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ORIGINAL ARTICLE

Can resource costs of polyploidy provide an advantage
to sex?
M Neiman1, AD Kay2 and AC Krist3
The predominance of sexual reproduction despite its costs indicates that sex provides substantial benefits, which are usually
thought to derive from the direct genetic consequences of recombination and syngamy. While genetic benefits of sex are
certainly important, sexual and asexual individuals, lineages, or populations may also differ in physiological and life history
traits that could influence outcomes of competition between sexuals and asexuals across environmental gradients. Here, we
address possible phenotypic costs of a very common correlate of asexuality, polyploidy. We suggest that polyploidy could confer
resource costs related to the dietary phosphorus demands of nucleic acid production; such costs could facilitate the persistence
of sex in situations where asexual taxa are of higher ploidy level and phosphorus availability limits important traits like growth
and reproduction. We outline predictions regarding the distribution of diploid sexual and polyploid asexual taxa across
biogeochemical gradients and provide suggestions for study systems and empirical approaches for testing elements of our
hypothesis.
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INTRODUCTION
All else being equal, asexual females will produce twice as many
daughters as sexual females, which make both male and female
offspring. Because only females contribute directly to the rate of
population growth, the production of males creates a twofold cost of
sexual reproduction that should theoretically result in the selective
elimination of sex (Maynard Smith, 1978). Why sex remains so
common despite this and other costs has been termed the ‘queen of
questions’ in evolutionary biology (Bell, 1982; recently reviewed in
Meirmans et al., 2012) and continues to be the focus of much
theoretical and empirical research (Otto, 2009; Zimmer, 2009).
Costs of sex can be mitigated if sex confers advantages. Most often,
research aimed at identifying the advantages of sex has focused on
hypotheses invoking direct benefits of recombination such as disrupting linkage disequilibria, clearing deleterious mutations, and/or
producing genetically variable offspring. Although recombinationfocused hypotheses have received considerable support, it is likely that
no single hypothesis will provide a general explanation for the
persistence of sex in natural populations. Instead, there is a growing
sense that the maintenance of sex may often rely on complex or
multiple mechanisms involving ecological variables (Butlin et al.,
1999; West et al., 1999; Meirmans and Neiman, 2006; Scheu and
Drossel, 2007; Otto, 2009; Zimmer, 2009; Meirmans et al., 2012).
Resource availability is a well-known mediator of species interactions that has been incorporated into models of the evolution and
maintenance of sex. Most notably, the ‘Tangled Bank’ hypothesis
(Bell, 1982, p. 131) predicts that resource competition can favor sex if
offspring with distinct genotypes (for example, those produced by
sex) are better at competing for limited food resources than asexually

produced copies of existing genotypes (Maynard Smith, 1978; Young,
1981; Bell, 1982; Doncaster et al., 2000; recently reviewed in Song
et al., 2011). Although the Tangled Bank has received less attention
than other hypotheses for sex (for example, Red Queen, Muller’s
Ratchet), the ideas laid out in the Tangled Bank hypothesis provide an
example of how resource interactions in principle could influence
competitive dynamics between sexual and asexual taxa.
Here, we incorporate ideas from nutritional ecology to provide an
alternative mechanism by which food resources could mitigate the
inherent cost of sex. We focus on recent advances in nutrition
research that point to the importance of interactions among food
components (distinct biochemicals or elements) for organismal
performance, and in particular on how dietary scarcities or excesses
of particular components can favor organisms with particular traits
(Sterner and Elser, 2002; Kay et al., 2005; Elser and Hamilton, 2007;
Raubenheimer et al., 2009). We argue that a common difference
between sexual and asexual taxa, ploidy level (Bierzychudek, 1985;
Suomalainen et al., 1987; Otto and Whitton, 2000), may influence
dietary nutrient demands and in turn competitive interactions
between diploid sexual and polyploid asexual taxa across spatial
and temporal gradients in nutrient availability. Our hypothesis is that
higher ploidy increases demands for dietary phosphorus (P), an
important component of nucleic acids, and thus that environmental P
availability can mediate the relative success of sexual and asexual taxa
that differ in ploidy level (Figure 1).
