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Evolutionary and ecological factors that explain natural variation in ploidy level remain poorly understood. One intriguing possi-

bility is that nutrient costs associated with higher per-cell nucleic acid content could differentially influence the fitness of different

ploidy levels. Here, we test this hypothesis by determining whether access to phosphorus (P), a main component of nucleic acids,

differentially affects growth rate in asexual freshwater snails (Potamopyrgus antipodarum) that differ in ploidy. As expected if

larger genomes generate higher dietary P requirements, tetraploid P. antipodarum experienced a more than twofold greater re-

duction in growth rate in low-P versus high-P conditions relative to triploids. Mirroring these results, tetraploid P. antipodarum also

had a significant reduction in body P content under low P relative to high P, whereas triploid body P content was unaffected. Taken

together, these results set the stage for the possibility that P availability could influence the distribution and relative frequency

of P. antipodarum of different ploidy levels. These findings could be applicable to many other animal taxa featuring ploidy-level

variation, which includes many mixed sexual/asexual taxa.
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There is remarkable variation in eukaryotic genome size and

structure (Gregory 2005; Lynch 2007). For example, the largest

genomes contain at least 40,000× more DNA than the smallest

(Gregory 2012), and eukaryotes can range from haploid (e.g.,

Weeks et al. 2001) to at least 38-ploid (Hair and Beuzenberg

1961; Bennett and Leitch 2010). Characterization of the evolu-

tionary and ecological mechanisms maintaining this variation will

provide novel and broadly important insights into how genome

structure and size influence evolutionary processes and are af-

fected by ecological context (e.g., Leitch and Leitch 2008; King

et al. 2012).

Central to understanding the maintenance of ploidy-level

variation is identifying ways in which polyploid phenotypes are

likely to differ from diploid counterparts. This question has been

of interest to biologists for decades, even drawing the attention

of Albert Einstein (Fankhauser 1972). The costs and benefits of

polyploidy have been the subject of many recent comprehensive

reviews (e.g., Comai 2005; Otto 2007; Parisod et al. 2010; Mable

et al. 2011; Albertin and Marullo 2012), so we here provide only a

brief overview. In particular, polyploidy is often viewed as a pos-

itive trait either because of its direct effects on fitness-enhancing

phenotypes (e.g., Ramsey 2011; reviewed in te Beest et al. 2012)

or because it increases the raw material available for evolutionary

innovation (reviewed in Otto and Whitton 2000; Parisod et al.

2010; Albertin and Marullo 2012; te Beest et al. 2012). How-

ever, polyploidy may also confer costs (reviewed in Comai 2005;

Otto 2007). Examples of such costs include an increase in the

equilibrium load of harmful mutations (Otto and Whitton 2000;
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Otto and Gerstein 2009) and decreased rate of development (e.g.,

Fankhauser 1945; Cavalier-Smith 1978; Levin 1983).

Another potential cost of polyploidy may arise if the pres-

ence of extra genome copies influences nutrient demands because

of increased allocation to nucleic acids (Lewis 1985; Hessen et al.

2008, 2010; Neiman et al. 2009, 2013; Van Geest et al. 2010). Be-

cause nucleic acids contain more phosphorus (P; approximately

9% dry mass) than other major biomolecules and can comprise a

large fraction of organismal dry mass (Sterner and Elser 2002),

allocation to nucleic acids accounts for much of the variation in

whole-organism P concentration in a wide range of taxa (Elser

et al. 2003). The high P content of nucleic acids has been pre-

dicted to result in positive relationships among ploidy, nucleic

acid content, and dietary P in organisms ranging from micro-

bial eukaryotes (Lewis 1985) to angiosperms (Leitch and Bennett

2004) to animals (Neiman et al. 2009, 2013). Consequently, nutri-

ent costs should increase sensitivity to environmental P limitation

in polyploid organisms. This hypothesis may be particularly ap-

plicable to invertebrate animals because nucleic acids comprise

an especially high fraction of whole-organism P content (Sterner

and Elser 2002).

No explicit tests of this hypothesis exist, although a few stud-

ies support some of the main assumptions. The one study of which

we are aware that compared nucleic acid and phosphorus content

between organisms differing in ploidy level found the expected

approximately 50% increase in bodily nucleic acid and P content

in triploid versus diploid New Zealand freshwater snails (Pota-

mopyrgus antipodarum; Neiman et al. 2009). A few studies have

provided evidence that constraints imposed by P limitation might

influence the evolution of ploidy level or genome size in animals

(e.g., Hessen et al. 2008; reviewed in Hessen et al. 2010). How-

ever, these studies have involved comparisons between allopatric

and distantly related taxa that differ in many ways besides ploidy

level, which ultimately permits only indirect inferences into the

extent to which sensitivity to limited P is linked to ploidy level.

