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Abstract Sex poses an immediate cost for mono-

gonont rotifers, which combine exclusively asexual

reproduction with periods of co-occurrence between

asexual and sexual reproduction in their life cycle.

Because sex is linked to dormancy, sexual daughters

do not contribute to the current growth of a clonal

genotype, as they only produce males or diapausing

eggs. Therefore, the expectation under the all-else

equal assumption (i.e., sexual and asexual females

having equivalent life-history traits) is that female

genotypes investing more in sexual daughters during

the planktonic growing season will have slower rates

of clonal growth. Here, we tested if these genotypes

compensate for this greater investment in sex with

higher fecundity and/or survival. We studied 45

genotypes (clones) of Brachionus plicatilis estab-

lished from diapausing eggs isolated from sediments

of ten brackish ponds in Spain. Using a life-table ex-

periment, we estimated the investment in sexual

reproduction of these genotypes and several life-

history traits (lifespan, lifetime reproductive success,

generation time and intrinsic growth rate). Results

showed that there was a lack of correlation between

sex-investment and any other life-history trait. Neither

fecundity nor survival compensated the investment in

sexual reproduction, so we conclude that the all-else-

equal assumption holds and sex is costly in B.

plicatilis.

Keywords All-else-equal assumption � Cyclical
parthenogens � Life-history traits � Maintenance of

sex � Sex investment � Trade-offs � Life table

Introduction

One of the most interesting and enduring problems in

evolutionary biology is the maintenance of sexual

reproduction (Maynard-Smith, 1971, 1978; Williams,

1975; Bell, 1982; West et al., 1999; Keightley & Otto,

2006; Roze & Barton, 2006). It constitutes an evolu-

tionary paradox because sex is predicted to be costly in

evolutionary terms, but at the same time ubiquitous in

nature (Maynard-Smith, 1971; Williams, 1975; But-

lin, 2002; Simon et al., 2002; Lehtonen et al., 2012;

Meirmans et al., 2012; Stelzer, 2015). Since sexual

reproduction implies male production, all else being

equal, asexual populations have a twofold fitness

advantage over their sexual counterparts (Maynard-
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Smith, 1971, 1978; Williams, 1975; Bell, 1982). The

reason is that while an asexual female invests their

entire reproductive budget into clonal daughters,

sexual females must spend half of their resources in

sons, which cannot themselves make offspring. There-

fore, in a two offspring per individual situation, the

asexual lineage will increase exponentially while the

sexual one will remain constant. This so-called

‘‘twofold cost of sex (or of males)’’ (Maynard-Smith,

1971, 1978) has been considered one of the main costs

of sex (Lehtonen et al., 2012). Consequently, evolu-

tionary biologists have sought advantages for sexual

reproduction that could compensate the twofold cost

and explain sex persistence (e.g., West et al., 1999;

Burt, 2000; Otto & Lenormand, 2002; Rice, 2002;

Hadany & Comeron, 2008; Otto, 2009; Lively &

Morran, 2014). This body of theories suggests that sex

reduces the accumulation of deleterious allele combi-

nations, promotes the fixation of beneficial mutations,

generates variation that facilitates adaptation, and

improves evolvability. On the other hand, another

approximation to address the maintenance of sexual

reproduction has been to look for violations of the all-

else-equal assumption (i.e., that sexual and asexual

females have equivalent life-history traits; Jokela

et al., 1997; Gibson et al., 2017). For instance, asexual

females have been reported to have lower lifetime

reproductive success or higher mortality rate than

sexual females, implying a smaller cost than the one

predicted by the all-else-equal assumption (e.g., Roth,

1974; Lamb & Willey, 1979; Wetherington et al.,

1987; Corley & Moore, 1999; Kramer & Templeton,

2001; Neiman 2004; Kearney & Shine, 2005). How-

ever, the basis of these differences among reproduc-

tive types is poorly understood (Lehtonen et al., 2012),

empirical studies suggesting as explanatory causes

developmental constrains associated with asexual

reproduction, divergent selective pressures on sexual

and asexual linages resulting in different reproductive

strategies, susceptibility to deleterious mutation accu-

mulation and the inability to generate genetically rare

or novel offspring of asexuals. It should be borne in

mind that these explanatory mechanisms are depen-

dent on the system studied.

