} correspond to the time to the most recent common an-
cestor of two lineages sampled in the same and in different populations, respectively,
scaled by the number of genes per population 2/N. Their distributions provide direct
information on the shape of gene genealogies as they reflect the sizes and variability of

coalescent tree branches.

Distribution of pairwise coalescence times

The coalescence of two genes under the finite island model can be described by a three
states continuous time Markov chain (NOTOHARA 1990): the two genes can be present
(1) in the same population, (2) in different populations or (3) be coalesced. The tran-
sition probabilities from one state to another depend on the scaled migration rate M
between populations and on the number of populations d. Time 7" is counted in units

of 2N generations. The Markov chain can be summarized by the following transition
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rate matrix (NOTOHARA 1990):

~M -1 M 1
Q=| M/(d—1) —M/(d—1) 0 (4.1)
0 0 0

The probability that two genes were in state (1), (2) or (3) T" generations ago (row
vector Pr), given they are in state (1), (2) or (3) at the current generation is given by
Pr = Py (Py at generation 0), where ¢Q7 is a matrix of dimension 3 - 3. The el-
ements of matrix e?” are denoted ¢; ;(T") and represent the probability that a gene in
state (i) at the current generation was in state (j) 7' generations ago. Thus, the proba-
bility distribution of within-population and between-population pairwise coalescence
times are given by fy cou (1) = diqu,g(T ) and [y cou(T) = diTqu(T ). From that the dis-

tributions of within- and between-population pairwise coalescence times, fr, (") and

fr,(T), follow:
(
fw,coal(T> T < Treco
fTw (T) = q1,1<Treco)ei(T7me) Treco <T< T‘iso
Q1,1(Treco)e_(Tiso_Tmco)fw7coal (T - Eso) + CI1,2 (Treco)fb,coal(T - T’iso) Eso <T
\
(4.2a)
fb,coal(T) T < Treco
fTb (T) - QQ,l (Treco)e_(T—Treco) Treco < T < ,-Tiso
QZ,l (Treco)ei(Ti507Treco)fw,coal(T - nso) + q2,2(Treco>fb,coal (T - 7jiso) 77@'30 <T
\
(4.2b)

These distributions have a simple interpretation. The most recent period is the recon-
nection period, when T' < T, where fr, (T) and fr,(T) correspond to the probabil-
ity of coalescence of 2 lineages under the finite island model, f,, coai(7) and fu, coar(T).
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Then, during the isolation period, T;.., < T < Tjs, two lineages can only coalesce
if they are in the same population after 7,.., generations of connection (probabili-
ties ¢1.1(Treco) and g1 (Treco), respectively within and between populations); then their
probability of coalescence at generation 7 in an isolated population is e~ (7 =Trec). Dur-
ing the older connection period, T' > T;,,, two genes can coalesce if they were in the
same population during isolation (probabilities ¢1,1(Z}eco) and go,1(Zreco), respectively
within and between populations) and they did not coalesce during isolation (proba-
bility e~ (Tiso=Treco)): then their probability of coalescence at generation 7" are fi, cou(1 —
Tiso). Alternatively, they can coalesce if they were in different populations during iso-
lation (probabilities ¢1 2(Treco) and ga2(Teco)); then their probability of coalescence is at

generation 7" is f, coar(T — Tis0). Equations 4.2a and 4.2b are used to obtain Figure 4.1.

ISOLATION (7., = 0) PAST ISOLATION (7., > 0)

fr,(T) 1, (T)

E[T,)]

E

Present (T'=0)T;; 50 Present (T'=0)Trcco Tiso

— o« > >
Isolation Connection Re-connection Isolation Connection

Figure 4.1 Probability distribution of (A)-(B) within-population P,(¢) and (C)-(D)
between-population F,(t) pairwise coalescence times following an isolation event
(A, Q), and a reconnection event (B, D). Parameters are M = 1, d = 10, (A) T, = 1,
(B) Treco =1, Tiso = 4.

Thus, shortly after an isolation event (Figure 4.1B, D), coalescent trees will have
short terminal branches (reflected by short pairwise coalescence times within-populations),

and long internal branches (corresponding to long pairwise coalescent times between-
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population). However, the difference of size between short and long branches in-
creases with the duration of the isolation period. Following a reconnection event (
Figure 4.1B, D), coalescent trees have a mixture of short and long branches. The dis-
tributions of within- and between-population pairwise coalescence times are bimodal.
The probability of coalescence decreases monotonically during the isolation period,

and increases during the connection period.

From the distribution in eqs. 4.2a and 4.2b, we can derive the expectations of T;,

and Ty, E[T,]) = [, Tfr,(T)dT and E[Ty) = [, T fr,(T)dT:

1
E[Tw] =d + )\2_>\1 [M<Treco_ﬂso + 1_6_(Ti‘s°_TreC°))(6>\1Treco—€>\2TreC°)
_i_(d_l)(l_e*(Tiso*Treco))(AleAlTreco_)\2€)\2TTeco)]
d — 1 1 )\lTreco )\QT’I‘ECO
E[Tb] = d(l + d—M) _'_m[(TiSO — Treco)<)\2€ — \e )
Eso - Treco (Te,—
\ +M(T + 1 —e (Tzso Treco))(e)\lTreco _ e/\2Treco)]

(4.3)

where )\, and )\, are the biggest and lowest non-unit eigenvalues of matrix Q.

Interestingly, we can show that the difference between the mean values of 7, and
T}, is informative about the duration of the isolation period when 7,.., = 0 (isolation
scenario), but difficult to interpret when 7., > 0 (past isolation scenario). In the latter
case, the distributions of 7, and 7T, are both bimodal, and it is the difference between
the position of their respective modes which is most informative about the duration of

the isolation period.

Indeed, the difference between the mean within- and between-population pairwise
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coalescence times is:

1

d—1 n dM
M A2—A

[eAlTrew ((ﬂso_Treco) (E + )\2) —)\1 (d— 1) (1—6_(TiS°_TT“O)))
dM

d—1

E[T,]-E[T.] =

_6)\2Treco ((Tiso—Treco)( + )\1)_)\2(d_1)(1_6—(Ti50_Tr850)))]

(4.4)
when T,..., > 0, this value is a function of many parameters, which makes it difficult to
interpret. On the contrary, when 7., = 0, 4.4 simplifies to:

BT — B[T] = (d = D)1+ 17 —¢70) 4 T (4.5)

The value of E[T})|—-E|T,] is always larger than T;,,, as E[T,|—E[T,,] > a1l 7. . When

the isolation event is recent (i.e. T;5,<1), E[T;|—E|[T,] increases quickly with T;;,, at

d(E[Ty]| - E[Tw])

T ~ d. As the isolation event be-

a rate that is given by the derivative
comes older (0<T;,,<3), the rate of increase %ﬁm decreases exponentially un-

til E[Ty|—E[T,] ~ (d—1)(141/M)+T;s, when T;;,~3. Then, the value of E[T}]—FE|[T,]

d(ET)-BTL) , |

increases approximately linearly with 7;,,, at a rate T ~

Implications for demographic inference from gene genealogies

The specific signature of past isolation events on gene genealogies have consequences
for demographic inference based on coalescence times. A burst of coalescence events is
interpreted as a reduction of effective population size by both mismatch distributions-
based methods (SCHNEIDER and EXCOFFIER 1999) and skyline plot methods (STRIM-
MER and PYBUS 2001, DRUMMOND et al. 2005). We show in Figure 4.2 that the multi-
modal coalescence times distributions generated by population isolation produce the
same signature as successive population size changes on skyline plot methods (using

the method from STRIMMER and PYBUS 2001). An "old" isolation event (i.e. T;,,=5,
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Teco = 0; Figure 4.2B) or a past isolation event (7)., > 0; Figure 4.2C) generate skyline
plots (Figures 4.2B, C) that detect, first an increase of effective population size (back-
ward in time from the present to 6N generations ago) and then a decrease of effective

population size (from 6N generations ago).

iso

~ |

e 1

S

0 _Ne

o -

o

o B i T T T T T T T T T T T 1 i T T T T T T T T T T T 1
12N 8N 5N 2N 12N 8N 5N 2N

(a) Recent Isolation (b) Ol1d Isolation

60,000

12N 8N 5N 2N 12N 8N 5N 2N

10,000

() Past isolation (d) Equilibrium connection

Figure 4.2 Effect of (a), (b) an isolation event and (c) a past isolation event, on the
coalescent times distribution (histogram, scale on the left) and the effective popula-
tion size inferred from coalescence times distribution (thick black line, scale on the
right; skyline plots from the method developed by STRIMMER and PYBUS 2001). (d)
Coalescence times distribution and skyline plot of an equilibrium connected popula-
tion. The values are means estimated over 5, 000 replicate simulations. Parameters are
d=4, N=2,500, M=1 during connection periods, 20 sampled genes of 1kb per popula-
tion, with ¢=2.10"" (§=2).
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A METRIC ON THE MINIMUM STRENGTH OF ISOLATION EVENTS

On the necessary lengths of isolation events

We investigate how long an isolation period must be to leave a signature on gene ge-
nealogies (i.e. time to depart from the equilibrium neutral genealogies). We define this
time as the duration of the isolation period for which there is a high probability (i.e.
probability greater than 1 —«, where « is small) that a proportion of lineages less than 3
(with small ) coalesced during this period . The probability (g, . (7}s.)) that n lineages
sampled at present had m ancestral lineages 7T;,, generations in the past is (Equation
6.1 in TAVARE 1984):

n (_1)k(2k — 1)n[k] _k(k=1)T;s
& 2

1 —
(k)

k=2
gn,m(T‘iso) = n (46)
(_1)k—m(2k; — 1)m(k_1)n[k] 7k(k—;)TiSO
€

ml(k —m)In)

form=1

form > 1

The notation () stands for the rising factorial with y terms, z(,) = z(z+1)...(x +y —1),
and the notation x,; stands for the falling factorial with y terms, ) = z(z — 1)...(x —
y+1).

