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ORIGINAL ARTICLE
Effects of complex life cycles on genetic diversity: cyclical
parthenogenesis

R Rougerl, K Reichel!, F Malrieu2, JP Masson! and S Stoeckel

Neutral patterns of population genetic diversity in species with complex life cycles are difficult to anticipate. Cyclical
parthenogenesis (CP), in which organisms undergo several rounds of clonal reproduction followed by a sexual event, is one such
life cycle. Many species, including crop pests (aphids), human parasites (trematodes) or models used in evolutionary science
(Daphnia), are cyclical parthenogens. It is therefore crucial to understand the impact of such a life cycle on neutral genetic
diversity. In this paper, we describe distributions of genetic diversity under conditions of CP with various clonal phase lengths.
Using a Markov chain model of CP for a single locus and individual-based simulations for two loci, our analysis first
demonstrates that strong departures from full sexuality are observed after only a few generations of clonality. The convergence
towards predictions made under conditions of full clonality during the clonal phase depends on the balance between mutations
and genetic drift. Second, the sexual event of CP usually resets the genetic diversity at a single locus towards predictions made
under full sexuality. However, this single recombination event is insufficient to reshuffle gametic phases towards full-sexuality
predictions. Finally, for similar levels of clonality, CP and acyclic partial clonality (wherein a fixed proportion of individuals are

clonally produced within each generation) differentially affect the distribution of genetic diversity. Overall, this work provides
solid predictions of neutral genetic diversity that may serve as a null model in detecting the action of common evolutionary or
demographic processes in cyclical parthenogens (for example, selection or bottlenecks).
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INTRODUCTION

For decades, genetic models of idealised populations have described
how genetic diversity would be distributed in natural populations
according to a given range of assumptions (for example, the Hardy—
Weinberg principle or the Wright—Fisher model). When comparing
models with empirical data, such an approach has the great advantage
of reducing the complexity of a biological system to a much more
convenient approximation adhering to a known and fixed range of
parameters (Hamilton, 2009). Predictions made under neutral condi-
tions, that is, considering the evolution of molecular data under
conditions of only mutation and genetic drift, are essential in
evolutionary studies. These predictions provide a strong frame of
reference for interpreting deviations due to other evolutionary
processes such as natural selection (Kimura, 1983). If deviations are
observed, models can be extended later by relaxing one or more
assumptions until the models accurately describe the population
genetics of the organism under scrutiny (for example, demographic
history or mating pattern).

Strict sexuality is a very common feature of idealised model
populations; however, clonality is also a widespread mode of
reproduction across all types of organisms (De Meets et al., 2007).
Numerous field observations of partially clonal organisms have shown
strong deviations from the predictions of intrapopulation genetic
diversity resulting from strictly sexual models (Papura et al, 2003;

Stoeckel et al., 2006; Kanbe and Akimoto, 2009; Allen and Lynch,
2012). The main observed effects of clonal reproduction are
(1) decreased genotypic diversity within populations, (2) an excess
of heterozygotes resulting in strongly negative Fig values and (3) an
increased gametic phase disequilibrium due to the absence of
recombination between loci (Halkett et al., 2005b).

Different mathematical models and simulations have relaxed the
assumption of strict sexuality to better understand the effects of
clonality on the parameters of neutral genetic diversity (Marshall and
Weir, 1979; Balloux et al, 2003; de Meeis and Balloux, 2004;
Prugnolle et al., 2005b; De Meets and Balloux, 2005). In addition
to giving a precise description of the case of full clonality, these models
agree that moderate to intermediate levels of clonality (that is, between
0 and 90% clonally produced offspring) have limited effects on the
estimators of genetic diversity and structure (De MeeGs et al., 2006).
For example, mean Fig values in moderately clonal populations are
nearly the same as those under panmixia (Balloux et al, 2003).
Similarly, individual-based simulations to examine multilocus indices
of genetic diversity have shown that intermediate levels of clonality
have limited effects on 7, a measure of gametic phase disequilibrium
(De Meets and Balloux, 2004; De Meets et al., 2006; Navascués et al.,
2010). Furthermore, coalescent models that include partial clonality
have demonstrated that genealogies differ from those with full
sexuality when the rate of sex is on the order of 1/N, where N is
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the population size (Bengtsson, 2003; Ceplitis, 2003; Hartfield et al,
2015). However, the effects of higher levels of sex in a coalescent
context remain unclear.

Recently, Stoeckel and Masson (2014) proposed a forward-in-time
stochastic model that exactly describes the full probabilistic distribu-
tion of genetic diversity in partially clonal organisms. This approach
confirmed the existence of a small, nearly indistinguishable, difference
in mean Fig values between populations with moderate levels of
clonality and those with strict sexuality. In addition, this new model
highlighted the notable effects of moderate levels of clonality on both
the probability of a positive Fg and the dynamics of Fig over
generations. Our study builds on these previous results and extends
them to address a particular form of partial clonality.