Measuring directly the cost of sex is a challenge

(Gibson et al., 2017), which is why most of the

available empirical studies have indirectly addressed

the question by testing the all-else-equal assumption

(reviewed in Lehtonen et al., 2012; Meirmans et al.,

2012; Stelzer, 2015); that is, testing whether life-

history traits differ between sexual and asexual

females. Therefore, among the different definitions

of the cost of sex (Lehtonen et al., 2012), this will be

the approach used in the present study.

Monogonont rotifers combine clonal reproduction

with bouts of sexual reproduction in their life cycle,

namely, cyclical parthenogenesis (Birky & Gilbert,

1971; Wallace & Smith, 2009). In most cyclically

parthenogenetic rotifers, sexual reproduction is

needed for diapausing-egg production, which is

essential to survive unsuitable conditions in the water

column, this production being a major component of

fitness in these rotifers (Serra & King, 1999). Sexual

reproduction requires the production of sexual (mic-

tic) females that do not contribute to the immediate

population growth, as they produce males or diapaus-

ing eggs. Under the all-else-equal assumption, mono-

gononts are predicted to incur the twofold cost of sex

in the sexual phase of their life cycle (Serra & Snell,

2009). This would occur as a result of the expectation

that only half of the sexual females will produce

diapausing eggs (Aparici et al., 1998, 2002). However,

this expected cost would be diluted as an effect of the

several generations of asexual reproduction; that is,

when the complete lifecycle is considered (for a

detailed discussion see Serra & Snell, 2009).

Cyclically parthenogenetic organisms are useful for

assessing the cost of sex assumption because they

provide a system in which both modes of reproduction

coexist in the same population (Green & Noakes,

1995; Simon et al., 2002; Wolinska & Lively, 2008;

Stelzer, 2015). Moreover, in many cyclical partheno-

gens, recent transitions to obligate asexuality allow for

comparison between them and their derived obligate

parthenogenetic lineages (reviewed e.g., Lynch 1984;

Decaestecker et al., 2009; Serra & Snell, 2009; Stelzer,

2011, 2015). However, in contrast to the substantial

theoretical development, empirical studies on the cost

of sex in cyclical parthenogenetic organisms are

scarce. Several empirical studies have tested the all-

else-equal assumption by comparing life-history traits

of cyclical parthenogens against other reproductive

modes. For instance, (1) cyclical parthenogenetic

versus obligate asexual lineages in the rotifer Bra-

chionus calyciflorus Pallas 1766 (Stelzer, 2011), in

the aphid Sitobion avenae Fabricio 1975 (Helden &

Dixon, 2002) and in the cladoceran Daphnia pulex

Leydig 1860 (Scheiner & Yampolsky, 1998; Innes
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et al., 2000;Wolinska & Lively, 2008), and (2) the two

previous modes of reproduction versus asexual lin-

eages retaining the ability to produce males inD. pulex

(Wolinska & Lively, 2008). These comparisons

yielded mixed results. Some studies showed cyclical

parthenogens and obligate asexuals having no differ-

ences in survival and fecundity (Scheiner & Yampol-

sky, 1998; Stelzer, 2011), whereas in others, cyclical

parthenogens were reported either to have lower

(Wolinska & Lively, 2008) or higher fecundity (Innes

et al., 2000) than their asexual counterparts. Interest-

ingly, some of these studies have been supplemented

using pairwise competition experiments raising

together both reproductive modes (Wolinska &

Lively, 2008; Stelzer, 2011; Innes & Ginn, 2014).

Their experimental outcomes varied. Thus, asexual

lineages can invade and displace populations of

cyclical parthenogens in B. calyciflorus, whereas the

opposite was observed in D. pulex. These contrasting

results suggest that the cost of sex might vary

markedly among taxa (Meirmans et al., 2012). There-

fore, estimating such a cost is a decisive starting point

for addressing the paradox of sex in any species or

group of species (Gibson et al., 2017).

Besides approaches based on the comparison of

separate linages that have different reproductive

modes, an alternative one is to compare individual

cyclical parthenogenetic females (Corley & Moore,

1999). Cyclical parthenogenetic rotifers, offer a unique

system for addressing the cost of sex using this

approach because individual females retain the ability

to invest into both sexual and asexual reproduction.