Summing g, m(Tis,) for all m < B - n (rounded to the closest integer) provides the
distribution probability that less than a proportion /5 of lineages coalesced. The quan-
tile 1 — o of this distribution provides the duration of the isolation period, T.,*”, for
which there is a high probability (i.e. 1 — a) that no lineages coalesced. When 5 = 0,

TP simplifies to:

min

Tl-a0 _ —2ln(a)

A (4.7)

For 3 > 0, this value can be obtained numerically (as in Figure 4.3A for 3 = 0.05).

We can see Figure 4.3A and from eq. 4.7 that the probability of detecting recent
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A DURATION OF THE ISOLATION PERIOD B STRENGTH OF THE ISOLATION EVENT
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Figure 4.3 (A) Minimum (7">,*”) and maximum duration (7}-%) and (B) minimum

strength of migration M, for which an isolation event is expected not to leave a
signature on coalescent trees (with probability 1 — «), as a function of the sample
size in each population n. The term 3 in 7). " denotes the proportion of lineages that
coalesced during the isolation period. Note that 7%, only applies for lineages sampled
in a same population; as the signature of an isolation event on genealogies from genes
sampled in several isolated populations persists. The minimum strength of migration
corresponds to the scaled migration rate during the connection period preceding the

isolation period.

isolation events increases with the sample size. Also, T\.,*” does not plateau, but
decreases approximately as the square of the sample size when = 0. Increasing the
sample size by a factor of 10 allows thus theoretically for the detection of isolation

periods a hundredfold shorter.

We next investigate how short an isolation event must be to leave a signature on
gene genealogies within-populations (the equilibrium coalescent in an isolated pop-
ulation from KINGMAN (1982) is reached). An isolation event of length 7}, does not
leave a signature if there is a high probability (i.e. <1 — «, where « is small) that all
lineages coalesced during that isolation period. This probability can be obtained from

k(kfl)Tiso

Equation 4.6 for m=1. As T},,,, > 1, ignoring terms in e™~ 2 for k > 21in g, 1(Tiso0)

(Equation 4.6) leads to:

3(n—1) _,
ot (Tiog) = 1 — %e Tiao (4.8)
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Thus, to leave a signature (with probability 1 — «), the duration of the isolation

period, 7). (quantile 1 — « of distribution g, 1(7;s,)) is a function of the sample size n:

max

n+1
n—1

T = In(3/a) — In(

max

) (4.9)

Numerical results show that using Eq. 4.9 for T,,,,, instead of the true value leads to a

relative error smaller than 1.2 x 1074,

From Figure 4.3A and eq. 4.9, we can see that, for n > 20, T} plateaus for all «

values to approximately In(3/«), characterizing the maximum duration for which the

signature of past demographic changes on gene genealogies can be detected.

On the necessary strengths of isolation events

Signature of isolation cannot be detected if lineages sampled in one population coa-
lesced without having migrated to another population. From STROBECK (1987), the
probability that a coalescent event occurred before a migration event, in a sample of
size i from a single isolated population, is:

1 —1

P 4.10
1 —14+M ( )

pioal(M) =

Thus, we can derive the probability that no migration event occurred during the coa-

lescent of n lineages, as a function of M:

i1
pcoal,n(M) = H i— 1+ M (411)

Quantile 1 — « of this distribution, gives the limit value of M, denoted M, 2o for

min 7

which an isolation event has a large probability 1 — « to leave no signature. We com-
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pute numerically M, for different values of « (Figure 4.3B); we also obtain a good

approximation for M,,;,, by simplifying the logarithm of eq. 4.11 using the approxi-
mations [n(i+ M) = In(i)+M/i+o(M?) and Y ,1/i ~ In(n) + v as n — oo, where 7 is

Euler’s constant:

Ml—a ~ _ln(l — Ck)

. —_ 4.12
T n(n — 2) 4y (412)

We find numerically that the absolute relative error resulting from using approxima-

tion 4.12 is less than 5% for n > 12 and decreases when n increases.

We can see Figure 4.3B and from eq. 4.12 that M,.* decreases when the sample size

min
increases (whatever the a value), but very slowly (inverse of a logarithm decrease).

Thus, even with large sample sizes, the power to detect the signature of past isola-

tion from gene genealogies is limited by migration during the connected periods (from

i-1

i—14+M —

Equation 4.10 when probabilities of coalescent events 1 are larger than migra-

. M ~
tion events ;= 7; ~ 0).

THE SIGNATURE OF ISOLATION ON THE SITE FREQUENCY SPECTRUM

AND ITS DETECTION USING NEUTRALITY TESTS

To analyse the temporal signature of population isolation on the SFS, we generate
the SFS through time following isolation and reconnection events using the software
fastsimcoal (EXCOFFIER and FOLL 2011) under two sampling schemes: the local SFS
and the fotal SFS; also we study the joint SFS between pairs of populations. We then
describe the power of five different estimators of the scaled mutation rate ¢ to detected
past isolation: Tajima’s D (TAJIMA 1989), Fu and Li’s D* and F* (FU and L1 1993), Fay
and Wu’s H (FAY and WU 2000), Zeng et al.’s E (ZENG et al. 2006). We also use the
framework of FERRETTI et al. (2010) and ACHAZ (2009) to analyze the power to detect
isolation events of optimal test statistics (75", 7o', T5" and T, Appendix A).
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The signature of past isolation events on the local SFS

Immediately after an isolation event, the local SFS displays values expected from pop-
ulations at "connected" equilibrium, and thus has a strong excess of sites across all
frequencies (Figure 4.4A). As time T}, since the isolation event increases, the observed
local SFS tends to its expected SFS values at isolation equilibrium (Figure 4.4A). The
transient excess of variants across the SFS is the result of the abrupt reduction of pop-
ulation effective size and the relatively slow effect of genetic drift. A characteristic
feature of this process is that variants at low frequencies decrease faster than variants
at high frequencies (which is detected by 6 estimators; Figure S1A). In addition, vari-
ants that reach fixation accumulate with time (present in n copies; last class of the local
SFS in Figure 4.4A). Following a reconnection event the local SFS shifts from its ex-
pected SFS values at isolated equilibrium (Figure 4.4B) to its expected SFS values at
"connected" equilibrium (Figure 4.4B). Through this process a "U-shaped" SFS (Figure
4.4B) is formed due to excess of variants at high and low frequency. This pattern is
similar to what is expected when variants are under positive selection. Then, we ob-
serve an excess of variants at intermediate frequency (Figure 4.4B), similarly to the SFS
observed under balancing selection. Exchange of migrants between populations dur-
ing the reconnection event first brings new variants previously locally fixed (in class
i=n of the local SFS; Figure 4.4B). Then, with time, migration increases the number of
variants at intermediate frequency (Figure 4.4B). This dynamic is well captured by 6
estimators (Figure S1B). This process occurs in two time scales: the initial increase of
variants at low frequency is fast and is followed by a slow decrease of variants at low
frequency. This translates to the fact that migration has a rapid impact on the SFS while
genetic drift acts on a longer time-scale.

All test statistics have a low power to detect an isolation event from the local SFS
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Figure 4.4 Signature of an isolation event (first row) and a past isolation period (sec-
ond and third rows) on the local (A-B), total (C-D) and joint(E) site frequency spec-
trum (SFS), as a function of the number of generations since the isolation 7},, and
connection 7)., event. The gray solid and dashed lines represent the expected SFS,
in equilibrium isolated and connected populations, respectively. Parameters are d=4
populations, N=2,500 individuals per population, n = 20 sampled genes of 1kb per
population, with y=2.10"" (§=2). For the past isolation scenario, we consider T, = 3.
Means are over 5, 000 replicates.
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(less than 25%; Figure 4.5A). D, D*, F*, E and Té’l have the largest power as they are
sensitive to a deficit of variants at low frequencies. H and T,"' have the lowest power
as they are weakly sensitive to a deficit of low frequencies (statistics are skewed toward
positive values; Figure S1). Except for E and 7, (Figure S1), the power of test statistics

to detect a reconnection event is very low (Figure 4.5B).
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Figure 4.5 Effect of the time since the beginning of an isolation period (left column),
and the time since the end of a past isolation period (right column) on the power of
test statistics to detect departure from neutrality. Test statistics are either computed
from the local site frequency spectrum (SFS; A-B), or estimated from the total SFS (C-
D). Test statistics are Tajima’s D, Fu and Li's D* and F*, Fay and Wu's H, Zeng et
al.’s E' and optimal test statistics derived using the method from FERRETTI et al. (2010)
(see Appendix A) that detect the signature of the isolation scenario (7" and 7;,") and I
(Té” and Tél’t) from the local and total SFS, respectively. Parameters are d=4, N=2,500,
n = 20 sampled genes of 1kb per population, with §=2.10"7 (#=2). For the past isola-
tion scenario, we consider T}, = 3. Means are over 5, 000 replicate simulations.

The signature of past isolation events in the total SFS

Following an isolation event, the total SFS displays a strongly distinctive pattern. We
observe peaks of segregating sites at intermediate frequencies (Figure 4.4C). The fre-
quencies at which peaks are observed depends on the samples sizes n;, wherer i =
1,...,d is the index of the population, and the number of populations d. For example,
in Figure 4.4C, the frequencies at which the peaks are observed are 0.25, 0.5, 0.75 and

1 (1 not displayed) as n,=n=20, d=4 and d; = 1, 2, 3, 4). The expected size of the peaks
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can be derived in the strong migration limit (M >> 1) and when all genes coalesced
during isolation. The first peak is composed of two values. First, it is composed of
the number of variants that reached fixation during the isolation period which is de-
termined by the number of mutants per generation 6/2 which multiplies the difference
between the time since the isolation event 7,, and the expected time to the most recent
common ancestor in the sample, E[Tyrca]. Second, it is composed of the number of
variants, ., which have reached fixation during the past "connection" period. The ex-
pected size of the first peak depends thus on the time since isolation and on the rate of

coalescence before the isolation event, giving:

El&,) = dy,10/2(Tiso — E[Tarcal) + EE]] (4.13)

Where d,,, is the number of populations that have a sample size of n,.