We begin by briefly reviewing the association between asexuality
and polyploidy and bring together data suggesting that elevated
ploidy will influence body composition. Next, we present the idea that
higher ploidy will often be associated with higher demands for dietary
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Figure1 A conceptual model of how nutrient limitation contributes to the maintenance of sex. (a) Variation in bodily P content is due to variation in nucleic
acid content (Elser et al., 2003, 2006). (b) High P organisms have higher intrinsic growth rates (Elser et al., 1996, 2003), but may be more susceptible to
P limitation (Sterner and Elser, 2002). (c) Taxa with higher ploidy have higher per-cell nucleic acid content; they may also have higher nucleic acid content
per unit mass. (d) If taxa with higher ploidy have higher bodily nucleic acid content, they should also have higher bodily P content. (e) and (f) If (b) and (d)
are true, success of asexual polyploids will vary more with environmental P availability than will the success of sexual diploids. This greater sensitivity to P
availability may be sufficient on its own to maintain sex when P availability is low (e), or it may simply reduce the competitive advantage of asexuals (f).

P. We then develop the hypothesis that P availability could mediate
interactions between sexual and asexual taxa differing in ploidy level,
and we outline a series of predictions regarding the distribution of
diploid sexual and polyploid asexual taxa as a function of environmental P availability. Finally, we describe a study system that we have
used to test key elements of the hypothesis. We conclude with
suggestions for empirical approaches to determine whether higher
nutrient demands are imposed upon polyploid asexuals and whether
these increased demands are substantial enough to be relevant for the
maintenance of sex.
A DISADVANTAGE OF POLYPLOIDY?
Polyploidy is intimately associated with sex because asexual plants
and animals are often of higher ploidy level than closely related sexual
taxa (Bierzychudek, 1985; Suomalainen et al., 1987; Otto and
Whitton, 2000; recently reviewed in Neiman and Schwander, 2011).
Since ploidy-level variation can affect traits from gene expression to
the rate of spread of beneficial mutations to immune function
(reviewed in Otto and Whitton, 2000; Comai, 2005; Mable et al.,
2011; King et al., 2012), it may be of relevance when considering the
outcome of competition between sexual and asexual lineages that
differ in ploidy.
Polyploidy is most often viewed as a positive trait, either by
influencing the phenotype in a way that can provide fitness
advantages (Levin, 1983; Gregory and Hebert, 1999; Otto and
Whitton, 2000; Lundmark and Saura, 2006; Hegarty and Hiscock,
2008; te Beest et al., 2012), by facilitating adaptation via epigenetic or
genomic remodeling immediately following ploidy elevation (largely
in allopolyploids; Hegarty and Hiscock, 2007; Soltis et al., 2010;
Albertin and Marullo, 2012; Buggs et al., 2012), or by providing ‘extra’
genomic material that can serve as raw material for evolutionary
innovation (Ohno, 1970; Otto and Whitton, 2000; Parisod et al.,
2010). Recent direct empirical support for positive phenotypic effects
of polyploidy (Ramsey, 2011) and indirect evidence for a connection
between polyploidy and the evolution of novel adaptations (recently
reviewed in Flagel and Wendel, 2009; Parisod et al., 2010; Balao et al.,
2011) support the view that polyploidy is often beneficial.
Heredity

On the other hand, polyploidy may also confer costs (reviewed in
Comai, 2005; Otto, 2007). For example, population genetic analyses
suggest that the equilibrium load of harmful mutations will increase
with ploidy level (Otto and Whitton, 2000; Otto and Gerstein, 2009).
Data from a variety of plant and animal taxa also suggest that
polyploid individuals generally develop more slowly than their diploid
counterparts (Cavalier-Smith, 1978; Levin, 1983). Yet another potential cost of polyploidy was suggested by Lewis (1985), who argued that
the metabolic cost and high nitrogen and phosphorus content of
DNA meant that reduced ploidy level might be favored in nutrientpoor conditions because of reduced nutrient requirements.