When sex is induced in their parthenogenetic life cycle,

asexual females parthenogenetically produce sexual

daughters as some fraction of their offspring (i.e., the

so-called sexual reproduction ratio or mixis ratio), so

that both types of reproduction occur simultaneously

(Gilbert, 1974; Schröder, 2005). This sexual repro-

duction ratio allows for quantifying the investment in

sex (Serra & Snell, 2009; Carmona et al., 2009). The

sexual reproduction ratio is extremely variable among

clones representing different genotypes (e.g. Snell &

Boyer, 1988; Carmona et al., 1994, 1995, 2009; Gil-

bert, 2002; Schröder & Gilbert, 2004; Gilbert &

Schröder, 2007; Gilbert & Diéguez, 2010; Stelzer,

2017). The expectation under the all-else-equal

assumption is that genotypes investing more in sexual

daughters during the planktonic growing season will

have slower rates of clonal growth. However, the

assumption could not be fulfilled if these genotypes

have a higher fecundity and/or survival, as reported in

other cyclical parthenogens (e.g., Innes et al., 2000).

In this paper, we made experiments specifically

designed to assess the all-else-equal assumption by

analyzing life-history traits (LHTs) of individual

female genotypes sharing the same reproductive mode

(cyclical parthenogenesis), using the rotifer Bra-

chionus plicatilis O. F. Müller 1786. Rotifers are

commonly used as model organisms in population and

evolutionary studies (e.g., Fussmann et al., 2007;

Snell, 2014; Declerck & Papakostas, 2017; Stelzer,

2017). The studied species is known to have high

among-clone variability in the investment in sex in

natural populations (Aparici et al., 2001; Carmona

et al., 2009; Campillo et al., 2011; Franch-Gras et al.,

2017) so that the studied genotypes were expected to

invest differently in sexual reproduction. We per-

formed a dynamic life table experiment by following a

cohort of B. plicatilis stem females (i.e., hatched from

diapausing eggs) to test if genotypes investing higher

in sexual daughters (i.e., male-producing and diapaus-

ing-egg-producing) could compensate this investment

by having a higher fecundity, survival and/or gener-

ation time. We did so by analyzing if sexual invest-

ment was correlated with other LHTs estimated from

life table analysis. The rationale is that if investment in

sexual reproduction is not positively correlated with

fecundity, survival and/or generation time, it will

mean that there is no compensation and, therefore, sex

will have a cost and the explanation of its maintenance

would rely on compensatory benefits of sex.

Materials and methods

Rotifer isolation and species identification

To obtain the cohort of experimental females, dia-

pausing eggs of B. plicatilis were isolated from the

sediment of ten brackish ponds in Spain (Poza Sur,

acronym: TOS; Hoya Turnera: HTU; Hoya Monte:

HMT; Ontalafı́a: ONT; Hoya Yerba: HYB; Hoya

Rasa: HYR; Saladar: SLD; Hondo Sur: HOS; Salo-

bralejo: SAL and Turies: TUR). Pond selection was

based on previous reports of diapausing egg banks of

B. plicatilis in the sediments (Gómez et al., 2000;

Ortells et al., 2000;Montero-Pau et al., 2011). Because

rotifer diapausing eggs are the product of sexual
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reproduction, each hatchling (stem female) represents

an individual female genotype. By collecting diapaus-

ing eggs from several ponds it was sought to get a

cohort genetically diverse for the life table experiment.

The sediments were collected in different sampling

programs and, at the time of diapausing egg isolation,

they had been stored in darkness at 4�C during a

variable period of time: 4 years (HOS; SAL; TUR),

5 years (HTU; HMT; ONT; HYB; HYR; SLD) and

8 years (TOS).

Rotifer diapausing eggs potentially belonging to a

mixture of species were isolated from the sediment

samples using a sucrose flotation technique (Onbé,

1978; Gómez et al., 2000). Eggs were concentrated

using a mesh of 30 lm and kept in Petri dishes with

saline water prepared with commercial sea salt (Instant

Ocean�; Aquarium Systems) at 15 g l-1 salinity, in

darkness, and 4�C for approx. 16 h until their selection.