Assuming that all genes coalesced within population during isolation, we have
ETyreal = 2(1 — n%) During the connection period, when M >> 1, the expected
number of variants which have fixed (E[¢.]) corresponds to the number of mutations
which occurred on all terminal branches of the coalescent, df (with d lineages), divided
by the number of terminal branches, d. Thus, Equation 4.13 simplifies into:

E[’fnz} = dy, [H/Q(Tiso - 2(1 - 1/”1)) + 0]
(4.14)

= dnle(T'zso/2 + 1/”1)

We can see from Equation 4.14 that for old isolation events, the size of the first peak
, &n,, depends almost exclusively on T;,,. For example, considering d = 4 populations
that have been equally sampled, with a sample size of n; = 20, for T;,, = 3, we expect
a peak of size close to 1.55 in class i = 20 of the total SFS. Under the same conditions,
but with an uneven sampling, where a population has a sample size of 24, a peak of
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size close to 0.39 in class ¢ = 24 of the total SFS is expected. These estimated values

correspond to simulated ones (see Figures 4.4C, Figures S3D).

The size of other peaks, present at higher frequencies (corresponding to variants
fixed in several populations), are independent of T;,, but dependent on n;. Their size
corresponds to the expected number of fixed variants in a panmictic population of 2dN
genes (FU 1995):

Eléw] = do/k, k=2,..d (4.15)

Now following a reconnection event, migration distributes and homogenizes vari-
ants among populations. The multiple peaks observed during isolation merge to form
an excess of variants at intermediate frequencies (Figure 4.4D). This occurs, assuming
an island model, at a time frame that is of order of 1/2m generations (STROBECK 1987).
For example, in the Figure 4.4D, the peaks merge within approximately N/2 genera-
tions (i.e. 32 generations, as M = 4Nm = 10).

6 estimators detect well the excess of variants at intermediate frequency following
an isolation event (Figure S1D) and the power of 75", 75" and H to detect isolation
events increase with T;,, but decrease with T,..,. Other statistics have low power even

for long isolation periods (for T, = 6N, D, D*, F* and E have less than 10% power).

Past isolation events can also be well identified in the joint SFS (Figure 4.4E). The
isolation period induces peaks at the vertices of the joint SFS (classes (20,0), (0,20) in
Figure 4.4E), corresponding to private fixed variants in each populations. Following
the reconnection, these peaks become progressively wider, decrease in size and move
away from the vertices (Figure 4.4E) until merging (Figure 4.4E). This is due migration
that distributes variants among populations and homogenize genetic composition of
populations. Finally, the joint SFS reaches the expected joint SFS in equilibrium "con-

nected" populations (Figure 4.4E; CHEN 2012) where variants are all shared at the same
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frequency in each population and are localized in the diagonal of the joint SFS.

APPLICATION: DETECTION OF PAST HISTORY OF HIV-1 SUBTYPES IN

CHINA

We illustrate the utility of our theoretical results by investigating the signature of iso-
lation and past isolation of HIV-1 subtypes in China, using pairwise nucleotide differ-
ences between the sequences and the total, local and joint SFS.

We considered the 58 available sequence alignments of whole genome HIV-1 sam-
pled in China in 2009 from the Los Alamos HIV database (http://www.hiv.lanl.gov/).
Sequences were all identified as HIV-1 subtype B, C, CRFO1_AE or recombinant forms
between these subtypes (table S1). A sequence from subtype ] was used as an outgroup
to compute the SFS (the low sensitivity of our results to the chosen outgroup sequence
is shown Figure 54 and S5).

Past isolation between the subtypes is determined with clusters using Discriminant
Analysis of Principal Components (JOMBART et al. 2010). We find a good support for
4 clusters using the Bayesian Information Criterion (ranging from 2 to 100 PCA axes).
The first cluster, B, contains all sequences from subtype B plus some B/C recombi-
nants; the second cluster, C, contains all sequences from subtype C plus some B/C and
B/C/CRF01_AE recombinants; the third cluster, CRFO1_AE 1, and the fourth cluster,
CRFO01_AE 2, contain sequences from CRF01_AE, plus one CRF59_01B sequence (a re-
combinant between subtype B and CRF01_AE). The division of CRFO1_AE sequences
into two clusters reflects two successive introductions of CRF01_AE in China, in the
early 1990s and mid 1990s, respectively (AN et al. 2012).

The signature on pairwise nucleotide differences and the total, local and joint SFS
suggest successive past isolation events between subtypes. First, a long isolation pe-
riod between subtypes is suggested by the distance between the modes of the within
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and between-cluster distribution of pairwise nucleotide differences (figure S6) and by
the large peaks in the total SFS corresponding to variants fixed or almost fixed in each
clusters (figure 4.6A). Second, a very recent reconnection event between CRF01_AE
and other subtypes is suggested by the small overlap between the within- and between-
cluster distribution of pairwise nucleotide differences. This is reflected by the wideness
of the peaks in the total SFS (figure 4.6A), by the excess of high frequency variants in the
local SFS (figure 4.6B) and by the wide peaks very close to the vertices of the joint SFS
(figure 4.6C). Third, an older reconnection event with strong migration between sub-
type B and C is suggested. This is reflected by the large overlap between the within-
and between-cluster distribution of pairwise nucleotide differences, by the wideness
of the peaks in the total SFS (figure 4.6A), by the excess of high frequency variants in
the local SFS (figure 4.6B) and by the wide peaks close to the diagonal of the joint SFS
(figure 4.6C). Although homoplasy is expected to increase the wideness of the peak,

simulations show that this does not impact the signature in the SFS (Figure S7).

To gain further insights on past connection events (e.g., origin, timing, duration),
we identified the sequences associated with the reconnection event between subtypes,
i.e. sequences possessing signals with wide peaks in the joint SFS (e.g., connection of
subtypes B and C, and connection between CRFO1_AE and other subtypes). Interest-
ingly, we found, in agreement with SU et al. 2000; PANG et al. 2012; HAN et al. 2013,
that they are associated with two risk groups: Injecting Drug Users (IDUs) and Men
who have Sex with Men (MSM). Our result are, moreover, consistent with the known
history of HIV-1 epidemics in China. Subtype B and C are known to have been succes-
sively introduced by IDUs (leading to the first HIV outbreak in China in 1989) through
the Yunnan province, which was the main entry route of illicit drugs in south-east Asia

(YANG et al. 2002; LU et al. 2008; TAKEBE et al. 2010). CRFO1_AE was later introduced
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by the MSM risk group (already infected by subtypes B and C) during the 1990s, and is
now the most prevalent HIV-1 form in many parts of China (AN et al. 2012). This sup-
ports the importance of risk groups in generating and maintaining a genetic diversity
hotspot in China and is of great importance for managing the treatment and control of

HIV (e.g. KORBER et al. 2001; GASCHEN et al. 2002).

DISCUSSION

Our work highlights features of gene genealogies and the site frequency spectrum that
can disentangle past isolation events from other demographic (e.g. bottlenecks) or se-
lective events (e.g. positive, balancing or negative selection). We demonstrate that the
difference in pairwise coalescence times within- and between-populations, the changes
through time of their distributions, as well as their number of modes, are informative
of past isolation events. We determined the necessary duration of an isolation event
that allows it detection and the strength of migration that prevent it. We find that in-
creasing the sample size does improve our ability to detect brief isolation periods, but

not our ability to detect past isolation when migration is weak.

The analytical work described here is thus of interest to improve inference methods
and provides conditions for the existence and detection of a signature of past isolation
events. We find that contrasting polymorphism data from different populations helps
understand their demographic history. For example, using mismatch distributions as
a proxy for pairwise coalescence times can be very informative about the timing of
past isolation and the degree of population subdivision. We demonstrate that usual
inference methods based on the distribution of coalescence times (tests based on mis-
match distributions and skyline plots) do not allow one to distinguish the signature
of events of population isolation from other demographic changes, particularly bottle-

neck and population expansion. However, an increasing distance between the modes
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of pairwise within- and between-population coalescence times distributions (and thus
between the corresponding mismatch distributions) as identified here, is strongly in-
formative of past isolation event and is not expected from a population size changes

(bottleneck or expansion).

Our study suggests that analyses based only on within-population polymorphism
data should be avoided and combined samples from several populations is needed to
provide an accurate inference of past isolation events. Our conclusions are in agree-
ment with results from STADLER et al. (2009) and CHIKHI et al. (2010) that suggest that
the sampling scheme is crucial to detect the signature of past population history. We
also suggest the use of multiple test statistics that are representative of different SFS
classes of variants (low, intermediate, and high) such as D, D*, F*, H, E, and optimal
statistics T, (FERRETTI et al. 2010) might not capture the full dynamic of the signature
of past isolation through time. However, the general statistics developed by ACHAZ
(2009), based on the sampling scheme and on variants at frequencies not defined a

priori provide much high power to detect past isolation than standard statistics.