Here we report the most direct test to date of whether higher

ploidy increases sensitivity to dietary P limitation in closely re-

lated and sympatric animals differing only in ploidy level. Our

study species, P. antipodarum, a New Zealand freshwater snail,

possesses several unusual traits that make it ideally suited to eval-

uate this hypothesis. First, the frequent coexistence of asexual

triploid P. antipodarum with asexual P. antipodarum that have

genome sizes exceeding triploidy (herein "tetraploid"; Neiman

et al. 2011, 2012) allows for direct and powerful comparisons

between closely related, sympatric, and phenotypically similar

organisms differing in ploidy level. Second, individual growth

rate and reproduction in triploid P. antipodarum increases with

the P content of their food, indicating that polyploid P. antipo-

darum are sensitive to P limitation (Tibbets et al. 2010). Third, the

first known survey of the relationship of ploidy level to body com-

position in animals demonstrated that mass-specific DNA, RNA,

and P content generally increase with ploidy in P. antipodarum

(Neiman et al. 2009).

For this study, we used triploid and tetraploid P. antipodarum

to test whether ploidy affects individual growth rate (a main fit-

ness correlate, Arendt 1997) under dietary P deficiency. Specifi-

cally, we predicted that a decrease in dietary P availability should

result in a greater reduction in individual growth in tetraploids

than triploids. Such growth rate responses would likely reflect fit-

ness differences because P. antipodarum females that grow more

slowly reach reproductive maturity later (Tibbets et al. 2010) and

reproductive maturity and fecundity in P. antipodarum are pos-

itively linked to female size (Winterbourn 1970b; Tibbets et al.

2010). If polyploidy increases sensitivity to P limitation, it would

suggest that competitive outcomes between individuals or subpop-

ulations differing in ploidy could be mediated by environmental

P availability.

Materials and Methods
We added one randomly sampled juvenile individual (∼ 1.0 to

2.5 mm in length from shell aperture to tip) from each of 20

triploid P. antipodarum lineages and from each of 5 lineages of

the rarer and recently discovered tetraploids (Neiman et al. 2011),

to each of 24 2.4-L aquaria, for a total of 600 juvenile snails.

Aquaria thus represented a blocking factor and will from this point

on be referred to as “block.” Hence, each snail within each block

was a replicate for its lineage, and each lineage was a replicate

within a ploidy level (triploid or tetraploid). We used nail polish to

mark each individual within a block with a lineage-specific mark.

All lineages were originally founded by a single asexual female

collected from various populations in their native range in New

Zealand or from invasive populations in Europe or North America.

Descendants of these females were subsequently maintained in

laboratory conditions; all individuals that descended from one of

these females constitute a lineage. The ploidy of each of these

25 independently derived lineages was determined previously by

flow cytometry (Neiman et al. 2011, 2012). Aquaria received

continuously recirculating filtered well water and were kept in a

22◦C to 24◦C room on a 12 hour : 12 hour light/dark cycle.

In natural conditions, P. antipodarum consume green algae

(e.g., Hicks 1997) and detritus (e.g., James et al. 2000). We used

the green alga Scenedesmus acutus for our food treatments be-

cause we can easily manipulate its P content, have successfully

reared P. antipodarum on S. acutus, and have demonstrated P

limitation in P. antipodarum fed low-P versus high-P S. acutus

(Tibbets et al. 2010). For this experiment, we reared snails on low

P (C : P ∼ 1220; standard deviations (SD) for %C = 2.00, %P =
0.03) or high P (C : P ∼ 153; SD for %C = 1.27, %P = 0.19)

S. acutus algae (12 replicates / diet). Diet molar C : P ratios were
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above (low P) or below (high P) the threshold elemental ratio

(Frost et al. 2006) for P limitation, estimated at C : P ∼ 270 for P.

antipodarum (Tibbets et al. 2010). We added 0.0004g dried algae

(resuspended in 30 ml well water) per snail three times per week;

this amount of food is equivalent to an ad libitum food treatment

under these conditions (high-food level in Krist et al. 2004). After

adding algae, we turned off water flow for 15 hours to allow set-

tling and minimize loss through outflow. We moved all the snails

within each aquarium to a clean aquarium every 7 days.