Putative diapausing eggs ofB. plicatiliswere randomly

picked and individually placed in a 96-multiwell plate

(NuncTM) with 200 ll of 15 g l-1 saline water, where

they were induced to hatch under constant illumination

(150–170 lmol quanta m-2 s-1) at 25�C. The stem

females hatched from these diapausing eggs consti-

tuted the initial cohort in the life-table experiment

described below. Because B. plicatilis belongs to a

cryptic species complex (Gómez et al., 2000), the

species-level identification of the cohort females was

carried out by PCR–RFLP analysis of cytochrome c

oxidase subunit I (COI) fragments extracted by sam-

pling the clonal lineage from each stem female, that

lineage being initiated by parthenogenetic prolifera-

tion of one of the first daughters of the stem female.

Once identification was performed, females that were

not B. plicatilis (10 out of 55) were discarded from the

study cohort.

Culture media

In experiments, rotifers grew in the medium where the

microalgae Tetraselmis suecica (Kylin) Butcher 1959,

used as food, had been previously cultured. Microal-

gae were grown in modified f/2 medium (Guillard &

Ryther, 1962), 15 g l-1 salinity, at 20�C and under

constant illumination (150–170 lmol quanta m-2 s-1)

using a semi-continuous culture system (dilution rate:

0.65 day-1). Microalgae density was estimated by

750-nm wavelength light extinction using a calibra-

tion curve of absorption versus density.

Experimental set-up

A dynamic life-table experiment was performed

following a cohort of 45 B. plicatilis stem females

(F0 generation, see Fig. 1), each one representing a

different genotype (1-6 genotypes per pond). The

common garden experiment started by individually

transferring each stem female (\ 12 h old) to a Petri

dish with 15 ml of culture medium (0.07 females

ml-1) containing a concentration of algae equivalent

to 8 mg C l-1 (approx. 42.000 cells ml-1), well above

the incipient-limiting level (Ciros-Pérez et al., 2001).

Experimental cultures containing each stem female

were randomly placed inside wet chambers, over an

orbital shaker (approx. 28 rpm), at 20�C and in

darkness. The cultures were monitored every 24 h,

checking for stem female survival, counting and

transferring daughters (F1 generation, Fig. 1), and

renewing 15% of the medium. Since the density of

rotifers (stem female ? daughters) in the cultures was

continuously low (\ 0.67 females ml-1) and the

culture medium was partially daily renewed, food

concentration in the cultures was not limiting during

the experiment. Sexual reproduction in Brachionus

spp. is triggered in a quorum-sensing process by a

pheromone called the mixis-inducing protein (MIP)

that the females secrete into the medium (Snell et al.,

2006). Therefore, the partial renewal of the culture

medium allows MIP to accumulate in the cultures, so

that induction of sexual reproduction of stem females

can take place. Daughters (F1) were individually

transferred to wells of a 96-multiwell plate (NuncTM)

until they produced their offspring (F2 generation).

Each F1 female was classified as asexual if her

offspring were females or sexual if her offspring were

males. The life-table experiment finished when all the

cohort females died.

Data records from the life-table experiment were

used to calculate individually for each stem female the

following life history traits (LHTs): lifespan, lifetime

reproductive success, generation time (i.e., weighted

mean age at birth of the offspring), intrinsic growth

rate, and investment in sexual reproduction (i.e.,

proportion of sexual daughters produced in the stem

female total offspring). Additionally, age-specific

investment in sexual reproduction was calculated

from the daily production of asexual and sexual

daughters. Two different measures of lifetime repro-

ductive success (LRS) were computed: (1) for the total
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offspring (hereafter, LRStotal), and (2) only for asexual

daughters (hereafter, LRSasex). Generation time was

calculated as

T ¼
X

x

ðxþ 0:5Þfx

 !,
X

x

fx

 !
;

where x = age of the stem female at the observation

event and fx= number of offspring produced from x to

x ? 1. Three different measures of T were computed:

(1) for the total offspring (hereafter, Ttotal), (2) for

asexual daughters (hereafter, Tasex), and (3) for sexual

daughters (hereafter, Tsex). When options (2) or (3) are

used in the reported results, it is explicitly indicated.