Empirical studies often analyze population structure (e.g., STRUCTURE analysis;
EVANNO et al. 2005) and past population size (e.g., RAMBAUT et al. 2008 using skyline
plot methods) independently. However, when populations are structured inference of
past changes of population size is problematic, as migration strongly biases the infer-
ence. For example, past migration events could increase the significance of a bottleneck
signal (Figure 4.2). Similarly, past bottleneck events followed by continuous migration
events will leave a signature similar to an isolation event. The presented signature of
past isolation on the total SFS can complement assignment analysis to infer popula-
tion structure (e.g. using the software STRUCTURE, or principal component analysis
-PCA) when they are not informative, and when the joint SFS cannot be computed.
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Our results suggest that this might occur when the isolation periods are short or when
the time since reconnection is long. In these situations statistical tests do not to detect

an excess of variants at intermediate frequencies.

We have here explored the temporal dynamics of the gene genealogies and the SFS
after isolation events, and the patterns described here would be valuable to analyse
demographic change on time series data points (e.g. from ancient DNA; VALDIOSERA
et al. 2008). Our study, together with others (STADLER et al. 2009), suggests that non-
equilibrium populations can display a large variety of signatures which are difficult
to disentangle. Similarly, complex demographic and evolutionary scenarios involve
a succession of historical events that disrupt the signature in different manners (e.g.
CURRAT et al. 2010). Having several time points could be strongly informative and
provide more robust estimates for demographic inference. Also, we believe that the
full dynamics through time of a signature of a given demographic or selective event
on DNA polymorphism should deserve more attention. It provides first the expected
duration and conditions under which the signature can be detected and second, this
provides crucial information on the statistics that has to be inferred (the one that is the

most sensitive to the event under consideration).

The ability to detected past isolation events from DNA polymorphism is of partic-
ular relevance to understand the mechanisms of speciation, first because speciation
events in sympatry, parapatry, and allopatry have challenged the field for decades
(FEDER et al. 2003, 2011), and second because models alternating allopatry and sym-

patry have been proposed to explain adaptive radiations (e.g. AGUILEE et al. 2013).

Our theoretical investigation allowed the description of the past population history
of HIV-1 subtypes in China, although HIV-1 might be under strong selective pressures

from the immune system (SNOECK et al. 2011), undergo frequent bottlenecks followed
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by population expansion (during transmission; e.g. KEELE et al. 2008) and harbor a
high mutation rate (PRESTON et al. 1988). Nevertheless, the signature observed (Figure
4.6) only slightly deviates from our theoretical expectations. The robustness of our re-
sults to demographic, mutational and selective events can be explained by the fact that
such events impact the differentiation between subtypes during the isolation period,
but not the signature of a reconnection event, which is driven by migration that acts at
short time-scales (see e.g. ALCALA et al. 2013). This separation of time-scales allows
a robust inference of past population history. Our results also suggest that reconnec-
tion following isolation between subtypes is recurrent in the region, and significantly

contributes to the evolution of HIV-1 in Asia.
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APPENDIX A: DERIVING OPTIMAL TESTS TO DETECT THE SIGNATURE

OF ISOLATION AND PAST ISOLATION SCENARIOS FROM THE SFS

In this appendix, we design, using the method to detect departure from neutrality
from FERRETTI et al. (2010), four test statistics to detect the signature of the isolation
and past isolation scenarios from the local and total SFS. T;;' and T})* can detect the
signature of the isolation scenario from the local and total SFS, respectively; T, and
T5M' can detect the signature of the past isolation scenario from the local and total
SFS, respectively. We first present the method of FERRETTI et al. (2010), which requires
the expected SFS under both scenarios. Second, we give two methods to derive the

expected SFS under both scenarios. Finally, we present the properties of the resulting

test statistics.

Method to derive T{ and TZ!

ACHAZ (2009) demonstrates that all neutrality tests based on the SFS can be written as:

n—1
RIS
To = =1 (4-A.1)

n—1
j=

where Q;, with i = 1,2,...,n — 1 are the weights which uniquely define the test (for

example, taking €; = 2(n —i)/[n(n — 1)] — 1/(i >_; 1/5) leads to Tajima’s D) and the ¢;

are the classes of the SFS (i.e. the number of variants at frequency i/n). The variance

in the denominator can be computed using eq. 9 from ACHAZ (2009). As showed in

FERRETTI et al. (2010), the optimal test against a given demographic scenario can be

built by choosing the €2; that maximizes the expected value of Ty, under the given sce-
Il

nario. By denoting &/, ¢/*, ¢/"' and ¢/’ the expected values of the classes of the local
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and total SFS under the isolation scenario and the local and total SFS under the past
isolation scenario, the optimal test statistics 7;,", 75", To," and Ti," have the following

weights, denoted Q!, Q*, Q"' and Q!"", respectively (FERRETTI et al. 2010):

1
Ql,l . 51 1
i Il
Zj gj tan
Ia
Q,I’t 52 ! 1

i T It i
Zj fj tan

(4-A2)
mo_ &1

B LT

It _ @*I It 1

i It .
Zj 5]' tan

where a, = 321 1/i.

T3 and T5' (resp. T and T™) have positive values under the isolation scenario
(resp. the past isolation scenario) and approach 0 under neutrality. Indeed, the posi-
tive terms in eq. 4-A.2 correspond to the expected value of the SFS under the isolation
scenario or the past isolation scenario, while the negative terms correspond to the ex-
pected value under neutrality. Consequently, the statistics should be used in one-sided

tests.

Deriving the expected SFS under isolation and past isolation scenarios

Values &/, &', €7 and ¢/ can be estimated from coalescent simulations under each
scenario with fixed parameters. For our study, we used the values presented in Figure
4.4A-B and G, and 4.4C-D, as these values present the most prominent features of the
signature of both scenarios on the SFS ( large peaks) and have the strongest power to
reject neutrality.

Alternatively, values & and &' can be obtained using formulas approximating

the total SFS under both scenarios, assuming that panmixia takes place during the
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connected periods and that the isolation periods are long enough (7}, > 2). Consid-
ering d populations, equal sample size n in each population (total sample size is dn)
and scaled mutation rate 6, the total SFS corresponds to the expected SFS in a panmic-
tic population with scaled mutation rate df truncated between 0 and 1/n, plus excess
(peaks) due to the transient dynamics (see Figure 4.4C-D). The size of the peaks is de-
fined by egs. 4.14 and 4.15 under the isolation scenario, and we can approximate their

shape using diffusion approximation under the past isolation scenario:

’

do/i, ifi<n

d0(Tiso/2 +1/n), ifi=n
&' = (4-A3)

d/k, fi=kxnk=2 ..d

0, otherwise
\

(

dO[1/i + (Tiso/2 + 1/n)(i/(dn), 1/d, Tiso) + Y _(1/k)$(k/d, Tiso)], ifi <n

IIt
fz‘ =

d](Truo/2 + 1/n)6(i/(dn), 1/d, Tiso) + S (1/R)(k/d, )], ifi >
= (4-A.4)

\

where ¢(p, po, Tiso) corresponds to the solution to the diffusion equation 3; % — 4}\, 88—:2 (p(1—
p)¢), where p is the current frequency of the variant and p, the initial frequency of the

variant (given in eq. 4.9 in KIMURA 1964).

We found numerically that using only the first 30 terms of the infinite series solution
to the diffusion equation provides a good approximation for 7;,,/2d > 0.005. Also, eq.
4-A 4 is accurate when T;,,/2d is not large (from numerical simulations, eq. 4-A4 is a
good approximation for T;,,/2d < 0.1), as we only considered the temporal variations
of the peaks and not the one of the full spectrum.
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General properties of test statistics Té’t and TéI *

Weights of the tests of neutrality from the total SFS under the isolation (Qf ") and tje
past isolation scenarios (/") are presented in Figure 4-A.1. As expected from the
signature under the isolation scenario, few positive ! values exist (correspond to the
expected peaks) and they have a strong weight. Under the past isolation scenario, the
number of positive and negative Q! values is balanced, as peaks are wider, reflecting
the signature under this scenario. Thus, test statistics 75" will have a larger variance

than 7)"", which might reduce their power to reject neutrality.
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Figure 4-A.1 Weights of the optimal neutrality tests from the total SFS for the iso-
lation (/') and past isolation scenarios (2!"), as a function of the class (i) of the
variant in the total SFS. The weights were computed for d = 4 populations with sam-
ples sizes n = 20, with an isolation period of 6N generations and a scaled migration
rate M = 10 during the connection periods.
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MEASURING GENETIC DIFFERENTIATION IN EQUILIBRIUM POPULA-

TIONS

The results presented in this thesis improve our understanding of genetic differenti-
ation. In particular, we saw that genetic diversity and the main features of allele fre-
quency distributions follow a same transition from isolation to panmixia as a function
of the migration rate. Different transition functions from isolation to panmixia were
previously proposed (TAKAHATA and NEI 1984; JOST 2008), and their relevance to the
theoretical concept of genetic differentiation is controversial (JOST 2008, 2009; WHIT-
LOCK 2011). Nevertheless, they were based on the value of a differentiation measure
(Gsr or D), and thus relied on the ability of differentiation measures to describe accu-
rately genetic differentiation. This thesis reports for the first time an analytical descrip-
tion of such a transition function directly based on the allele frequency distributions,
independent of all differentiation measures. We learn from the study of this transition
function that the transition domain between isolation and panmixia is not very wide
—approximately 2 orders of magnitude— and this transition domain can be in a range of
low migration rates (when mutation is weak) or high migration rates (when mutation
is strong). Thus, we predict that there are large domains of migration rates for which
genetic diversities and allele frequency distributions are qualitatively the same.