In light of the frequent association of asexuality and polyploidy, we
consider whether a nutrient limitation mechanism like that envisioned by Lewis (1985) might be relevant to understanding the
distribution and maintenance of sexual diploid vs. asexual polyploid
organisms.
Ploidy, nucleic acids and whole-organism P content
The role of food resources is a focus of seminal theoretical texts on
ecological interactions and adaptive evolution (MacArthur, 1972;
Tilman, 1982; Grover, 1997; Chase and Leibold, 2003), but only
recently have researchers begun to emphasize how the nutritional
components of foods can interact to influence ecological and
evolutionary outcomes. Two main frameworks—the Geometric
Framework of Nutrition (Raubenheimer et al., 2009; Simpson and
Raubenheimer, 2012), which focuses on biochemicals (mainly protein, carbohydrates and lipids), and Ecological Stoichiometry (Sterner
and Elser, 2002), which focuses on ratios of elements (mainly carbon,
nitrogen and phosphorus)—have been developed to explore the
interactive effects of multiple dietary components on organism
performance. Some areas of emphasis in this research are that
(1) dietary nutritional imbalances provide distinct challenges for
organisms depending on the nature of the imbalance (Kay et al.,
2005) (2) scarcities of particular nutrients can affect trait expression
in specific ways (Morehouse et al., 2010) and (3), the relative
availability of nutrients can influence the nature and dynamics of
competitive and other species interactions (Moe, 2005).
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One idea from this literature that may be relevant to understanding
the distribution and maintenance of ploidy variation and sex is the
role of phosphorus (P) in organismal growth, labeled the growth rate
hypothesis (Elser et al., 1996, 2003). The premise of the growth rate
hypothesis is that nucleic acids contain B9% P per unit dry mass,
which is considerably higher than P levels in other biomolecules
except phospholipids, ATP, ADP, AMP, and free nucleotides (Elser
et al., 1996). However, unlike other P-containing biomolecules,
nucleic acids can comprise a large, but variable, fraction of organismal
dry mass (Sterner and Elser, 2002). As a result, allocation to nucleic
acids likely accounts for much of the variation in whole-organism P
concentration in a wide range of invertebrate taxa (Elser et al., 2003).
The growth rate hypothesis predicts that increased allocation to P-rich
ribosomal RNA is required to meet the protein synthesis demands of
rapid growth and thus can account for the positive association
between maximal growth rate and body P content in invertebrates
(Elser et al., 2003). Consequently, increasing allocation to nucleic
acids and thus body P content makes fitness gains more sensitive to
scarcity of environmental P (Elser et al., 2000b, 2006).
The impact of dietary P and nucleic acid allocation on organism
performance suggests a cost to polyploidy (Lewis, 1985), but this cost
has not been considered in the context of the evolution of sex. If
higher ploidy in animals is associated with higher whole-body P
content and dietary requirements, then polyploid animals may be at a
competitive disadvantage where environmental P availability is scarce.
Given the frequent difference in ploidy level between asexual and
sexual animals (Suomalainen et al., 1987; Otto and Whitton, 2000;
Lundmark and Saura, 2006), this hypothesis suggests that P availability could mediate competitive interactions between polyploid
asexual and diploid sexual taxa. This focus on a nutrient-based
disadvantage of polyploidy is a novel way to consider why sex might
be favored under some circumstances, implying that the ‘paradox’ of
sex could be mitigated by the ecological costs of additional chromosome sets in asexual polyploids.
Polyploidy and organismal phosphorus economics
Higher ploidy is generally associated with increased nuclear DNA
content (Leitch and Bennett, 2004; Cavalier-Smith, 2005; Gregory,
2001, 2005). This increased per-cell nuclear DNA content, however,
does not necessarily translate into higher whole-organism P concentration. For one, polyploids often have larger (and fewer) cells
(Fankhauser, 1945; Benfey, 1999; reviewed in Mable, 2004), and
smaller haploid genomes (Ozkan et al., 2003; Leitch and Bennett,
2004; Murray et al., 2005; Gerstein et al., 2006; Eilam et al., 2010;
Pellicer et al., 2010) relative to closely related taxa with lower ploidy.