Intrinsic growth rate (r) was calculated from the

fecundity schedule of each stem female by solving

Euler–Lotka’s equation using Microsoft Excel Solver

tool

1 ¼
X

e�rðxþ0:5Þnx

where nx is the offspring produced from the age x to

the age x ? 1 (Birch, 1948). Some words of caution

are needed to interpret our estimation of this r as the

intrinsic population growth rate. First, a necessary

assumption for this interpretation is that the cohort

(here, a single female) and the offspring are both

samples of the same ideal population. Second, as we

were interested in the short-term cost of sex, asexual

and sexual daughters were considered to be equiva-

lent, so that our estimation was at best the potential

intrinsic growth rate (i.e., the rate of increase that a

population/genotype would have if no investment in

diapausing eggs would occur; see Montero-Pau et al.,

2014). Third, the physiological conditions of a stem

female are expected to be different of that of her

offspring, at least due to the fact that the former came

from a diapausing egg. Nevertheless, our estimation of

r is expected to be a composite metric correlated to

fitness.

To avoid biases due to the correlation between

individual lifespan and probability of accidental lost

during experimental manipulation, females that were

accidentally lost (a total of 6 stem females on days

sixth and seventh) were included in the analyses as

censored data using the mean substitution method

(e.g., Little & Rubin, 2002; Enders, 2010). This is, it

Fig. 1 Scheme of the experimental set-up. Diapausing eggs

isolated from the sediments of Spanish brackish ponds were

incubated under standard hatching conditions. A total of 45 stem

females hatched from these eggs constituted the initial cohort

(F0 generation) for the life-table experiment. Stem females grew

in Petri dishes under common garden conditions producing a

number of daughters (F1 generation) by asexual proliferation

throughout her life (i.e. horizontal segment). Every day survival

of each stem female was monitored and all daughters were

transferred (see downward arrows) to new Petri dishes, allowed

to proliferate (horizontal arrows), and classified as sexual or

asexual depending on whether their offspring (F2 generation)

were males or females, respectively. The experiment finished

when the last stem female died. See details in the text
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was assumed that, after being lost, the female would

have had the same demographic parameters than the

average for the rest of the stem females of the cohort.

Data analysis

To test the all-else-equal assumption, we analysed the

relationships between investment in sexual reproduc-

tion versus each LHTs (lifespan, LRS T and r) by

calculating Pearson’s correlation coefficients using

statistical package SPSS v.19.0 (SPSS Inc., Chicago,

USA). Additionally, other pairwise relationships

between LHTs were also explored. Potential effects

due to population differences and storage time of

diapausing eggs on LHTs were discarded (P[ 0.05 in

all cases) prior to further analyses by means of

generalized linear models (GLMs) assuming different

error distributions and link functions depending on

each LHT (i.e., Poisson distribution of errors and log

as link function for LRS and reproductive period;

Gaussian distribution of errors and identity link

function for lifespan, T and investment in sexual

reproduction). Finally, to analyse the relationship

between age-specific investment in sexual reproduc-

tion and female age, we used another GLM on number

of offspring (F1) produced by the stem females as the

response variable, and assumed a Poisson distribution

of errors with log as link function. Female age,

offspring type (sexual or asexual), and their interaction

were entered as fixed-effect factors. All GLM analyses

were implemented using the glm function from the

‘‘stats’’ package in R statistical software v.3.1.1 (R

Development Core Team, 2014).

Results

Table 1 shows average values for LHTs obtained for

the B. plicatilis cohort. The investment in sexual

reproduction averaged ca. 9% in the cohort (range

0–33%), while 62% of the stem females had sexual

daughters. For this fraction of females, sexual daugh-

ters were much less abundant (3.3 ± 0.4 females) than

asexual ones (20.5 ± 0.9 females).

Figure 2 shows pairwise relationships of LHTs.

Regarding the assessment of the all-else-equal

assumption, investment in sexual reproduction (rang-

ing from 0 to 0.333) was not significantly correlated

with any other LHT accounting for the total F1

offspring (Fig. 2a–c), which indicates that the invest-

ment in sexual reproduction did not affect lifespan,

LRStotal or T of the stem females. Accordingly, there

was also a lack of correlation between r and the

investment in sex (Pearson’s r = - 0.09, P = 0.55;

data not plotted), r ranging between 0.696 and 0.921 in

stem females without investment in sexual reproduc-

tion and between 0.676 and 0.883 in those with an

investment greater than 0.150. However, investment

in sexual reproduction was negatively correlated with

LRSasex (Pearson’s r = - 0.68, P\ 0.001; Fig. 2a),

evidencing a trade-off. A weak but significant positive

relationship exists between the lifespan and the Ttotal
(Pearson’s r = 0.31, P\ 0.05; Fig. 2f); no significant

correlation was found between lifespan and Tasex
(Pearson’s r = 0.26, P = 0.08, data not plotted) or Tsex
(Pearson’s r = 0.20, P = 0.32, data not plotted).