We show that measures commonly used to describe the level of genetic differentia-
tion of populations, Gsr and D (WEIR and COCKERHAM 1984; JOST 2008), accurately
describe the level of genetic diversity only under specific mutation regimes. This re-
sult suggests that a single measure cannot summarize genetic differentiation under all
mutation regimes. Instead, we show that using several measures capturing different
aspects of genetic differentiation considerably increases the understanding of the ge-

netic differentiation of populations.
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Our results emphasize the usefulness of parametrized models to understand the
behavior of differentiation measures, and of summary statistics in general. Indeed,
previous model-free comparisons such as in HELLER and SIEGISMUND (2009) and JOST
(2008) (table 1) did not allow a comprehensive interpretation of the values of Ggr and
D. On the contrary, the results of this thesis provide a complete description of the

behavior of the measures as a function of all model parameters.

THE LARGE IMPACT OF HISTORICAL EVENTS ON GENETIC DIVERSITY

Demographic changes and the dynamics of genetic diversity

The results of the thesis show that demographic changes, and in particular past iso-
lation and re-connection of populations, can have strong genetic consequences. For a
wide range of population size, number and migration rate, a population re-connection
event (or migration increase) creates a peak and a large excess of genetic diversity
within-populations. The temporal decay of this peak is low, which allows the excess to
persist over large time-scales. Thus the thesis highlights a demographic event which
enables to go beyond the theoretical amount of "alleles that can be maintained in a
finite population” predicted by KIMURA and CROW (1964) in an isolated population,
and by MARUYAMA (1970) and MAYNARD SMITH (1970) in a structured population.
To the extent of my knowledge, no other demographic or selective event can generate
such large amounts of genetic diversity within-populations in such a small period of
time; indeed, population expansion and balancing selection can lead to large genetic
diversity within-populations, but genetic diversity is limited by the rate of mutation,

which tends to be low (TAJIMA 1989; SLATKIN 1996).

The results also show that when the demographic changes are periodic (with or
without stochasticity in the period length), genetic diversity can have a variety of be-
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haviors depending on its initial value and the period length. Periodic isolation and
connection of populations can either lead to a large persistent excess of genetic di-
versity under small periods, lead to large variations of genetic diversity under large
periods, or lead to a temporal accumulation or decay of genetic diversity (depending
its the initial value) under intermediate periods. These results are in line with the liter-
ature on the impact of short time-scale migration fluctuations, which predicts a weak
impact on genetic diversity (WHITLOCK 1992). In addition, these results fill a gap on
the current literature concerning the dynamics of genetic diversity under intermediate
and large-period migration changes. Finally, the results provide a simple interpretation
for the limit between these three domains: the limit represents the ability of population

to differentiate during the isolation periods (or periods of low migration).

Implications of demographic events on species conservation

Even in stable environments with equilibrium genetic diversity values, the results of
the thesis show that it is difficult to assess correctly the genetic state of the populations
and to provide recommendations for conservation and management of populations.
The "one migrant per generation" (OMPG) rule is a perfect illustration. The OMPG
rule is a rule of thumb used in conservation genetics, which states that one migrant per
generation between populations is enough to maintain genetic diversity (e.g. reviewed
in WANG 2004). The OMPG rule was formulated based on the equilibrium value of
the G gr statistics under the finite island model, and is based on the interpretation of
Gsr as a differentiation measure. The assumptions of the OMPG rule were criticized
(MILLS and ALLENDORF 1996, WHITLOCK and MCCAULEY 1999), nevertheless, this
thesis brings a much deeper critics of the rule. Even when the assumptions (finite

island model at equilibrium) of the rule are met, genetic diversities can be very close
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to what is expected in a panmictic population with much less, or much more than one
migrant per generation. Thus we conclude that, while maintaining gene flow between
endangered populations is important, no simple rule which does not take into account

the mutation processes can be used to maintain or restore a maximum genetic diversity.

In addition, the thesis shows that assessing the genetic state of populations is even
more difficult after demographic events with non-equilibrium genetic diversity. The
assessment of the current effective size and the detection of recent population declines
are of primary importance to design conservation initiatives (GILPIN and SOULE 1986;
NEWMAN and PILSON 1997; JUMP et al. 2009). Although some estimators of popula-
tion size are valid in non-equilibrium populations (e.g. HEY and NIELSEN 2004; JORDE
and RYMAN 2007), studies often rely on standard measures of genetic diversity under
equilibrium assumptions (e.g. ¢ estimators, gene diversity). We show that past isola-
tion leads to an overestimation of the current effective size using such genetic diversity
measures. In addition, past isolation can lead to false signals of recent population bot-
tleneck even when the population size was stable for a long time (using neutrality tests
such as Tajima’s D, and skyline plot methods). Consequently, conservation studies
should imperatively take into account the possible confounding effects of population

structure before providing any recommendation.

Implications of demographic changes on species adaptation

Although the results of the thesis concern neutral genetic diversity, there is strong ev-
idence that they are relevant for adaptation. Indeed, as noted in LENORMAND et al.
(2009), "neutral mutations are in fact often conditionally neutral", and could provide a
fitness advantage in another environment or with another genetic background. Sim-
ilarly, GIBSON and DWORKIN (2004) describe "cryptic genetic variation": previously
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neutral genetic variation that can suddenly provide a fitness advantage due to genome-
genome interactions (epistasis) or genome-environment interactions (change of envi-
ronment). In this context, the accumulation of large amounts of "neutral" genetic di-
versity could provide a tremendous advantage to a species to adapt to future environ-

mental changes, allowing species to be prepared for many different situations.

Implications of demographic changes on species diversification

The large amounts of genetic diversity generated by a sudden connection event or
short time-scale periodic isolation and connection events could play a role in species di-
versification. This hypothesis is supported by empirical evidence concerning the most
famous examples of adaptive radiations. Darwin’s finches, which were discovered by
Charles Darwin during his second voyage of the Beagle (DARWIN 1909) and played a
central part in his theory of evolution by natural selection (DARWIN 1859), underwent
an adaptive radiation where episodes of hybridization between populations played a
role (FREELAND and BOAG 1999; GRANT and GRANT 2008). Another famous example
of adaptive radiation concerns the cichlid fishes of the great African lakes, where hun-
dreds of species appeared within a few tens or hundred thousand years (BARRIER et al.
1999). There is evidence that connection events before the start of the radiation (BAR-
RIER et al. 1999; BEZAULT et al. 2011), and periodic events later on (KELLER et al. 2013)
provided large amounts of neutral and adaptive genetic variation which influenced
the sympatric speciation. In other regions which harbor a very large biodiversity, pop-
ulation isolation and re-connection events due to geological and climatic events might
have played a role in the diversification process (e.g. in the neotropics, RULL 2005;

ANTONELLI et al. 2009; ANTONELLI and SANMARTIN 2011; SEDANO and BURNS 2010).

Results of the thesis show that periodic isolation and connection events of interme-
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diate length have a different impact on genetic diversity. Instead of providing a large
excess of genetic diversity as a single connection event, they lead to the temporal accu-
mulation or decrease of genetic diversity across cycles. In accordance with our results,
AGUILEE et al. (2011) and AGUILEE et al. (2013) showed with simulations that genetic
diversity increased across isolation and connection cycles. Nevertheless, their results
relied on divergent selection to maintain genetic diversity during the isolation peri-
ods, while we show that neutral mechanisms alone can lead to high levels of genetic
diversity.

The large diversity of genetic consequences of a similar abiotic process might be due
to the importance of the life-cycle (e.g. generation time) and the population parameters
(e.g. size) of the species. In accordance with this theoretical prediction, it was shown
that species with very different life-cycles which underwent the same glaciation cycles
display very different genetic diversity levels (in Europe, the Meadow grasshopper
shows 0.7-0.9% sequence divergence while hedgehog shows 6-12% divergence; HE-
WITT 2000).

We provide theoretical improvements to disentangle the mode of speciation using
genomic data. The relative importance of sympatric versus allopatric speciation is still
under debate (VIA 2001; FEDER et al. 2003; BUTLIN et al. 2008; FEDER et al. 2011). In
addition, models with alternating allopatric and sympatric phases have been recently
proposed to explain some speciation events (AGUILEE et al. 2013; ROUX et al. 2013).
How pervasive is this mode of speciation is an open question, and our results provide

the first steps to address it.

INFERRING PAST EVENTS FROM GENOMIC DATA
The results of the thesis show that standard neutrality tests are difficult to interpret,
which is due to the more general problem of model identifiability in statistical infer-

N. Alcala Ph.D Thesis



172

ence (i.e. the possibility to infer the true value of a parameter after an infinite number of
observations WALTER and PRONZATO 1996). Indeed, even when sample sizes tend to
infinity, it is unclear whether two different demographic models can be distinguished
using genomic data (MYERS et al. 2008). When finite sample sizes are considered, we
show that past isolation events in structured populations produce the same signature
as many different scenarios (population size changes, migration rate changes) on neu-

trality tests.

Nevertheless, results of the thesis show that contrasting polymorphism patterns
from several populations can be used to disentangle possible demographic scenarios
in structured populations. Indeed, the distribution of pairwise nucleotide differences
within and between populations and the site frequency spectra of several populations
are shown to display signatures specific to past isolation events. In addition, results
identify salient features of the signature which could be used as summary statistics
for the inference of demographic changes, for example in an approximate bayesian

computation framework (BEAUMONT et al. 2002).

FUTURE DIRECTIONS

The dynamics of genetic diversity

There is a need to better understand the behavior of measures of genetic differentiation
under non-equilibrium scenarios. Indeed, the results of the thesis show that genetic di-
versity can stay in non-equilibrium states for a very long time. Consequently, the equi-
librium assumption made in chapter 1 to describe the bahavior of measures of genetic
differentiation Ggr and D will often be violated. An interesting extension of this the-
sis would be to describe the behavior of genetic differentiation under non-equilibrium

scenarios by starting from a panmictic population and simulating an isolation event.
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Such a simulation was performed in JOST (2008); nevertheless, only a single example
involving two populations was provided, and the impact of the model parameters was
not assessed (mutation rate, number and size of populations). Recording the transition
of allele frequency distributions and comparing it to that of Gsr and D would allow
a quantification of their ability to describe allele frequency distributions, across the

whole parameter space.