In addition, variation in RNA content may have more of an effect
than variation in DNA content on body P content because RNA (1)
makes up a substantial fraction of organismal biomass (415% dry
mass in some animals and 440% dry mass in bacteria; Elser et al.,
1996, 2003) and (2) varies considerably among taxa (for
example, %RNA ranges from o1% to 413% dry mass in zooplankton (Gillooly et al., 2005)).
There is evidence for a positive relationship between ploidy level
and allocation to nucleic acids from research on how ploidy affects
gene expression. This question has been studied primarily in model
plant systems (reviewed in Adams, 2007) and in yeast (Galitski et al.,
1999; Pavelka et al., 2010) but has otherwise received little attention
(Comai, 2005). While gene expression in polyploid plants is often
regulated differently than in diploid progenitors (Adams and Wendel,
2005), this phenomenon is often due more to hybridization than to
polyploidy per se (Levin, 1983; Albertin et al., 2006; Wang et al., 2006;

Adams, 2007; Stupar et al., 2007; Church and Spaulding, 2009; Ng
et al., 2012). In fact, polyploidization usually does not substantially
affect expression levels of individual gene copies, such that wholeorganism expression of a given gene product is most often a positive
function of ploidy (Bachmann and Bogart, 1975; Guo et al., 1996;
Galitski et al., 1999; reviewed in Wendel, 2000; Birchler et al., 2001;
Auger et al., 2005; Stupar et al., 2007; Pignatta et al., 2010; Albertin
and Marullo, 2012). Altogether, the outcomes of these studies on the
relationship between ploidy and gene expression imply that wholeorganism RNA content should typically scale up with ploidy level,
though this relationship remains to be well established in animals. In
general, information is needed on whole-organism allocation to DNA
and RNA in closely related taxa that differ in ploidy, as research on
nucleic acids and ploidy has been focused primarily at the cellular and
genetic level.
If body P content generally increases with ploidy, it is likely that
ploidy differences will be associated with differences in sensitivity to
environmental P scarcity. Stoichiometric models that combine
information on energetics and body composition predict that body
P content (and body carbon (C):P ratio) is an important determinant
of sensitivity to P limitation (Frost et al., 2006; Shimizu and Urabe,
2008). This prediction has received some empirical support in both
aquatic and terrestrial systems (Stelzer and Lamberti, 2002; Fagan and
Denno, 2004; Frost et al., 2006; Shimizu and Urabe, 2008).
There is also evidence that scarcity of particular nutrients has
influenced the evolution of body composition. For example, Elser
et al. (2011) provide evidence that some variation in amino-acid
composition among taxa reflects selection for efficient use of limited
nutrients. Similarly, Hessen et al. (2010) suggest that genome
streamlining could be favored under conditions of P scarcity,
particularly if there is corresponding selection for rapid growth.
These authors also suggest that demand for rapid maximal growth
may have favored increased allocation of P to RNA instead of DNA
production. Altogether, though we still only have a very limited
understanding of how nutrient (and particularly P) limitation has
influenced the evolution and maintenance of animal ploidy variation,
the ideas involved are supported by existing theory and data and are
well suited for testing with both lab- and field-based studies.

CONSEQUENCES OF HIGH P CONTENT FOR ASEXUAL
ECOLOGY
If greater allocation to P-rich materials increases dietary P requirements for asexual polyploids, it may mediate competitive interactions
across environmental P gradients (Figure 1). Specifically, greater
sensitivity to P availability in asexual polyploids may eliminate
(Figure 1e) or at least diminish (Figure 1f) the sexuality and/or
ploidy-related competitive advantage over diploid sexuals when P is
limiting. As a result, sexual diploid animal taxa may be more likely to
persist in environments where P is relatively scarce.