Figure 3 shows that a post-reproductive period

occurred in almost all the females, which is consistent

with the lack of a significant correlation between

lifespan and both LRStotal and LRSasex (Fig. 2e).

According to GLM analysis (Table 2), there was a

significant effect of both the age of the stem female

(P\ 0.001) and the F1 offspring type (sexual or

asexual) (P\ 0.001) on the number of F1 offspring

produced, as well as a significant interaction effect

(P = 0.058) of the age and offspring type (P = 0.008),

which is also suggested by the visual comparison of

the two graphs displaying age-specific individual

female fecundity for asexual and sexual offspring

(Fig. 3a, b), where fecundity patterns clearly differ

depending on F1 offspring type. Sexual daughters were

produced earlier by the stem females (generation time:

4.08 ± 0.04 days) than asexual daughters

(4.57 ± 0.09 days) and during a shorter time (4 days

vs. 6 days of reproductive period). We tested for an

effect of the population from which the experimental

clones were isolated on LHTs, and the results

confirmed that no significant effect was affecting the

data.

Discussion

It appears that the cost of sex holds true when

comparing LHTs between cyclical parthenogenetic

females of B. plicatilis having different investment in

sexual offspring. The lack of correlation between the

investment in sexual reproduction and any other
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studied LHTs implies that a higher investment in sex is

not compensated with a higher lifespan, lifetime

reproductive success and/or generation time. There-

fore, our experimental data support the hypothesis that

sex is costly in these rotifers. A caveat to be considered

is if these results may be due to inadequate statistical

power. However, this is unlikely because the correla-

tions that we found between investment in sexual

offspring and the studied LHTs, although not signif-

icant, were negative (i.e., the opposite of what is

expected if there was compensation).

The studied LHTs (i.e., lifespan, lifetime reproduc-

tive success, generation time and intrinsic growth rate)

were similar irrespectively of the investment in sexual

offspring, supporting the assumption of equal life-

history patterns. These findings are in agreement with

a previous life-table study by Stelzer (2011) compar-

ing cyclical and obligate parthenogenetic females

derived from the same maternal genotype in the rotifer

B. calyciflorus, in which the all-else-equal assumption

regarding the population growth rate was fulfilled.

This finding is in agreement with previous studies in

other systems (e.g., Jokela et al., 1997; Crummett &

Wayne, 2009; Schlupp et al., 2010; Gibson et al.,

2017), including other cyclical parthenogens (Schei-

ner & Yampolsky, 1998; Wolinska & Lively, 2008).

However, the equivalence in LHTs between sexual

and asexual females is not the general rule (reviewed

in Lehtonen et al., 2012; Meirmans et al., 2012;

Stelzer, 2015). This variability in outcomes among

studies indicates that the realized cost of sex could be

dependent on certain LHTs of a species and that the

maintenance of sex might be more species-specific

than previously assumed (West et al., 1999; Meirmans

& Strand, 2010; Meirmans et al., 2012).

The absence of compensation between investment

in sex and the studied LHTs indirectly evidences the

cost of sex in B. plicatilis and calls for alternative

compensatory factors to explain the maintenance of

sex in this cyclical parthenogenetic rotifer. It can be

proposed that, as in other facultative sexual organisms,

rotifer females by investing little in sexual offspring

could reduce the cost of sex while gaining its full

advantages (Green & Noakes, 1995; Peck &Waxman,

2000; D’Souza &Michiels, 2010; Stelzer & Lehtonen,

2016). However, this is not the case in heterogeneous

and novel environments where studies using rotifers

have found that a high investment in sex evolves

(Becks & Agrawal, 2010, 2012). As expected, the

investment in sexual reproduction was variable among

stem females, which raises the question of why they

incur in different cost of sex. Despite unambiguous

evidence for genetic differences among females

cannot be claimed due to the lack of replicates from

each clone, our common garden experiment mini-

mizes environmental variation, so that a genetic basis

for their different investment in sex is plausible. It is

possible that these females have diverse strategies

regarding the investment in diapausing eggs that

would be maintained by the link between sex and

diapause, due to the important selection pressure

exerted by the need to survive unsuitable periods

through diapause (e.g., Tarazona et al., 2017). The

association between sex and diapause reduces the cost

of sex by providing the correlated advantage of

dormancy (Serra & Snell, 2009; Stelzer & Lehtonen,

2016). Further, since these propagules are the result of

Table 1 Mean and

standard error (in brackets)

of life-history traits (LHTs)

of a cohort of 45 stem

females of B. plicatilis

These cohort LHTs were

computed by pooling

individual LHTs values (see

the text). Range of variation

among females (genotypes)