Another possible extension of the results of the thesis would be to investigate the
spatial dynamics of genetic diversity after a reconnection event (secondary contact fol-
lowing a range expansion). Such a scenario would for example better represent the
secondary contact zones established following the end of the last glaciation in Europe
(HEWITT 2000). We expect from our result that the peak of genetic diversity generated
by such events would temporally spread from the "epicenter" of the re-connection, cre-
ating a traveling wave of genetic diversity. How far would this wave go and what
would be its expected spatial and temporal decay as a function of the migration model

(dispersal kernel of the species) is of particular interest.

Genetic diversity and selection

Another interesting extension of the results of this thesis would be to investigate the
impact of selection on the peak of genetic diversity generated by a re-connection event,
either starting (i) before or (ii) after the re-connection event. Scenarios (i) and (ii) would
be of strong biological relevance. (i) Isolated populations are often locally adapted to
their environment. Such local adaptation can either reduce or increase the probabil-
ity of fixation of a migrant allele (VUILLEUMIER et al. 2010), and is thus expected to
strongly affect the size and duration of the peak of genetic diversity. (ii) The biotic or
abiotic processes leading to population reconnection often result in new selective pres-
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sures (ANTONELLI and SANMARTIN 2011) or changes of genetic background which
change the selective advantage of the alleles (GIBSON and REED 2008; SEEHAUSEN
2004). The exact impact of the strength of local adaptation on the size and duration of

the peak in cases (i) and (ii) remain to be investigated.

Inference of complex scenarios

Our results suggest that using both G'sp and D enables to estimate the parameters of
the finite island model under equilibrium assumptions. This illustrates the importance
of having independent measures of genetic differentiation, and in general, of having
non-redundant summary statistics to infer model parameters. Using G'sr and D as
summary statistics in an ABC framework could thus improve the estimation of model
parameters. Nevertheless, further investigations are needed to assess their usefulness

to infer parameters under non-equilibrium scenarios.

The results of chapter 4 suggest the possibility of deriving F-statistics based on se-
quence data for non-equilibrium populations which underwent past isolation, allow-
ing to infer the current and past migration rates and duration of the isolation period.
HUDSON et al. (1992) showed that the Fg; derived from sequence data (contrary to G'sr,
which only considers alleles) could provide estimates of the rate of gene flow between
populations, assuming equilibrium demography. In the case of past isolation, we saw
that the distribution of pairwise differences were bimodal, which would bias the esti-
mator of gene flow from Fsr. Nevertheless, we also showed that the first mode of each
distribution was close to its equilibrium distribution; consequently, it might be possi-
ble to derive an F statistics based on their first modes, which would provide estimates
of the current level of gene flow even when the pairwise differences depart strongly

from their equilibrium distribution. Similarly, it might be possible to derive informa-
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tive statistics about the duration of the isolation period and the ancestral effective size
from the comparison of the position of the modes within- and between-populations.
Such statistics would be very useful for the inference of introgression rates from sum-
mary statistics, for example improving the ABC framework used in ROUX et al. (2013).
This would be a promising tool to investigate the genomics of speciation, and identify

genomic islands of speciation (FEDER et al. 2003).

Finally, the results of the thesis suggest that revisiting the parameter identifiability
problem is very important for the future of statistical genomics. On the one hand, the
infinite sample size assumptions made in traditional parameter identifiability studies
(MYERS et al. 2008) prevents from understanding the relationship between sample size
and parameter estimation precision. On the other hand, papers introducing a new
method usually do quantify the relationship between sample size and parameter esti-
mation (e.g. HEY and NIELSEN 2007; GUTENKUNST et al. 2009; EXCOFFIER et al. 2013),
but their results are only relevant for a specific method. It would be very informative to
quantify the theoretical relationship between sample size and parameter identifiability
for a given model, independently of the statistical inference method used. Comparing
these theoretical predictions with the performance of current methods would highlight
their weaknesses, and it could highlight promising improvements for experimental de-

sign, as well as for future methodological and technological development.
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Figure S1 Comparison of the behaviour of Ggr and D with four normalized statistics
of allelic frequencies (as for f in fig. 2) as a function of the scaled migration rate M.
Results are presented for (a) weak mutation regime, (b) intermediate mutation regime
and (c) strong mutation regime. We can see that D and G sy follow the behaviour of the
normalized statistics, respectively under the weak and intermediate mutation regime.
Parameters are the same as in fig. 2.
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pop. 1 pop.2 pop.3 pop.4 pop.5 pop.6 pop.7 pop.8 pop.9 pop. 10
1 0 0 0 0 0 0 0 0 0
0 0.994 0 0 0 0 0 0 0 0
0 0.006 0 0 0 0 0 0 0 0
0 0 0.998 0 0 0 0 0 0 0
0 0 0.002 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0
M =0 0 0 0 0 1 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0
0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 0 0.447
0 0 0 0 0 0 0 0 0 0.553
pop. 1 pop.2 pop.3 pop.4 pop.5 pop.6 pop.7 pop.8 pop.9 pop.10
M — MT 1 1 1 1 0955 033 0.181 0 0 0
0 0 0 0 0.045 0.67 0.819 1 1 1
pop. 1 pop.2 pop.3 pop.4 pop.5 pop.6 pop.7 pop.8 pop.9 pop. 10
M - M 1 1 1 1 1 0.999 0.999 0.943 0.797 0317
- G 0 0 0 0 0 0.001 0.001 0.057 0 0.674
0 0 0 0 0 0 0 0 0.203  0.009
pop. 1 pop.2 pop.3 pop.4 pop.5 pop.6 pop.7 pop.8 pop.9 pop. 10
M = 4 N n—1 098 0971 0.968 0.964 0.964 0.963 0.956 0956 0.954 0.95
n 0.02 0.029 0.032 0.036 0.036 0.037 0.044 0.044 0.046 0.05

GST ~0.94
D=1

Gsr ~0.83 ()
D ~0.50

Gsr ~0.49 ()
D ~0.11

Ggr ~0.00
D ~0.00

Figure S2 Representative examples of simulated allele distributions under the weak
mutation regime, for different scaled migration rates M. To ensure the representative-
ness of the examples, for each value of M, the examples are chosen such that Gg; and
D values are both close (less than 5% absolute difference) to their expected value given
the value of M (from eq. 1.9 and 1.10). D ~ 0.5 when approximately half populations
have similar allele frequencies, while Ggy ~ 0.5 when almost all populations have sim-
ilar allele frequencies. Distributions were simulated using coalescent program msms
(EWING and HERMISSON 2010). Sample sizes are 1000 per population; parameters are

n = 10,60 = 0.0173.
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Ggr ~0.88
D=1

GST ~ 0.49
D ~083()

Ggr ~0.09
D ~043()

Ggr ~ 0.00
D ~0.01

Figure S3 Representative examples of simulated allele distributions under the inter-
mediate mutation regime, for different scaled migration rates /. To ensure the repre-
sentativeness of the examples, for each value of M, the examples are chosen such that
Gsr and D values are both close (less than 5% absolute difference) to their expected
value given the value of M (from eq. 1.9 and 1.10). Gsr ~ 0.5 when alleles are present
in several populations (genetic structure is still visible), while D ~ 0.5 when almost
all populations have similar allele frequencies (genetic structure is barely visible). Dis-
tributions were simulated using coalescent program msms (EWING and HERMISSON
2010). Sample sizes are 1000 per population; parameters are n = 100, § = 0.1.
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M=0 GSTDz:O.iw o
M= G;T;ozgizy)
M = Mp Gsr ~0.00
D =~ 0.49 ()
M= an

Figure S4 Representative examples of simulated allele distributions under the strong
mutation regime, for different scaled migration rates M. To ensure the representative-
ness of the examples, for each value of ), the examples are chosen such that Gsr and
D values are both close (less than 5% absolute difference) to their expected value given
the value of M (from eq. 1.9 and 1.10). In this regime, Ggr ~ 0 for all M values;
D ~ 0.5 when most alleles are present in multiple populations (allele frequencies are
close to what is expected under panmixia, i.e. when M = 4N2=1). We can see that
even under panmixia (row M = 4N"=1), alleles frequencies are expected to be quite
different between populations, as we expect sampling effects (see fig. 1.5) due to low
allele frequencies (maximum allele frequency is 0.012). Distributions were simulated
using coalescent program msms (EWING and HERMISSON 2010). Sample sizes are 1000
per population; parameters are n = 100, § = 10.
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APPENDIX S1: The relationship between f(M) and the
effective number of alleles

Using the expected gene diversity H in an isolated population, and using the re-
lationship A = 1/(1 — H) (KIMURA and CROW 1964), we can derive the expected
equilibrium within-population effective number of alleles in an isolated population
A%° = 1 + 6§ and the expected equilibrium total effective number of alleles of n iso-
lated populations A%° = n(1 + 6). Similarly, in a panmictic population of size nN, the
expected within-population effective number of alleles and total effective number of al-
leles reach the same value AP*" = 1+ nf. We derive the equilibrium within-population
and total effective number of alleles, Ag and Ar, in the finite island model from the
results of MARUYAMA (1970). We can then describe the degree to which Ag (resp. Ar)
is close to isolation or panmixia using the function of migration fa, (resp. fa,):

Ag — Avan
fas(M) = w
o
A — Apon (S1.1a)
Jar M) = Ko R
where
M
fag(M) = ————
M+ M,
L T (S1.1b)
A TV

are monotonic functions of the migration rate, with two thresholds M/ and M

{M{F(nl)e

M~ (n — 1)9 (S1.1¢)

The relative values of M and M. (resp. M) describe the relative influence of A%°
and AP*™ (res. A%° to HP*") on the value of Ag (resp. Ar). When M << M, effective
number of alleles are close to their equilibrium at isolation values Ag ~ A%°, and when
M << M}, Ap ~ A%%°. When M >> M}, (resp. M >> M), Ag (resp. Ar) is close to its
equilibrium at panmixia AP*".