The idea that ploidy affects organismal ecology has a long history
(Vandel, 1928; Stebbins, 1938; Suomalainen, 1950; Cavalier-Smith,
1978; Bell, 1982; Levin, 1983; Bierzychudek, 1985), but there is still no
consensus on whether there are definitive advantages or costs of
polyploidy that can explain its frequency and distribution (Mable and
Otto, 1998; Mable, 2001; Ramsey and Schemske, 2002; Zeyl, 2004;
Buggs and Pannell, 2007; Gerstein and Otto, 2009; Soltis et al., 2010;
Beck et al., 2011; Mayrose et al., 2011; Ramsey, 2011). The advantages
and disadvantages of polyploidy and its relevance to the distribution
and maintenance of sex have been reviewed extensively
(Bierzychudek, 1985; Suomalainen et al., 1987; Otto and Whitton,
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2000; Comai, 2005; Kearney, 2005; Lundmark and Saura, 2006), so we
provide only a brief overview.
The ecological consequences of polyploidy are difficult to empirically disentangle from those directly related to asexuality, with which
it is so often associated (Bierzychudek, 1985; Otto and Whitton, 2000;
Hörandl, 2006; Mable et al., 2011). In a diverse array of plants and
animals, asexual lineages (Vandel, 1940; Suomalainen, 1950; Ghiselin,
1974; Levin, 1975; Bell, 1982; Lynch, 1984; Law and Crespi, 2002;
Hörandl, 2006) and polyploid taxa (Vandel, 1928; Bierzychudek,
1985; Beaton and Hebert, 1988; Kearney, 2005; Maniatsi et al., 2011)
increase in abundance at higher latitudes or altitudes relative to their
sexual and/or lower ploidy counterparts. Some authors have pointed
to advantages and disadvantages of asexuality per se as an explanation
for these different distributional patterns (Levin, 1975; Glesener and
Tilman, 1978; Bell, 1982; Jensen et al., 2002; Frantz et al., 2006;
Ben-Ami and Heller, 2007; Martins et al., 2008). However, several
authors have instead suggested that polyploidy is a more likely
explanation (Bierzychudek, 1985; Beaton and Hebert, 1988;
Lundmark and Saura, 2006; Adolfsson et al., 2010). For example,
Bierzychudek (1985) pointed out that asexuality was so frequently
associated with polyploidy in plants that it was ‘premature’ to
implicate sex as a causal factor for distributional differences between
asexual and sexual plant taxa (also see Suomalainen et al., 1987).
Instead, she proposed that the genetic advantages of polyploidy (for
example, mutational buffering) might instead underlie the broad
distribution of asexual relative to sexual forms.
This idea has found support from studies such as that of Stenberg
et al. (2003), who contended that broad distribution of triploid vs.
diploid asexual weevils suggested an intrinsic advantage of polyploidy
(also see Adolfsson et al., 2010). More broadly, Stenberg et al. (2003)
presented evidence for ‘geographical polyploidy,’ a pattern analogous
to geographical parthenogenesis, in which polyploid forms, regardless
of sexuality, also tend to be found in higher latitudes (also see
Suomalainen et al., 1987). They argued that this pattern suggests that
ploidy plays a key role in determining the distribution of many sexual
and asexual taxa.
Other perspectives are also common. For example, Kearney (2005)
and Hörandl (2006) contend that polyploidy per se does not provide
a sufficient explanation for distributional differences between sexual
and asexual taxa. A similar conclusion is reached by a more recent
paper exploring the geographic distribution of diploid sexual and
diploid, triploid, and tetraploid asexual brine shrimp (Maniatsi et al.,
2011). Kearney (2005) concluded that hybridization may be a more
important contributor to these distributional differences than polyploidy in animal parthenogens. This finding points to the importance
of controlling for hybrid ancestry, which is very common in asexual
polyploids, when evaluating the ecological consequences of polyploidy. Given the common co-occurrence of hybridization, polyploidy, and asexuality, it is perhaps not surprising that the extent to
which polyploidy is likely to explain different distributions of sexual
and asexual taxa is controversial and remains unclear (Mable, 2004;
Lundmark and Saura, 2006; Vrijenhoek and Parker, 2009; Maniatsi
et al., 2011; King et al., 2012).