Most population genetics models of partial clonality have been
designed to fit populations in which clonal and sexual reproduction
co-occur in time. This type of life cycle, hereafter referred to as acyclic
partial clonality (APC), is common in many plants. However, many
species, especially in the animal kingdom, use a variation of this life
cycle that is conventionally called cyclical parthenogenesis (CP). In CP,
clonal and sexual reproductions alternate in time with one to many
generations of clonality followed by one generation of sexual
reproduction. Analysing how CP affects intrapopulation genetic
diversity is particularly relevant given that crop pests (for example,
aphids), human parasites (for example, trematodes) and classical
biological models used in evolutionary science (for example, Daphnia)
are among the organisms that possess this life cycle. To date, models
studying CP have primarily focussed on detecting the intrapopulation
genetic effects of both migration and variance on reproductive success
(Prugnolle et al., 2005a, b) or on the amount of genetic differentiation
between populations of cyclical parthenogens (Berg and Lascoux,
2000). Simulations have shown that a parthenogenetic phase reduces
clonal diversity within populations and can result in negative Fig values
when the number of parthenogenetic generations is sufficiently high
(Palson, 2001; Vanoverbeke and De Meester, 2010).

In this study, we investigated the effects of various levels of clonality
on neutral genetic variation under CP. First, we describe how genetic
diversity is affected by the number of clonal generations in a cycle.
Second, we quantify how genetic diversity varies seasonally in CP, with
the sexual event hypothesised to reset the entire population towards
predictions made under the condition of full sexuality. Third, because
APC model outputs are often used to discuss results obtained for
cyclical parthenogens, we compare genetic diversity under APC and
CP with similar levels of clonality. Genetic diversity is modelled at one
locus using an adaptation of the stochastic model of Stoeckel and
Masson (2014) and simulated at two unlinked neutral loci using
classical individual-based simulations.

MATERIALS AND METHODS

Single-locus model

The model used in this study is an adaptation of the mathematical model
developed by Stoeckel and Masson (2014). This model describes a single
biallelic locus (A and a) in a population of N diploid individuals for which
genotypic frequencies rather than allelic frequencies are computed. The
numbers of individuals for each possible genotype are r,, €N, 14, €N, and
]
»
A or a. The genotypic composition of the population is given by its genotypic
state (rug A Taa)- At each time step, genotypic frequencies are only modified
by the action of a reciprocal mutation between the two alleles which occurs at
rate p (1 — p is the rate at which an allele remains the same from one generation
to the next, genetic drift and reproduction). In APC, a proportion ¢ of
individuals in the population are clonally produced at each time step. In CP,

a4 €N. Their frequencies at time t are thus pﬁj = 1, where 7 and j are the alleles
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each time step either represents an event of strict clonal reproduction (¢=1) or
an event of strict sexual reproduction (¢=0). The number of successive clonal
generations in a cycle is #y,,, and the number of sexual generations, 71, is set
to 1 as observed in most biological systems undergoing CP. Panmixia is
assumed during sexuality.

The genotypic frequencies at #+1 as functions of the genotypic frequencies at
t under clonal (p') and sexual (qu“) reproduction are respectively given by
Equations (1) and (2) of Stoeckel and Masson (2014):

Pit = (1= )ty + p(1 — pwphy, + 1Pl

Pt =2u(1 = wpt, + [ + (1= w)*]ply, + 2u(1 — p)py (1)
P = 12pt, + (1 — pph, + (1 — 0)°plyy

0 = [(1— pphy + 2l + o)’

qayt = 2[(1 = 10)phy +3phe + 0] (105 + 300, + (L= pls]  (2)
a5 = [phy + 3P4 + (1= p)ph)?

In APC, the overall genotypic frequencies at t+1 (') are functions of pfj“

and qu“, given the clonality rate ¢ as follows:
nﬁj*'l = cp%“ +(1— c)qu"'l (3)

The transition probability from any current genotypic state (7,4, 7ag ra4) to
each subsequent state (S;; Sas Saa) is calculated using the multinomial
expression for every possible two-state combination:

N!
) (M (@)
Saa+SAa+SAA*

Knowing the probability distribution of all states at a given time t, noted in a
column vector P' (7,4, 44 Taa), the probability distribution of all states at the
next time step 41, P*1(s,0, saw 5a4), is derived from the following recurrence
relation:

p[(samSAaysAA)l(raay T'Aas rAA)] =

Pt+1(5aa,5Aa;5AA) :PAPC'Pt(raaarAmrAA)y (5)
where Pypc is the transition matrix among states at two consecutive time steps.
Obviously, this matrix must be oriented such that the sum of each column is
D i = (s snasa) PLil(Taas Taas 1aa)] = 1.