LHT Mean ± SE Range

Lifetime reproductive success (LRS)

LRStotal 23.9 ± 0.5 13.3–28.0

LRSasexual 21.9 ± 0.6 9.3–28.0

Generation time (T, days)

Ttotal 4.51 ± 0.04 4.0–5.1

Tasex 4.55 ± 0.04 3.9–5.3

Tsex 4.05 ± 0.09 3.2–5.5

Intrinsic growth rate (days-1) 0.791 ± 0.009 0.676–0.921

Investment in sexual reproduction 0.087 ± 0.015 0.0–0.33

Lifespan (days) 9.2 ± 0.3 6.5–15.5

Reproductive period (days) 5.1 ± 0.1 4.0–6.0
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sexual recombination, a relationship between genetic

variation and investment in sex is expected, and this

genetic variation would be advantageous over the long

term to cope with environmental novelties (Becks &

Agrawal, 2012; Lehtonen et al., 2012; Stelzer &

Lehtonen, 2016).

Most of the referred investigations into the all-else-

equal assumption have focused on comparisons

between lineages within a species having different

reproductive modes (Kondrashov, 1993; Hurst &

Peck, 1996; Neiman et al., 2010). However, these

comparisons have led to some criticisms. For instance,

confounding effects may appear due to differences in

origin, genetic background, environmental and evo-

lutionary histories between the asexual and sexual

females object of comparison, even if they belong to

the same population (Jokela et al., 1997; Corley &

Moore, 1999; Kramer & Templeton, 2001; Simon

et al., 2003; Allen & Lynch, 2008; Stelzer, 2011). In

our model of study, we adopted a different approach,

instead of comparing cyclical parthenogenetic lin-

eages versus asexual ones, we directly compared
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(d)Fig. 2 Relationships

between life-history traits

estimated from a cohort of

45 stem females of the

rotifer B. plicatilis from ten

Spanish ponds. Closed

circles are data for total

offspring; open circles are

data for asexual offspring

only
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LHTs of individual rotifer females with capacity to

produce both sexual and asexual daughters using a

common benign environment (Stelzer, 2015; Ram &

Hadany, 2016). This approach facilitates to interpret

the comparison among a variable investment in sex by

otherwise equivalent females.

According to our findings, lifetime reproductive

success was equal irrespective of the investment in sex

done by an individual rotifer female. Therefore, it

necessarily follows that the greater the investment in

sex the greater the decrease in asexual daughter

production, as evidenced by the negative correlation

we found between the investment in sex and the

lifetime reproductive success, when it was calculated

accounting only for asexual offspring. This trade-off is

straightforward, as the asexual and sexual success of a

genotype are not independent, but traded-off against

each other in the life history of cyclically partheno-

genetic rotifers, which has been well studied theoret-

ically (Snell, 1987; Serra & Carmona, 1993; Serra &

King, 1999; Stelzer, 2005). Therefore, the costs of sex

cause a trade-off between investment into current

population growth by asexual (clonal) proliferation

and long-term population persistence throughout the

sexually-produced diapausing eggs. This trade-off

may affect the optimal patterns of sexual reproduction,

which have been correlated with habitat features

(Carmona et al., 1995, 2009; Serra et al., 2004;

Campillo et al., 2011; Franch-Gras et al., 2017). Few

studies have addressed the all-else-equal assumption

in natural settings (e.g., Jokela et al., 1997; Gibson

et al., 2016, 2017). In this regard, the finding that the

assumption holds in our laboratory experiment is

consistent with the observed decline in frequency of

genotypes investing more in sex during the growing

season in natural populations of B. plicatilis (Carmona

et al., 2009).