P availability and the predicted distribution of asexual polyploids
All else being equal, if polyploid animal taxa show greater sensitivity
to environmental P, there should be predictable associations between
the distribution of diploid and polyploid lineages and the availability
of P. In particular, diploids should tend to be found in habitats in
which P availability is low relative to habitats in which polyploid
counterparts are common. If we apply these predictions to the
Heredity

distribution of sexual diploids vs. asexual polyploids, we would
expect that asexual polyploids would occur at high frequency relative
to diploid sexual relatives in relatively P-rich habitats, especially given
the growing body of evidence for a growth rate advantage of
organisms with higher allocation to rRNA (growth rate hypothesis,
Elser et al., 1996) in environments where P is not limiting (Elser et al.,
2006). In contrast, diploid asexuals should not be distributed
differently than diploid sexuals with regard to P availability. Across
asexual animal taxa, the higher the ploidy level, the more restricted
their distribution should be with regard to P availability.
Similar arguments have been made with respect to the evolution of
ploidy level in unicellular organisms (Lewis, 1985), heterochromatic
content (Cavalier-Smith, 2005) and genome size (Elser et al., 2000a;
Hessen et al., 2008, 2010). Of most direct relevance to our hypothesis
is empirical evidence from algae and yeast suggesting that haploids are
better competitors than diploids in low-P environments (Adams and
Hansche, 1974; Destombe et al., 1993; Zeyl, 2004; but see Mable,
2001). Several well-established broad-scale biogeographical patterns
are consistent with hypotheses relating nuclear DNA content to
dietary P availability, though whether these patterns are directly linked
to P limitation remains untested. For example, Knight and Ackerly
(2002), found that angiosperm taxa with relatively high nuclear DNA
content were more limited by temperature extremes and low annual
precipitation than taxa with lower nuclear DNA content. Gregory and
Hebert (1999) argued that a similar association between organisms
with larger total cellular DNA content (that is, both higher ploidy and
larger genomes) and higher latitude and/or altitude provides convincing support for the hypothesis that natural selection can act directly
upon nuclear DNA content.
The well-established pattern of greater prevalence of polyploids at
higher latitudes and altitudes could be linked to corresponding
gradients in nutrient availability. Temperate and tropical soils vary
substantially in age and fertility, but the warm, high-precipitation
environments in the tropics tend to have soils that are older, more
highly leached, and less fertile than soils at higher latitudes (Chadwick
et al., 1999). Several studies have found broad-scale increases in plant
leaf nitrogen (N), P and P:N ratio at higher latitudes (Reich and
Oleksyn, 2004; McGroddy et al., 2004; Kerkhoff et al., 2005) that
reflect these changes in soil fertility, suggesting that P constraints in
particular may be less important at the base of food webs at higher
latitudes. Similar altitudinal trends in leaf nutrient concentrations
have also been documented (Körner, 1989).
Given that P limitation for autotrophs appears to be prevalent in
marine, freshwater, and terrestrial systems, selective constraints on
P-demanding traits may be widespread. However, global patterns of P
limitation are still poorly described, especially for animals, and a
comprehensive survey of available data suggested that latitude may be
a poor predictor of P limitation (Elser et al., 2007). It is clear that
detailed studies on trophic interactions and the extent of nutrient
limitation in natural populations are needed before nutrient availability can be directly implicated in the distribution of sexual vs.
asexual animal taxa and the maintenance of sex.
CASE STUDY: BODY COMPOSITION IN SEXUAL DIPLOID VS.
ASEXUAL POLYPLOID FRESHWATER SNAILS
One potential model system for studying relationships among P
limitation, animal polyploidy, and sex is the New Zealand freshwater
snail Potamopyrgus antipodarum. This species is characterized by
obligately sexual and obligately asexual individuals that co-occur in
lakes across New Zealand (Winterbourn, 1970; Lively, 1987, 1992).