(Saas Saar saa) = N

For CP, the probabilities of transition for a single time step were computed
separately for sexual (p,) and clonal (pj,,,) modes of reproduction as follows:

Psex[(saasSAaa SAA)‘(ram TAas rAA)] — ﬁl"m'( Zj;])sw (qgl)w (qz;l)sm
Petonatl(Saar Saa 544) | (Taas Taas T24)] = %(PZZI)S (Pl )™ (P5a)™
(6)
Recurrence equations were also expressed for each reproductive mode:
PHI(SM-,SAMSAA) = Psex'Pt(raaarAerA) (7)

Pr+] (Sam SAay SAA) = Pclonal'P[(rum TAas rAA)
Whereas only one sexual generation occurs during each cycle of CP, ngq
parthenogenetic generations occur. The probability distribution of all states
after 714, parthenogenetic generations P'+#jonal (Saa, Saas Saa) can be inferred
from the recurrence equation:

PHrndW] (Sam SAay SAA) = (Pclonal)”dml 'Pt(rua: TAa, rAA) (8)
Consequently, the probability distribution of all states after r,,,, parthenoge-
netic generations followed by one sexual generation (n,,=1) is

Pt+n[mal+”m (Sam SAas SAA) = [Psex' (Pclonal)”dml] 'Pt (ram TAay rAA) (9)
Similarly, the probability distribution of all states after one sexual generation
followed by 1y, parthenogenetic generations is

Pt+nm+monn’ (Sam SAay SAA) = [(Pclonal)ndmal 'Psex] 'Pt(ram T'Aay TAA) (10)
A graphical explanation for the ordering of the matrix multiplication in
Equations (9) and (10) is given in Supplementary Information 1.

The transition matrix in Equation (9), Pcp after sex = [Psex” (Petonar) "], thus
permits a study of the genotypic frequencies of populations just after the sexual
phase of CP (CP after sex). Similarly, the transition matrix in Equation (10),
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Pcp efore sex = [(Petonat) ™"+ Peex), permits a study of the genotypic frequencies
of populations at the end of their clonal phase (that is, before the sexual event,
CP before sex).

Through generations (that is, when t— o), the probability distribution of
the next states P'(S,4 Saq» Saa) Will converge towards a stationary probability
distribution (hereafter referred to as s.p.d.) of the genotypic states. Because all
the transition matrices generated are irreducible and ergodic Markov chains,
the s.p.d. of the genotypic states is given by the eigenvector corresponding to
the largest eigenvalue as stated by the Perron—Frobenius theorem. The
transition matrices and resulting s.p.d. were calculated using Python 2.7
(http://www.python.org/).

We selected the parameter sets for our CP model based on descriptions of
the life cycles of common cyclical parthenogens (Hebert, 1987; Moran, 1992;
Strathdee et al., 1993; Kanbe and Akimoto, 2009). The number of clonal
generations in each cycle was set to 1y ={1; 95 99; 999}, permitting us to
study various cases, from those involving short cycles comprising only a few
clonal events (for example, Cynipids, some aphid lineages) to those involving
long cycles comprising a large number of clonal events (for example, those
assumed to occur in permanent populations of cladocerans or monogonont
rotifers). Comparisons of CP with APC were based on APC transition matrices
with a constant rate of clonality c:%: {0.5;0.9;0.99;0.999}. In
addition, transition matrices for full sexuality (c=0) and full clonality (c=1)
were computed. The time required to compute these matrices strongly depends
upon the population size. The parameters that regulate the balance between
mutation and genetic drift were therefore chosen to allow the computation,
within a reasonable timeframe, of a system in which the dominant force is

either genetic drift (Nu=2x10"% N=200 and p=10"°) or mutation
(Nu=2, where N=200 and y=10"2).

Single-locus genetic diversity
The probability of fixation (that is, the probability that all individuals in the
population possess the genotype aa or AA) and the probability of heterozygote
fixation (that is, the probability that all individuals in the population possess the
genotype Aa) were obtained from the s.p.d. of each scenario. Because
monomorphic markers are considered noninformative in empirical population
genetics, all states in which one allele was fixed in the population were removed
from the s.p.d. in subsequent analyses. The stationary probability of each
genotypic state was rescaled such that the vector of stationary probabilities
across all states summed to 1.

Given the predicted response of the inbreeding coefficient to clonality
(Halkett et al., 2005b), Fig was calculated for each genotypic state according to
Rousset (2004) as follows:

F—-0

-0

where F is the average allelic identity within individuals in the population and 6
is the average allelic identity between a pair of individuals in the population.
The exact Fig distribution based on the s.p.d. was inferred for each scenario.
The mean and variance of each exact Fig distribution were calculated together
with the probability of obtaining a positive value for Fig (Table 1). For the
purpose of visualisation, the exact Fig distribution was approximated by a
weighted kernel density estimation in which the s.p.d. was used to weight the
Fyg value of each genotypic state. This weighted kernel density estimation was

Fig =

Table 1 Descriptive statistics of Fg distribution depending on levels, modes of clonality and the balance between genetic drift and

mutation (Np)

[\ c Mode p(Fis>0) p(fixation) p(het) Mean Variance
2x 104 0 Full sexuality 0.2391 0.9947 0 -0.0025 0.0037
0.5 APC 0.2244 0.9947 0 -0.0043 0.0043