Initiation of sex in the genus Brachionus is induced

by population density through a quorum-sensing

factor, the so-called mixis inducing protein, MIP

(Stelzer & Snell, 2003; Snell et al., 2006; Kubanek &

Snell, 2008), but this response may depend on several

endogenous factors (Hagiwara et al., 2005; Gilbert,

2007; Gilbert & Schröder, 2007). An endogenous

factor affecting investment in sex that has been

extensively studied is female age. Our finding of a

higher investment in sex at earlier ages is a quite

general pattern found in previous studies in B.

plicatilis (Lubzens & Minkoff, 1988; Carmona et al.,
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Fig. 3 Display of age-specific survival and lifetime fecundity

of 45 genetically diverse stem females of the rotifer B. plicatilis

from ten Spanish ponds. Each horizontal bar represents the

longevity of a single female and the fecundity is coded in a

grayscale. a production of asexual daughters and b production of
sexual daughters. Lifespans are ranked from the shortest in the

top to the longest in the bottom (according to Carey et al., 1998)

Table 2 Significance of GLM effects on the number of off-

spring produced by a cohort of 45 B. plicatilis stem females

Effect df X2 P value

Age 1, 538 1676.86 � 0.001

Offspring type 1, 537 850.53 � 0.001

Age 9 Offspring type 1, 536 843.42 0.008
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1994), B. calyciflorus (Pourriot & Rougier,

1976, 1977; Rougier & Pourriot, 1977; Rougier

et al., 1977) and B. rubens Ehrenberg 1838 (Pourriot

& Rougier, 1976; Pourriot et al., 1986; Fussmann

et al., 2007). Instead, other studies showed a pattern

with production of sexual daughters being less likely

as mothers aged (Gilbert & Schröder, 2007) or even no

effect of age (Pourriot & Rougier, 1978; Gilbert &

Schröder, 2007). These differing patterns have been

attributed to genetic differences between clones and

species, causing age-related differences in MIP pro-

duction, in MIP responsiveness or in both (Gilbert &

Schröder, 2007). The effect of female age on sex

investment varied among the genotypes studied here.

According to theoretical predictions the timing of

production of sexual daughters affects the cost of sex

in rotifers, so that, for a given lifetime sexual

reproduction ratio, producing the sexual offspring late

in life minimizes the cost of sex if compared with

producing it early (Stelzer, 2011). Therefore, there

will be clear consequences for the competitiveness

during the planktonic growing season of clonal

genotypes having different lifetime patterns of sexual

offspring production, which deserves further investi-

gation to fully understand the role of life history

variation in the maintenance of sex in cyclical

parthenogenetic rotifers.
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France 111: 105–111.

R Core Team, 2014. A language and environment for statistical

computing, V.3.1.1. R Foundation for Statistical Comput-

ing, Vienna, Austria.

Ram, Y. & L. Hadany, 2016. Condition-dependent sex: who

does it, when and why? Philosophical Transactions of the

Royal Society of London. Series B, Biological sciences

371: 20150539.

Rice, W. R., 2002. Evolution of sex: experimental tests of the

adaptive significance of sexual recombination. Nature

Reviews Genetics 3: 241–251.

Roth, L. M., 1974. Reproductive potential of bisexual Pyc-

noscelus indicus and clones of its parthenogenetic relative.

Pycnoscelus surinamensis. Annals of the Entomological

Society of America 67: 215–223.

Rougier, C. L. & R. Pourriot, 1977. Aging and control of the

reproduction in Brachionus calyciflorus (Pallas) (Rotato-

ria). Experimental Gerontology 12: 137–151.

Rougier, C., R. Pourriot & P. Clément, 1977. Determination of

mixis in Brachionus. Archiv für Hydrobiologie Beiheft

Ergebnisse der Limnologie 8: 163–166.

Roze, D. & N. H. Barton, 2006. The Hill-Robertson effect and

the evolution of recombination. Genetics 173: 1793–1811.

Scheiner, S. M. & L. E. V. Yampolsky, 1998. The evolution of

Daphnia pulex in a temporally varying environment.

Genetical Research 72: 25–37.

Schlupp, I., A. Taebel-Hellwig & M. Tobler, 2010. Equal

fecundity in asexual and sexual mollies (Poecilia). Envi-

ronmental Biology of Fishes 88: 201–206.
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