Like many asexual animals (Suomalainen et al., 1987; Otto and
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Whitton, 2000), asexual P. antipodarum are polyploid (triploid (3  )
and 43  ) and sexuals are diploid (Wallace, 1992). One exceptional
characteristic of this system is that there is substantial across-lake
variation in the relative frequency of sexual and asexual snails (Lively
and Jokela, 2002), and in the relative frequency of triploid and 43 
asexuals (Neiman et al., 2011). In addition, asexual lineages are
the product of multiple independent transitions from sexual
P. antipodarum (Dybdahl and Lively, 1995; Neiman and Lively,
2004) and 43  asexuals have also evolved multiple times (apparently from triploid ancestors, Neiman et al., 2011). The repeated
transitions to polyploid asexuality from sexual diploid P. antipodarum
and the multiple origins of ploidy variation within asexual
P. antipodarum make it possible to disentangle the effects of sex
and ploidy on traits such as resource demands while controlling for
potential confounding factors of genetic background.
For P-limitation to pose a disadvantage for polyploids, higher
ploidy must be associated with higher P concentrations in whole
organisms and asexual polyploids must be more sensitive to P
limitation than sexual diploids. We have evidence that both conditions are met in P. antipodarum. First, triploid asexuals were found to
have higher body P content than sexual diploids (Neiman et al.,
2009). As expected, the higher P content in triploids was explained by
higher (B 50%) per-mass amounts of DNA and RNA relative to
diploids (Neiman et al., 2009). Also, significant differences in P
content among lineages were mostly explained by variation in RNA
content, and nucleic acids comprised a majority of the somatic P
content (mean±s.e.: RNA ¼ 46.0%±2.2%; DNA ¼ 19.8%±1.2%).
Subsequent to the publication of our initial comparison (Neiman
et al., 2009), we learned that one (then unknown) 43  lineage had
been included in this study. As expected from a direct link between
ploidy level and bodily P content, this lineage had the highest mean P
content of all lineages included in this study and had B2  the P of
the sexual diploids.
Although no study has compared P limitation between diploid and
polyploid P. antipodarum, there is evidence that polyploid
P. antipodarum are sensitive to P limitation. On a P-limited diet,
triploid P. antipodarum exhibit lower growth rates, later reproduction,
and smaller broods relative to snails fed a diet high in P (Tibbets
et al., 2010). In addition, growth of 43  P. antipodarum is more
sensitive to P limitation than growth of triploids (Neiman, Kay, Krist,
in review).
These data are the first to show differences in elemental composition between sexual and asexual animals, and satisfy critical assumptions of the hypothesis that P limitation could pose a cost to
polyploidy in P. antipodarum. They set the stage for the possibility
that sexual diploid snails could make up at least some of the cost of
sex where environmental P availability is scarce.
EMPIRICAL APPROACH
There are not yet sufficient data to directly test whether P constraints
on polyploidy contribute broadly to the persistence of sex in natural
populations. Relevant work toward this end would be based on
comparisons between sexual and asexual animal taxa of varying
ploidy. This would include (1) estimation of DNA and RNA
contributions to biomass (Neiman et al., 2009), (2) mesocosm
experiments estimating the sensitivity of growth rate or other fitness
correlates to dietary P availability, (3) lab and field experiments
examining whether P availability mediates outcomes of competition
between sexual vs. asexual taxa and/or taxa of different ploidy,
(4) observational and experimental studies examining whether asexual polyploids become more prevalent than diploid relatives in

communities under P-rich conditions and (5) laboratory experiments
and genetic analyses comparing traits relevant to nutrient demand
(for example, genome size, cell size, P-demand, rRNA gene copy
number, gene expression patterns, P, and RNA content) in populations from environments with a range of P availability and in
established vs. recently derived polyploid lineages. This last approach
could provide insight into whether there is local adaptation and
acclimation to P availability (Elser et al., 2000a, 2006; DeMott and
Pape, 2005; Jeyasingh and Weider, 2007; Jeyasingh et al., 2009) and
whether polyploids change predictably over evolutionary time (Leitch
and Bennett, 2004). The answers to these questions will provide
important steps towards understanding whether and how evolution is
mediated by the interaction between P requirements and P availability. In general, a better understanding of genetic, biochemical, and
physiological differences between polyploids and diploids as well as
sexual vs. asexual taxa should help identify differences in sensitivity to
resource availability, which may in turn reveal key ecological conditions mediating the success of sex.