CP after sex 0.2391 0.9947 0 -0.0025 0.0037

CP before sex 0.2136 0.9947 0 -0.0044 0.0063

0.9 APC 0.1674 0.9946 0 -0.0152 0.0108

CP after sex 0.2399 0.9946 0 -0.0025 0.0037

CP before sex 0.1526 0.9946 0 -0.0158 0.0201

0.99 APC 0.0751 0.9942 0 -0.0889 0.0507

CP after sex 0.2499 0.9942 0 -0.0025 0.0038

CP before sex 0.0632 0.9942 0.0001 -0.0914 0.0870

0.999 APC 0.0111 0.9905 0.0015 -0.4407 0.1850

CP after sex 0.3264 0.9916 0 -0.0025 0.0042

CP before sex 0.0014 0.9916 0.0036 -0.4927 0.2151

1 Full clonality <0.0001 0.4976 0.4976 —-0.9947 0.0045

2 0 Full sexuality 0.4813 <0.0001 <0.0001 -0.0025 0.0050
0.5 APC 0.4715 <0.0001 <0.0001 -0.0048 0.0065

CP after sex 0.4813 <0.0001 <0.0001 -0.0025 0.0050

CP before sex 0.4754 <0.0001 <0.0001 -0.0049 0.0096

0.9 APC 0.4422 <0.0001 <0.0001 -0.0178 0.0190

CP after sex 0.4814 <0.0001 <0.0001 -0.0025 0.0050

CP before sex 0.4491 <0.0001 <0.0001 -0.0204 0.0339

0.99 APC 0.4055 <0.0001 <0.0001 -0.0470 0.0464

CP after sex 0.4813 <0.0001 <0.0001 -0.0025 0.0050

CP before sex 0.3965 <0.0001 <0.0001 -0.0568 0.0560

0.999 APC 0.3964 <0.0001 <0.0001 -0.0563 0.0549

CP after sex 0.4813 <0.0001 <0.0001 -0.0025 0.0050

CP before sex 0.3952 <0.0001 <0.0001 -0.0576 0.0560

1 Full clonality 0.3952 <0.0001 <0.0001 -0.0576 0.0560

Abbreviations: APC, acyclic partial clonality; CP, cyclical parthenogenesis.

In APC, c is the fraction of individuals in the population reproducing clonally, in CP, c is the proportion of clonal generation in a cycle (¢= ncjonal(NcionartNsex)); P(Fis>0) is the probability of
observing positive Fis; p(fixation) is the probability of fixing one of the allele in the population; and p(het) is the probability of fixing heterozygotes in the population.
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made using a Gaussian kernel function with a bandwidth of 0.05. The Fg
density distribution was then estimated at 512 equally spaced points across the
Fig range (that is, { —1,1}) using the R function density (R Core Team, 2013).

Synthetic parameters such as Fig are almost always used in population
genetics studies to describe a genetic data set. Although convenient, summaris-
ing genetic information using such indices is associated with the loss of some of
the information encompassed in a full data set. In our case, the s.p.d. of
genotypic states comprises the total genetic information available. The s.p.d. of
genotypic states was visualised using ‘de Finetti diagrams’ (De Finetti, 1926,
Supplementary Information 2). A colour scale was used to represent the
stationary probability of each genotypic state using the R package ggtern
(Hamilton, 2015). Pairwise divergences between scenarios were quantified
using the Jensen—-Shannon measure of divergence between s.p.d. (Djs) wherein
each genotypic state represented a discrete class (all comparisons can be found
in Supplementary Information 3).

Two-loci simulations

Extending the model of Stoeckel and Masson for multiple loci is theoretically
possible. Unfortunately, the number of genotypic states increases exponentially
with the number of possible genotypes. Consequently, the calculation of the
exact s.p.d. becomes rapidly intractable for current computational resources
(Reichel et al., 2015).

Individual-based simulations following the same conceptual model were
therefore used to approximate the distribution of genetic diversity encountered
at two unlinked loci. Each individual in these simulations possessed two
biallelic loci. Clonal reproduction was simulated by a random draw with
replacement of individuals from the parental generation. Sexual reproduction
was simulated by a random draw with replacement of two parents, each
randomly transmitting one allele per locus to their offspring. The scenarios
analysed by simulations were similar to those analysed in the single-locus
model, with #.,,a={1; 9; 99; 999} in CP, c={0,5; 0,9; 0,99; 0,999} in APC,
c¢=0 in full sexuality and c=1 in full clonality. Similar to the single-locus
model, the mutation drift balance was set to cases where the dominant force is
either genetic drift (Ny=0.2, N=200 and y=10"3) or mutation (Nu=2,
N=200 and p=1072). Each simulation was repeated 10 000 times and ran for
10 000 generations.