Functions fa,(M) and fa, (M) have two interesting properties. First, the thresh-
olds M7 and M7 are both different from the threshold My (eq. 1.4), meaning that the
absolute values of the effective number of alleles and gene diversities are not sensitive
to the same mechanisms of differentiation. Indeed, from eq. S1.1, Ag depends on the
relative values of the total number of mutants (n — 1)6 and the number of migrants
M per generation, and Ay depends mainly on the relative values of the number of
mutants 0 and the number of migrants M per generation. In contrast, gene diversities
depend on a more complicated relationship between n, § and M (see eq. 1.4a). Sec-
ond, the thresholds M7, and M7 are also different from one another. Therefore, neither
fas(M)nor fa, (M) describe alone the transition between the isolation state to the pan-
mictic state. We then investigate how they are related to f(A/). From the definition of
f(M) (eq. 1.4a) and using the relationships Ag = (1— H,) ' and Ay = (1 — H;)~* (JOST
2008), we find a direct relationship between both within-population and total effective
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number of alleles and function f(M):

(Ag — AP™) [Ag
f(M) - 80 __ A pan 180
(Ag7 — Aven) [Ag 512)
_ (Ap—AM)/A,
(Af — Aven) [AR°

Thus f(M) also measures the transition of Ag and Ay values from their expected
isolation to panmictic values. Indeed, we have f(AM) = 0 when Ag = Ap = AP,

and f(M) = 1 when Ag = A%%° and Ay = A%°. The absolute value of the numerator

in eq. S1.2, |A5_A—épan| (resp. |AT£—§WL|), measures the distance of Ag (resp. Ayr) from

its expected value under panmixia, AP", scaled by its value Ag (resp. Ar). The de-

nominator in S1.2, % (resp. |%|), is the maximum absolute value of its
S T

numerator, which is reached when Ag = A% (resp. Ar = A%).
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APPENDIX S2: The use of singular value decomposition to
study genetic differentiation

Given a rectangular matrix A of dimension k x n, that represents the populations
(column n) and the different alleles in each population (row k), the matrix A can be
decompose as follows (singular value decomposition (S5VD):

A=USV’ (S2.1)

where ¥ is an k x n rectangular diagonal matrix with positive or null values on the
diagonal (called the singular values of A), and U is a k x k matrix and V" is the transpose
of V thatis a n x n matrix. The columns of U and V" are the left-singular vectors and the
right-singular vectors of A, respectively. The number of non-zero singular values of ¥
is the rank of the matrix A. We can also compute the effective rank of a matrix, i.e. the
number of "approximately independent” columns with the number of "approximately
zero" singular values values (up to a rounding error). The latter value is of particular
interest as it gives the number of approximately independent columns, which is, in our
case, with matrix A, the number of populations that are genetically independent.

Moreover, singular values of A summarize the pairwise gene identities between
population pairs. They are equal to the square root of the eigenvalues of matrix AA’,
with A’ the transpose of A. AA’ is the "pairwise identity matrix" of dimension n x n.
In the matrix AA’, the row i and column j are the populations and the value ij, with
i # j, are the between-population identity between populations i and j and value ij,
with ¢ = j, are the within-population identity (on the diagonal).

In summary, it is possible to use singular values of A to determine how independent
are the populations and to decompose the pairwise identities in matrix AA’.

A simple informative value can then be derived from singular values: the mean
singular value, 0. When population are in panmixia and all the population have the
same allele at the same frequencies, o value is the square root of the within-population
gene identity divided by the number of populations, \/F;/n (square root of trace of
AA’ divided by n). When population are isolated, o value is the mean of the square
roots of the within-population gene identities in each populations > \/F;/n.

Illustrative examples

Now let us consider the 3 following allele frequency tables:

Species A Species B Species C
pop. 1 pop.2 || pop.1 pop.2 | pop.1 pop.2 pop.3
allele1 | 0.5 0.5 0.5 0 0.5 0 0.25
allele2 | 0.5 0.5 0.5 0 0.5 0 0.25
allele 3 0 0.5 0 0.5 0.25
allele 4 0 0.5 0 0.5 0.25

For species A, both populations have the same allele frequencies, thus it corre-
sponds to 1 independent population, thus o; = 1 and o, = 0. For species B, popu-
lations have non-overlapping sets of alleles and they have the same within-population
gene identities, we have 0y = 0, = v/0.5. For species C, there are 2 populations with a
non-overlapping set of alleles and the third population is a mixture of them, we have

o1 =V0.75, 09 = v0.5 and o3 = 0.
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FILE S1: GENETIC DIVERSITY EQUILIBRIUM

In this Supporting Information File, we provide for eq. 2.3 the conditions of existence
of a genetic diversity equilibrium value, we derive its value and finally determine its
stability.

Condition of existence of an equilibrium:

Eq. 2.3 is a non-homogeneous linear matrix recurrence equation, with an additive
constant vector B. If I — A is invertible, there is a unique equilibrium value for eq. 2.3:

F“=(1-A)"'B (S1.1)
and from any initial value F, genetic identities after ¢ generations follow:
F, = A'(F, — F*) + F (S1.2)

I — A is invertible if and only if the determinant of I — A is not null, which is true
whenever i # 0. This condition is always met in our model.

Equilibrium value:

We can express the equilibrium value S1.1 as a function of the migration rate m, muta-
tion rate p, population size N and number of populations n:

F=(I-A)"'B
_ (1m0t (1) g e e
(o ) e ()

. 1 (IC((I_;“)Q — 1) + be
o — be
ac((l—lu)2 - 1) + be + ((1—1M)2 - 1)((1 )2 +0b— ) (1—)2

1

Gt

(2—n)
+
— c(1— M)Q'u *2(2 ,u)) pn+b

b(1=p)>+(2-p)p(ate (FE5y utnb)

When mutation rates and migration rates are small, 2 ,u is close to 2 (1 — p)*is
closeto1,a = (1 —m)* + 2= 1s close to 1 — 2m, and b = =% is close to 2. Therefore,

taking into account that ¢ = 5%, the expression above further simplifies to
1

2u+2m%
2ty

2m_

n—1

242 (1-2m+2N (2u+2m 1))

1+4Np
Fet —

Denoting § = 4Npu and M = 4Nm, for the scaled mutation and migration rate,
respectively, the above expression can be described as:

1
14+H0(1+—2 )

-
Fel — ]\fﬁm
M+(n—1)0(1+0+ 27 M)

(S1.3)

which is the equilibrium value that was first derived by MARUYAMA (1970). We can
Hs,t

I ) = 1-F,, and the equilibrium genetic
bt

then derive the genetic diversities H;, = (

diversities H® = 1 — Fe,
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Stability of the equilibrium:
Equilibrium S1.1 is stable if and only if tlim A" = 0, thus if and only if the absolute
—00

value of all eigenvalues of matrix A are below 1.

The eigenvalues of matrix A are the roots of the characteristic equation xa(7) =
T? — tr(A)T + det(A). They are presented in eq. 2.5. As 4bc > 0 for all values of m, n
and N, /(1 —a(l —¢) +b)? —4bc < 1 —a(1 — ¢) + b. Thus from eq. 2.5, \; < (1 — p)2
A1 is below 1 for all mutation rates strictly less than 1. As A\; < 1 and A, < Ay, both
eigenvalues are below 1. In addition, A\; and A, are positive for any possible migration
rate, mutation rate, size and number of populations. Therefore 0 < A\; < 1 and 0 <
Ay < 1, which proves that equilibrium S1.1 is always stable, and is reached whatever
the initial identity F; considered.
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FILE S2: EFFECT OF AN ISOLATION EVENT ON GENETIC DIVERSITY

We show in this section that following an isolation event, within- and between-population
genetic diversities change independently and that their times to reach equilibrium val-
ues are ¢, and t;, respectively. When populations are isolated (m = 0), eq. 2.2 simplifies

to:
Fyon = (e+ (1= )Fo) (1 — )’
Py = Fypy(1— HJ)Q

In eq. S2.1, F ;.1 depends only on F;, but not on F;;; similarly, F;,,, depends only

on Fp; but not on Fy,;. Thus, F;; and F;; both follow a one dimensional recurrence
equation:

(S2.1)

(S2.2)

Foo=F+ (Fop— FO((1— o)1 — p)?)
By = Fyo(l —p)*

Therefore, when populations are isolated, within- and between-population genetic di-

versities change according to (1—c¢)(1—p)? and (1—u)?, respectively. As when m=0,

A=(1—p)? and \o=(1—c)(1—p)? (from eq. 2.5), we can rewrite S2.2 as:

Fo, = F4 (F,p — F)\,

7t S . ( 70 ) 2 (82,3)
Fyoy = FyoX

We can conclude that when populations are isolated, F; and Fj change according to
A, and M|, respectively. This demonstrates that after isolation, within- and between-
population genetic diversities reach their equilibrium value in ¢, and ¢; generations,
respectively.
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FILE S3: RELAXING THE COMPLETE ISOLATION HYPOTHESIS
Throughout the study, we consider a complete isolation event, where populations that
were previously connected suddenly become completely isolated, and a reconnection
event where previously completely isolated populations suddenly become connected.
Nevertheless, we show in this Supporting Information File that the assumption of com-
plete isolation can be relaxed. Indeed, the results for complete isolation are a very good
approximation of results for a strong but incomplete isolation.