We measured shell length (aperture to tip) at the beginning

of the experiment, at day 18, and at day 36. At day 36, 35 in-

dividuals (∼6.1% of all 570 snails alive at the end of the ex-

periment) possessed embryos, indicating reproductive maturity.

Because growth in P. antipodarum slows markedly near repro-

ductive maturity (Winterbourn 1970b), we only used the initial

18-day period for estimating growth. At the end of the experiment

we removed head tissue (for flow cytometry; data not included),

snap froze the remaining body tissue, and then stored the tissue

samples at −80◦C.

We used these tissue samples to measure snail body P con-

tent to assess potential mechanisms for differential growth re-

sponses to P limitation. Following the methods used in Neiman

et al. (2009), we used ascorbate-molybdate colorimetry to mea-

sure body P content for 242 P. antipodarum from the growth rate

experiment. These 242 individuals represented all the snails from

six blocks and included all but two of the 20 triploid lineages

(76 individuals from the low-P treatment and 98 individuals from

the high-P treatment) and all 5 tetraploid lineages (23 individu-

als from the low-P treatment and 29 individuals from the high-P

treatment). Percent P recovery (111%–122%) was determined by

comparison to bovine muscle standard (NIST 8414); P content of

P. antipodarum was adjusted accordingly.

STATISTICAL ANALYSES

All statistical analyses were conducted with IBM SPSS (v. 19).

We estimated specific growth rate as ln(length at 18 days/length

at 0 days) / 18 days for each individual snail (Sterner and Elser

2002). Because there was a significant negative relationship be-

tween initial length and specific growth rate (linear regression,

r = −0.25, F1,583 = 39.63, P < 0.001), we saved the residuals

from this regression to provide a size-corrected estimate of growth

rate. We then used univariate analysis of variance (ANOVA) to de-

termine whether the fixed factors of ploidy level and phosphorus

treatments alone or in interaction affected growth rate. To control

for lineage effects, we nested the random factor of lineage within

ploidy level. We also nested the random factor of block within

food treatment. We addressed whether triploids and tetraploids

were affected differently by the diet treatments by using univari-

ate ANOVA (with the same basic model structure as above) to

conduct post hoc comparisons within ploidy and treatment levels.

Table 1. Results of a univariate ANOVA evaluating the effects of

the fixed factors of the ploidy and diet treatments and the random

effects of lineage and block on specific growth rate (initial length

residuals). Snail lineage was nested within ploidy level and blocks

were nested within treatment.

Source df (error) MS (error) F P

Ploidy 1(22.98) 1.49(7.97) 0.19 0.670
Treatment 1(29.99) 22.38(1.53) 14.65 0.001
Treatment ∗ Ploidy 1(536) 3.95(0.62) 6.41 0.012
Lineage (Ploidy) 23(536) 7.93(0.62) 12.86 < 0.001
Block (Treatment) 22(536) 2.03(0.62) 3.3 < 0.001

Because growth in female P. antipodarum slows or stops at

reproductive maturity (Winterbourn 1970b) and because P con-

tent is expected to vary with growth rate (Elser et al. 2003), we

excluded reproductive individuals (N = 16) from the analysis of

body P content. To control for the effects of body size, we used

residuals from the log–log regression of individual body P mass

and individual body biomass. We then used these residuals as the

dependent variable, ploidy level and diet treatment as fixed main

factors and in interaction, and block (nested within treatment),

analysis date, and lineage (nested within ploidy level) as random

factors in a univariate ANOVA. As for the growth rate experiment,

we then used univariate ANOVA to conduct post hoc comparisons

within ploidy and treatment levels to evaluate whether P content

in triploids versus tetraploids were differentially affected by our

diet treatments.

Results
All but 15 of the 600 experimental P. antipodarum (97.5%) sur-

vived for at least 18 days. The mean individual shell length growth

per day (high P: 0.055 ± 0.01 mm/day SD; low P: 0.049 ±
0.009 mm/day) was similar to other studies that measured growth

rates in juvenile P. antipodarum fed a variety of diets (Dorgelo

et al. 1995; Broekhuizen et al. 2001; Dorgelo and Leonards 2001).