Gametic phase disequilibrium

We used the two-loci simulations to approximate the distribution of gametic
phase disequilibrium between two loci. In APC, full sexuality and full clonality,
gametic phase disequilibrium was measured for each repetition at generation
10 001. In CP, disequilibrium was measured before and after the next sexual
event (for example, generations 10 009 and 10 010 if #1.,,,=9). We calculated
the gametic phase disequilibrium using Pearson’s r correlation coefficient:

ID|
V/PaPaPsPp

where D is the gametic phase disequilibrium parameter, p4 and p, are the
frequencies of the alleles A and a at the first locus, and pp and p;, are the
frequencies of the alleles B and b at the second locus. For each scenario,
repetitions in which at least one of the two loci reached fixation were removed
from the analysis. Kernel density estimations using all repetitions (at most
10 000 gametic phase disequilibrium observations) were used to visualise the
approximate gametic phase disequilibrium distribution for each scenario. The
distribution of gametic phase disequilibrium was also calculated using
Lewontin’s D. Qualitatively, both Pearson’s r and Lewontin’s D lead to the
same distributions of gametic phase disequilibrium. In the present paper, only
the distributions of Pearson’s r will be discussed. The distributions of
Lewontin’s D are available for comparison in Supplementary Information 4.

r=

RESULTS

Single-locus model: full sexuality/clonality

When Ny <1 in full clonality, genetic drift is the main force acting on
genotypic frequencies. Genetic drift leads to the fixation of a genotype
(Aa, AA or aa; Figure 1 and Table 1). States in which an allele is fixed
in the population were removed for the weighted kernel density

Genetic diversity of cyclical parthenogens
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estimation of the exact Fig distribution. As a result, the Fig distribution
is tightly grouped around Fig=—1 (Figure 2, dotted area). In full
sexuality, only drift towards the fixation of homozygotes is possible
because drift towards the fixation of heterozygotes is impeded by
sexual reproduction (Figure 1). Observed deviations from Hardy—
Weinberg equilibrium (Table 1, negative mean Fjg and probability of
positive Fig<0.5; Figure 2, grey shaded area) are common expecta-
tions in populations of finite size because of the difference in allelic
frequencies between the two gametic pools participating in sexual
reproduction (Wang, 1996).

When Nu>1 in full clonality, mutation is the only force acting
against genetic drift. Random mutation impedes the fixation of a
genotype by decreasing the frequency of the most common genotype
(Figure 3 and Table 1). In our biallelic model, such mutations tend to
relocate the distribution of genetic diversity towards Hardy—Weinberg
equilibrium (Reichel et al., 2016). This process is, however, slower
than under sexual reproduction, implying that strongly positive or
negative values are likely to be observed (Figure 4, dotted area, and
Table 1). In full sexuality, both random mutation and sexual
reproduction act against genetic drift. The genotypic states with the
highest stationary probabilities are located at the summit of the
Hardy—Weinberg parabola (Figure 3). The resulting Fjg distribution is
nearly symmetrical around its negative mean, and the probability of
observing a positive Fig is close to 0.5 (Figure 4, grey shaded area, and
Table 1).

Single-locus model: CP
When Ny > 1, the divergence between predictions of genetic diversity
under conditions of CP before sex and full sexuality increases with the
number of clonal generations until reaching predictions made under a
condition of full clonality (Figure 3 and Supplementary Information
3). Regarding the Fig distribution, this increasing divergence translates
into a progressive shift of the mean towards negative values and an
increased variance (Figure 4, dashed-line distributions, and Table 1).
In contrast, for CP affer sex, only one generation of sexual reproduc-
tion is sufficient to reset the distribution of genetic diversity within
populations towards the full-sexuality predictions (Figures 3 and 4).
When Nu <1, the divergence between full sexuality and CP before
sex also increases with the number of clonal generations in the
cycle (Figure 1 and Supplementary Information 3). However, for
Nu=10"% even 999 generations of clonality are not sufficient to
reach the predictions made under an assumption of full clonality
(Figures 1 and 2, dashed-line distribution). One generation of sexual
reproduction (CP after sex) does not reset the distribution of genetic
diversity within populations towards the full-sexuality predictions if
the number of preceding clonal generations is large (Figure 1). In this
case, the probability of fixing the heterozygote genotype during the
clonal phase is high (Table 1, CP before sex, ¢=0.999, Nu= 107%).
This probability is then reported in CP after sex as a state in which
both alleles are equifrequent at the summit of the Hardy—Weinberg
parabola. Genetic drift additionally ‘spreads’ this probability to
neighbouring states (Figure 1, CP affer sex, c=0.999). As a result,
the variance of Fig slightly increases, and the probability of obtaining a
positive Fig value approaches 0.5 (Figure 2, ¢=0.999, solid-line
distribution, and Table 1).

Single-locus model: APC

Disregarding the balance between mutations and genetic drift (Nu),
the divergence between predictions of genetic diversity under
conditions of APC and full sexuality increases with the rate of
clonality (Figures 1 and 3 and Supplementary Information 3).
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1] li =i
Limit probability Full sexuality (c=0)