Equilibrium genetic identity under incomplete isolation:

Incomplete isolation corresponds to a state where populations are connected through
migration at a rate 0 < m << 1. We characterize in this section the threshold value
of migration rate under which the complete isolation equilibrium genetic identity is a
good approximation of the incomplete isolation equilibrium value.

To do so, we can rewrite eq. S1.3 under the following form (isolating terms in M):

0+ -2
M M
Fel = 9+ﬁ+9(]\0}+ﬁ+M)

M+(n—1)0(14-0)+nbM)
1 1 1 M
_ ( o T (0 — m)Mﬂnq)e L0 >

1+n6
M

1
( 1+4nf ) M+(n—1)0{%

We know that an isolated population of size N has a within-population genetic
identity equilibrium value of 11 (KIMURA and CROW 1964), and a between-population
equilibrium value of 0. Therefore, the genetic identity of isolated populations at equi-

1
librium is F'° = ( 169 ) The equilibrium within- and between-population genetic

1
identity of a panmictic population of size n/N is FP*" = ( 14nd ) (KIMURA and CROW

1964). Eq. S1.3 can be written: o
Fel = F"° + (F"" — F*°) f,.o(M) (53.1a)
with M
Jno(M) = M (n - Do (53.1b)

fno(M) is similar to a Michaelis-Menten function (in the form f(M) = vM/(M +
Mr)), with a maximum value v=1 and a threshold MT:(n—l)Q% (MICHAELIS and
MENTEN 1913). We can predict by analogy to the Michaelis-Menten function that the
behavior of the function depends on the relative value of M and My, with in our case

a threshold value of:
1+6

1+ nd
If M is much below the threshold, F*¢ ~ F*°: the genetic identity equilibrium is
close to the isolation equilibrium. If M is larger than the threshold, F¢¢ ~ Fr:
the genetic identity equilibrium is close to the panmictic equilibrium. When M=Mr,
Fea=E21F%: the genetic identity equilibrium is the mean of the panmictic and isola-
tion equilibria. Fig. S3 illustrates the variations of F¢? and F;? as a function of M.

(S3.2)

N. Alcala Ph.D Thesis



198

eq eq
Fy Fb
Fiso_ 1 4

s 140
0.95F!$°40.05 FPa™

Fiso+Fpan
s
2

0.05F!%°40.95FPa™

pan__ 1
FPen= 1+n0

0.05FPa™

» logio(M) ngozo

» logio(M)

& .\‘/‘,]\/[‘0‘150 \‘/(,_3
(a) ®)

Figure S1 (A) Within-population F¢?, and (B) between-population F;? genetic iden-
tity, as a function of the strength of migration M (scaled migration rate). F**° and
FPe are the expected equilibria when all populations are isolated or panmictic, respec-
tively. The inflexion point (transition between panmictic and isolation equilibrium)
is Mpr=(n — 1)0% for both within- and between-population genetic identity. For

M < M0_05:%MT (M7 is 19 fold My 5), the genetic identity equilibrium is close to the

isolation equilibrium.

Peak of genetic identity generated by a migration rate increase:

We now consider an event of abrupt migration rate increase (from scaled rate M, to
M > My). In this case, eq. 2-B.5 becomes:

M
(Fsegso - Fspan) Mn% an 1+n%M_% L2
AH = [ T BTN M)—f(Mo)) | -y ] 0.050

n—1 14+M2 ° Ty i
’ (S3.3)

The value of the peak of diversity depends on the relative value of M, and the
threshold Mr. Indeed, from eq. S3.1b and S3.3 we can see that f(M;)~0 and eq. S3.3
and 2-B.5 equalize when My<<Myp. Thus, an increase in migration rate above the
threshold produces the same peak as a reconnection event. This demonstrates that
genetic diversity peaks are generated whenever the scaled migration rate increases
abruptly and crosses the threshold value M. Thus, an increase in migration rate from
a small M, to M produces approximately the same peak of genetic diversity as an

increase from 0 to M (M, < %MT ensures that f(M;)<0.05).
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SCENARIO I: ISOLATION SCENARIO II: PAST ISOLATION
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Figure S1 Effect of the time since the beginning of an isolation period, ¢;s, (scenario I;
left column), and the time since the end of a past isolation period, ¢,.., (scenario II; right
column) on estimators of the scaled mutation rate 6 (A)-(D) and on the expected value
of test statistics based on estimators of 6 (E)-(H). 6 estimators and test statistics are
either computed from the local site frequency spectrum (SFS; A and B, and E and F), or
estimated from the total SFS (C and D, and G and H). The panel in the center presents
schematically for each 6 the range of the frequencies concerned (column "contributing
frequencies") and the related test statistics (column "relationship with statistics"). (A)
Estimators based on low and intermediate frequency variants decrease first (6¢, Oy
and 0,), skewing all test statistics in (E). (B) Estimators based on variants at very low
and very high frequencies increase first (0; and 0y), then it is the ones based on high
frequencies (6;,) followed by those based on intermediate and low frequencies (6 and
6.). Consequently, test statistics have successively negative and positive values in (F).
(C-D) Values of estimators based on intermediate frequency variants are large (6,
0. and 0,); this translates into positive values on the related statistics (G-H). Achaz’s
test statistics are the most skewed in all scenarios, for the local and total SFS (E-H).
Parameters are d=4, N=2,500, 20 sampled genes of 1kb per population, with ;=2.10""
(0=2). Means are over 5, 000 replicate simulations.
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Figure S2 Temporal signature of an isolation event (scenario I; A-D) and a past isola-
tion event (scenario II; E-H) on the local site frequency spectrum (SFS), for different
sampling schemes. The red solid line represents the expected SFS in equilibrium con-
nected populations. The total SFS following scenario I and II is represented as a func-
tion of the number of generations since the isolation event (¢;5,) and the reconnection
event (t,..,), respectively. Parameters are N=2,500 individuals per population, with
1=2.10"7 (=2). Means are over 5, 000 replicate simulations.
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Figure S3 Temporal signature of an isolation event (scenario I; A-D) and a past isola-
tion event (scenario II; E-H) on the total site frequency spectrum (SFS), for an uneven
sampling scheme (sample sizes in each of the four populations are 16, 18, 22 and 24).
The gray solid line represents the expected SFS in equilibrium connected populations.
The total SFS following scenario I and II is represented as a function of the number
of generations since the isolation event (¢;5,) and the reconnection event (Z,..,), respec-
tively. Results are for d = 4 populations. Other parameters are N=2,500 individuals
per population, with 4=2.10"" (#=2). Means are over 5, 000 replicate simulations.
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Figure S4 Sensitivity of the total SFS to the outgroup choice for ancestral state for the
Chinese subtype HIV-1 polymorphism data used. Each plot corresponds to a different
outgroup sequence, from a different groups (M, N, CPZ) or subtype with M group (A1,
J, U). All subtypes Al, ] and U in Group M have the lowest sequence divergence from
our sampled sequences, Group N and CPZ (Chimpanzee Simian Immunodeficiency
Virus) have the largest divergence which leads to an important excess of variants at
high frequency, as expected from ancestral state misinference (BAUDRY and DEPAULIS
2003). However, the excess of intermediate frequency variants ("peaks") is robust to
the chosen outgroup, and is thus not due to ancestral state misinference.
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Figure S5 (A) Total, (B) local and (C) joint SES of whole genome HIV-1 sequences from
different subtypes sampled in China, using a sequence of HIV-1 group N as an out-
group for ancestral state inference. Although, the total, local and joint SFS present an
excess of sites almost fixed in all population (pattern not observed when subtype ] is
used as outgroup, fig. 4.6) due to ancestral state misinference (BAUDRY and DEPAULIS
2003), other features of the SFS (e.g. presence and position of peaks are qualitatively
the same as in fig. 4.6.
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Figure S6 Within- (,,) and between-cluster () distributions of pairwise nucleotide
differences between HIV-1 sequences sampled in China, for 3 main HIV genes
(columns gag, pol and env). Panels in the first and second lines correspond to clusters
CRFO01_AE and clusters B and C, respectively. The within-CRF01_AE cluster distribu-
tion presents two modes at low pairwise differences (at 0.025 — 0.05 and 0.05 — 0.09,
respectively) for all three genes signalling substructure in the sample. The presence
of two CRFO1_AE clusters (from DAPC analysis) reflects the successive introduction
of the CRF in China (AN et al. 2012). An additional mode at high pairwise differ-
ences (0.17), overlapping with the between-cluster distribution, is observed for gene
env within-CRFO1_AE cluster signalling past isolation scenario. Old past isolation is
suggested for the three genes by the multimodal distributions, the high variance and
the overlap of differences within-C cluster, within-B cluster and between-cluster B and
C.
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Figure S7 Sensitivity of the total SFS to different scaled mutation and recombination
rates (¢ and R). SFS are simulated under an isolation scenario and assuming a finite
sites model (using software fastsimcoal; EXCOFFIER and FOLL 2011) assuming ancestral
populations split 2/V generations ago; sample sizes are n = 13 in the first population
and n = 22 in the second; the number of sites is 9000 per sequence.
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Table S1 Counts of HIV-1 subtypes and recombinant forms. To avoid sampling bias,
we excluded redundant samples (from a same patient) and samples with identity
larger than 98%. We excluded the gaps in sequences alignment and segregating sites
with more than 2 states (due to homoplasy), resulting in 3676 segregating sites. Align-
ments are available upon request.

B C CRF CRF CRF URF BC URF
01_AE 07_BC  59_01B 01BC
8 2 26 2 1 17 2

EXCOFFIER, L., and M. FOLL, 2011 fastsimcoal: a continuous-time coalescent simulator of genomic di-
versity under arbitrarily complex evolutionary scenarios. Bioinformatics 27: 1332-1334.