We suggest that empirical work on the ploidy-sex-phosphorus
connection should focus on invertebrate animals. This hypothesis is
likely more relevant for invertebrate biology than for vertebrate or
plant biology because nucleic acids contribute a much higher fraction
of organism P in invertebrates than in vertebrates, which contain a
substantial fraction of P in bones (Sterner and Elser, 2002), and in
plants, which can store large amounts of P in vacuoles (Matzek and
Vitousek, 2009). These alternative P pools could obscure relationships
between P limitation and allocation to nucleic acids (Hessen et al.,
2010).
Disentangling the role of polyploidy and nutrient limitation in the
distribution and maintenance of sex requires study systems that allow
phylogenetically independent comparisons of taxa that vary in ploidy,
but not sex, and vice versa, and are otherwise very similar. In other
words, taxa are needed that vary in mating system and ploidy such
that mating systems can be compared and ploidy level held constant
and ploidy can be compared while mating system is held constant.
While these requirements are quite simple, few taxa are likely to
provide an ideal basis for comparison. For example, pseudogamous
(sperm dependent) asexual animals, which are common (Beukeboom
and Vrijenhoek, 1998), are of limited use for addressing questions
involving differential distribution of taxa that differ in ploidy level
because their distribution is constrained by the distribution of the
sexual taxon(a) from which they parasitize sperm. Hybrid asexual taxa
are also less than ideal because their asexual status is confounded with
hybrid ancestry. Examples of systems that seem to be ideally suited
based on criteria outlined above are rare, but include many weevil
taxa (2  sexuals, asexual 2–5  ; Suomalainen, 1969; Tomiuk and
Loeschcke, 1992) and the brine shrimp Artemia (sexual 2  , asexual
2–4  ; Maniatsi et al., 2011). Other systems that allow at least partial
decoupling of sex and ploidy level include Potamopyrgus antipodarum
(sexual 2  , asexual 3–4  ; Neiman et al., 2011) and the cockroach
genus Pycnoscelus (2  sexuals, 2  and 3  asexuals; Gade and
Parker, 1997). Thorough surveys of many additional polyploid taxa
that vary in mating system can be found in Suomalainen et al. (1987);
Otto and Whitton (2000); Lundmark and Saura (2006); and Neiman
and Schwander (2011).
CONCLUSIONS
The potential for higher sensitivity to P limitation in polyploids may
constitute an ecological cost often associated with asexuality that
could help to explain some of the distributional differences between
sexual diploid and asexual polyploid animal taxa. This hypothesis for
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the maintenance of sex is novel in suggesting that when polyploidy is
costly, it may at times counter the cost of sex, and also in postulating
a potential advantage for diploid sexuals when resources are limited.
Multiple mechanisms may often contribute to the persistence of sex
(West et al., 1999; recently reviewed in Zimmer, 2009, Meirmans
et al., 2012). This means that any disadvantages conferred by nutrient
constraints upon polyploid asexuals may facilitate the maintenance of
sex, even if nutrient costs are too low to favor sex when considered
alone. In particular, we suggest that nutrient constraints on polyploid
asexuals will influence the importance of other mechanisms favoring
sex across resource gradients. For example, benefits obtained from
producing genetically variable offspring may more commonly provide
a net advantage for sexuals over polyploid asexuals under P-limited
conditions. Thus, resource-related disadvantages of polyploidy should
be viewed as complementary to other mechanisms that may favor
sexual reproduction.
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