1 10°10* 10° 10% <10

cp cP
before sex after sex APC

Aa

¢=0.5

c=0.9

c=0.99

¢=0.999

Full clonality (c=1)

aa AA

Figure 1 De Finetti diagrams illustrating stationary probability distributions of genotypic states for distinct modes and levels of clonality at Nu<1
(Nu=2x10"% N=200, u=107%). In APC, c is the fraction of individuals clonally produced in the population; in CP, c is the proportion of clonal
generations in a cycle (¢=ncpnal(NconartNsex))- De Finetti diagrams are ternary diagrams displaying the frequency of each genotype in the population. Any
point in the diagram corresponds to a given genotypic state (raa, raa r22). Each genotypic state in the diagram has a given stationary probability. Black dotted
lines are Fg isoclines, with the thickest located at Fis=0. More details on how to read de Finetti diagrams can be found in Supplementary Information 2.
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Figure 2 Weighted kernel density estimation of the full Fs probability density function for distinct levels and modes of clonality at Nu<1 (Nu=2x10"%,
N=200, 4=107°). (a) The ngpnz=1 in CP and c¢=0.5 in APC; (b) ngonar=9 in CP and c¢=0.9 in APC; (€) Nejonar=99 in CP and ¢=0.99 in APC; and

(d) Neonar=999 in CP and c=0.999 in APC.

However, convergence towards the full-clonality predictions is faster
in CP before sex than in APC (Figures 1 and 3). This observation can
also be made by observing the Fig distributions (Figures 2 and 4).

Two-loci simulations: full sexuality/clonality

Regarding the gametic phase disequilibrium, strong genetic drift
(Nu<<1) in a fully clonal population leads to three possible
outcomes. In the first, the population consists entirely of a single
genotype that is homozygous at both loci; r is undefined. In the second
outcome, the population consists entirely of a single genotype that is
heterozygous at one locus and homozygous at the other; r is also
undefined. In the example of Nu=0.2, mutation prevents fixation
such that drift towards the two above-mentioned scenarios results in a
high probability density for low, rather than undefined, r values
(Figure 5, dotted area). In the third possible outcome, the population
consists of a single genotype that is heterozygous at both loci, resulting
in r=1. Again, at Ny =0.2, trajectories reaching r=1 are rare because
of the limited dominance of genetic drift over mutation. High
probability densities are therefore located around states with inter-
mediate r values (Figure 5, dotted area). In full sexuality, drift only

leads towards homozygote fixation at both loci. For Nu=0.2, high
probability densities at low r values (Figure 5, grey shaded distribu-
tion) are produced by the combined effects of mutations that prevent
fixation and sexuality that recombines gametic phases.

When Nu>1 in full clonality, mutation impedes gametic phase
disequilibrium by decreasing the frequency of the most common
gametic phase (Figure 6, dotted area). Compared with sexual
reproduction, mutation is a slow process by which to relocate r
towards 0. Thus, we observe a large amount of variation around the
gametic phase equilibrium, and the r distribution is logically right
skewed (Figure 6, dotted area). In full sexuality, constant recombina-
tion vyields a probability distribution tightly grouped around small
values of r, with the right tail occurring only because of rare stochastic
events (Figure 6, grey shaded area).

Two-loci simulations: CP

When Nu <1, the divergence between r distributions obtained under
conditions of full sexuality and CP before sex is visible even for the
smallest cycle (Figure 5, #1.y,q =1, dashed-line distribution). As the
number of clonal generations increases in the cycle, the distribution
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Figure 3 De Finetti diagrams illustrating stationary probability distributions of genotypic states for distinct modes and levels of clonality at Nu>1 (Nu=2;
N=200, u=10"2). In APC, c is the fraction of individuals clonally produced in the population; in CP, c is the proportion of clonal generation in a cycle
(c=Ncjonal(NcionartNsex))- De Finetti diagrams are ternary diagrams displaying the frequency of each genotype in the population. Any point in the diagram
corresponds to a given genotypic state (ras raa r22). Each genotypic state in the diagram has a given stationary probability. Black dotted lines are Fg
isoclines, with the thickest located at Fig=0. More details on how to read de Finetti diagrams can be found in Supplementary Information 2.
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Figure 4 Weighted kernel density estimation of the full fis probability density function for distinct levels and modes of clonality at Nu>1 (Nu=2, N=200,
u=1072). (@) The ngpnz=1 in cyclical CP and ¢=0.5 in APC; (b) ngona=9 in CP and ¢=0.9 in APC; (¢) Neonay=99 in CP and ¢=0.99 in APC; and

(d) Neonar=999 in CP and c¢=0.999 in APC.

for CP before sex converges towards the full-clonality prediction, but
the difference between the two distributions remains even after
numerous clonal generations (Figure 5, #gyuq=999, dashed-line
distribution). We predicted that this difference would increase if
genetic drift becomes stronger compared with mutation (that is,
Nu approaches 0). In theory, a single recombination event between
two loci in gametic disequilibrium is not sufficient to produce
gametic phase equilibrium in the next generation. The differences
observed between CP after sex and full sexuality confirmed this
prediction at every level of clonality considered (Figure 5, solid-line
distributions).

The pattern observed for CP when mutation dominates over genetic
drift (Nu>1) is very similar to that described when genetic drift
dominates over mutation (Nu < 1). The distribution of r diverges from
the full-sexuality predictions even for the smallest cycle (Figure 6,
Nelonat= 1, dashed-line distribution). As the number of clonal genera-
tions increases in the cycle, the distribution for CP before sex converges
towards predictions made under a condition of full clonality, and
the two distributions are very similar at #1.,,;=99. Finally, a single

event of recombination fails to reset the distribution of r towards
predictions made under full-sexuality conditions (Figure 6, solid-line
distributions).

Two-loci simulations: APC

Similar to the observations made at a single locus, the divergence
between predictions of genetic diversity for APC and full sexuality
continues to increase with the rate of clonality (Figures 5 and 6).
Moreover, predictions of linkage disequilibrium with CP before sex
converge faster than those with APC towards predictions made under
conditions of full clonality (Figures 5 and 6).

DISCUSSION

Several studies have quantified and formalised the effect of clonality on
genetic diversity in species in which sexual and clonal reproduction
co-occur in time (Marshall and Weir, 1979; Orive, 1993; Balloux et al.,
2003; Bengtsson, 2003; De Meets and Balloux, 2004, 2005; Stoeckel
and Masson, 2014). Despite many examples of CP in the wild,
analytical models or simulations studying the effect of this
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Figure 5 Probability density function of the gametic phase disequilibrium (r) for distinct levels and modes of clonality at Nu<1 (Nu=0.2, N=200,
u=1073) Distributions were obtained by a kernel density estimation based on 10 000 simulation results. (@) The ngene=1 in cyclical parthenogenesis and
¢=0.5in APC; (b) n¢jonas=9 in CP and ¢=0.9 in APC; (c) N¢jonar=99 in CP and ¢=0.99 in APC; and (d) ngjonar=999 in CP and ¢=0.999 in APC.

reproductive system on genetic diversity are rare (Lynch and Deng,
1994; Berg and Lascoux, 2000; Palson, 2001; Prugnolle et al., 2005a, b;
Vanoverbeke and De Meester, 2010). The model presented here is the
first to provide a probability distribution of neutral genetic diversity at
a single locus and at two unlinked loci, depending on the level of
clonality (length of the clonal phase) in CP. The two theoretical cases
investigated in this paper can be used to predict how neutral genetic
diversity would be distributed in a large range of situations, from cases
in which genetic drift dominates (Nu <1, typically in small popula-
tions such as those used in experimental evolutionary studies and
mesocosms) to cases in which mutation plays an important role in
maintaining genetic diversity (Nu>1, typically in large populations
such as those found in the wild).

A few generations of clonality cause departures from the
assumptions of full sexuality

Our analysis confirms earlier studies showing that intermediate levels
of clonality (0<c<0.9), or a limited number of clonal generations,
can substantially impact the probability distribution of Fig (CP before
sex) (Stoeckel and Masson, 2014) despite having a limited effect on the
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mean Fg (Balloux ef al., 2003). This observed pattern is even stronger
in cases where mutation dominates (Nu > 1). However, analysing only
the Fig distribution provides little information about the processes
causing such deviation. Moreover, the analysis of the entire distribu-
tion of genetic diversity indicated that such processes are very distinct
depending on whether mutation or genetic drift is the dominant force
in the population (Figures 1 and 3). This result stresses the importance
of not restricting analyses to synthetic parameters, such as the mean
Fis, to describe the effects of complex life cycles on genetic diversity
and structure.

The simulations of the evolution of two loci also indicated that the
effects of clonality are more evident when examining the distribution
of the gametic phase disequilibrium rather than its mean (De Meetis
and Balloux, 2004). Similar to the single-locus model, the relationship
between the level of clonality and the distribution of gametic phase
disequilibrium is largely dependent upon the balance between genetic
drift and mutation. Our results indicate that the distribution of
gametic phase disequilibrium, alone or in combination with the Fig
distribution, represents an interesting tool with which to infer the level
of clonality in a population.
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Figure 6 Probability density function of the gametic phase disequilibrium (r) for distinct levels and modes of clonality at Nu>1 (Nu=2, N=200, u=10"2)
Distributions were obtained by a kernel density estimation based on 10 000 simulation results. (@) The ngpna=1 in CP and ¢=0.5 in APC; (b) n¢jopa=9 in
CP and ¢=0.9 in APC; () Ncjonar=99 in CP and ¢=0.99 in APC; and (d) n¢jonar=999 in CP and ¢=0.999 in APC.

Sexuality in CA does not reset genetic diversity towards predictions
made under full-sexuality conditions

As anticipated in previous studies (Lynch and Deng, 1994; Pfrender
and Lynch, 2000; De Meester et al., 2006; Allen and Lynch, 2012), our
model confirms that a single generation of sexual reproduction
following a low number of clonal generations rearranges genetic
diversity at a single locus towards predictions made under a condition
of full sexuality (CP after sex). Notably, this is not true in particular
cases in which genetic drift dominates (Nu <1, for example, in very
small populations) and the number of clonal generations preceding
the sexual event is large enough to increase the probability of
obtaining a high frequency of heterozygotes in the population.

In contrast, the simulations at two loci show that the distribution of
gametic phase disequilibrium after a sexual event never relocates
towards the full-sexuality predictions. This result is theoretically
predictable because the decay in gametic phase disequilibrium is a
function of the rate of recombination between two loci (Lynch and
Deng, 1994; Rice, 2004). In our simulations, free recombination was
allowed between loci. Therefore, we predict this effect to be more
pronounced when two loci are physically linked. Overall, these results

stress the importance of taking the time of sampling into account
when analysing population genetic data sets of cyclical parthenogens
(Berg and Lascoux, 2000). Using our model/simulation results as a
reference for the interpretation of data from empirical studies will help
to distinguish between neutral scenarios and the actions of other
evolutionary processes (for example, epistatic interactions causing high
gametic phase disequilibrium; Lehmann et al., 2004).

Long periods of clonality are not always equivalent to full clonality
The number of clonal generations required to reach the predictions of
genetic diversity under full-clonality conditions also depends on the
balance between genetic drift and mutation. A long clonal phase, that
is, more than 999 generations of clonality, is required before reaching
the predictions made under a condition of full clonality when genetic
drift largely dominates (Nu=2x10"%). In contrast, when mutation
dominates, a shorter period of clonality is sufficient for the distribu-
tion of genetic diversity to fully converge towards the full-clonality
predictions. As mentioned previously, an approach combining multi-
ple summary statistics, including Fg and gametic phase disequili-
brium, may be used to infer intermediate levels of clonality in natural
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populations. However, this method may be of limited use in cases
where the distribution of genetic diversity is identical to the predic-
tions made under full-clonality conditions. For this purpose, a recently
developed coalescent approach may provide a good alternative to
inference methods based on distributions of multiple parameters
(Hartfield et al, 2015). Such a method would be particularly relevant
for the detection of very low levels of sex in natural or experimental
populations of putatively ancient asexuals (Danchin et al, 2011).

CA and APC vyield different distributions of genetic diversity

The probability distributions of both Fjg and gametic phase disequili-
brium under CP after or before sex are different from those observed
under APC. Furthermore, the probability distributions obtained under
APC conditions do not represent an average situation between the
two seasonal distributions of CP. For similar levels of clonality,
convergence towards the predictions made under full-clonality con-
ditions is always stronger in CP before sex than in APC. However, the
two scenarios yield very similar distributions when the level of
clonality is high.

From an evolutionary perspective, this result suggests that genetic
diversity tends to be lost more quickly in CP than in APC. By
extension, we predict that selection would also be more rapid in CP to
fix advantageous alleles or advantageous epistatic associations. In APC,
however, such advantageous epistatic association is rarely broken by
sexual reproduction. This is not the case in CP, in which the
synchronous massive sexual event of the cycle largely recombines
genotypes that not only produces many new recombined associations
(ensuring adaptive potential in new environmental conditions) but
also maintains the previously advantageous epistatic associations at
high frequencies in the population (ensuring adaptive potential if
environmental conditions remain unchanged from one cycle to
the next).

Because of the absence of an explicit model describing the effect of
clonality on the distribution of neutral genetic diversity in CP, many
studies have relied on models describing predictions of genetic
diversity under APC conditions in the discussion of their CP data
(see, for example, Halkett ef al., 2005a; Vorburger, 2006; Kanbe and
Akimoto, 2009; Allen and Lynch, 2012). Specially designed to fit the
CP lifecycle, our model refines these predictions and is particularly
suited to testing precise hypotheses regarding genetic diversity in
cyclical parthenogens.

CONCLUSION AND PERSPECTIVES

Our model yields detailed predictions of neutral genetic diversity
under conditions of CP. The model demonstrates that CP has specific
effects on the neutral evolution of molecular data that are different
from other reproductive modes (that is, full sexuality, full clonality
and APC).

To date, many studies have linked summary statistics such as Fig or
linkage disequilibrium to the relative importance of sexual vs clonal
reproduction within species displaying CP (Allen and Lynch, 2012;
Delmotte et al., 2002; Halkett et al., 2005a; Ivens et al., 2012; Kanbe
and Akimoto, 2009; Papura et al, 2003; Vorburger, 2006; Vorwerk
and Forneck, 2006). Based on previous models and observations, a
negative Fig and strong linkage disequilibrium have been interpreted as
signatures of strong clonality. Our analysis shows that strongly positive
Fig values can also be observed for highly clonal species if mutation
dominates over genetic drift (Nu>1). Such positive Fig values were
often observed but were difficult to explain until now (Ivens et al.,
2012). Overall, this model provides a theoretical framework that
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permits improved estimations of the contribution of each mode of
reproduction within a particular population.

The detection in natural systems of departures from our model
predictions will also permit the identification of the actions
of other evolutionary forces such as natural selection. In this
strictly neutral approach, the influence of selection was voluntarily
overlooked. However, background selection has been shown to
have strong effects on the distribution of genetic diversity at linked
neutral markers in cyclical parthenogens (Palson, 2001). We hope
that our results will also lead to further investigations aiming to
refine predictions of genetic diversity in populations of cyclical
parthenogens while accounting for other classical aspects of their
life cycles (for example, population bottlenecks following sexual
reproduction).
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