The similarity in growth rates between our experiment and other

studies suggests that the growth of the P. antipodarum in our ex-

periment is a reasonable approximation of individual growth rate

under adequate versus limited P.

The low-P diet had a marked negative effect on P. antipo-

darum specific growth rate (Table 1, Fig. 1), such that individuals

in the low-P treatment grew approximately 14.5% less than indi-

viduals in the high-P treatment. A marked reduction in specific

growth rate under low P versus high P was also apparent within

both triploids (univariate ANOVA: F1,22.02 = 6.15, P = 0.021)

and tetraploids (F1,22.08 = 14.35, P = 0.001). Overall, these re-

sults indicate that we successfully imposed P limitation in the

low-P treatment for both triploids and tetraploids.
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Figure 1. Relationship between initial length-corrected specific

growth rate and diet P content for triploid (filled circles) and

tetraploid (open circles) Potamopyrgus antipodarum. There was a

significant positive effect of the high-P diet, demonstrating P lim-

itation. We also detected a significant diet by ploidy interaction,

which was caused by the much more severe reduction in specific

growth rate for tetraploids in the low-P treatment relative to their

growth in the high P treatment compared to triploid growth rate

in high-P versus low-P conditions.

Figure 2. Relationship between snail P content (log mass resid-

uals; y-axis) and dietary P content for triploid (filled circles)

and tetraploid (open circles) Potamopyrgus antipodarum. There

was a significant interaction between diet P content and ploidy

level caused by the significant reduction in bodily P content of

tetraploids but not triploids under low-P conditions.

We detected a significant ploidy-by-diet interaction for spe-

cific growth rate (Table 1, Fig. 1), which was driven by a reduc-

tion in growth rate in low-P versus high-P conditions that was

substantially more severe for tetraploids (mean approximately

29% decrease in specific growth rate) than it was for triploids

(mean approximately 11% decrease in specific growth rate). Spe-

cific growth rate was also affected by lineage (nested within

ploidy; Table 1, Fig. S1) and block (nested within treatment;

Table 1).

Table 2. Results of a univariate ANOVA evaluating the effects of

the fixed factors of the ploidy and diet treatments and the random

effects of lineage, block, and P analysis date on bodily P content

(dry mass residuals). Snail lineage was nested within ploidy level

and blocks were nested within treatment.

Source df (error) MS (error) F P

Ploidy 1(20.37) 0.36 (1.06) 0.34 0.569
Treatment 1(39.85) 1.57 (1.23) 1.27 0.266
Treatment ∗ Ploidy 1(185) 3.76 (0.92) 4.08 0.045
Lineage (Ploidy) 21(185) 1.06 (0.92) 1.15 0.302
Block (Treatment) 14(185) 1.62 (0.92) 1.76 0.047
P analysis date 2(185) 2.95 (0.92) 3.2 0.043

We detected a significant ploidy-by-diet interaction for P.

antipodarum P content (Fig. 2, Table 2). Comparisons of P content

within ploidy levels revealed that these effects of P treatments

on P content were much more severe for tetraploids than for

triploids. These results mirrored the outcome of the growth rate

comparisons: although triploid P content was unaffected by P

treatment (F1,34.92 = 0.17, P = 0.685), tetraploids experienced

a marked reduction in body P content under low-P conditions

(F1,15.38 = 6.35, P = 0.023). There was no significant effect of

lineage (nested within ploidy; Table 2) on body P content, but

there were significant effects of date of analysis (Table 2) and

block (nested within treatment; Table 2).

Discussion
We predicted that tetraploids would show a more substantial re-

duction in growth rate under low-P conditions compared to their

performance in high-P conditions than triploids if the high P con-

tent of nucleic acids imposes greater sensitivity to P limitation

(Neiman et al. 2009, 2013). Consistent with these expectations,

we found that growth rate in tetraploid P. antipodarum was much

more negatively affected by dietary P scarcity than it was in

triploids.

These results are the first to show experimentally that ploidy

and dietary P can have an interactive effect on growth in animals.

Benefits of polyploidy, including genomic buffering and greater

potential for evolutionary innovation, have received considerable

attention as factors explaining ploidy variation (e.g., Otto and

Whitton 2000; te Beest et al. 2012). Although infrequently em-

phasized, nutrient and energy costs associated with nucleic acid

production and maintenance may also influence polyploid evolu-

tion (Lewis 1985; Neiman et al. 2009, 2013); a similar argument

has been offered for nutrient constraints on genome size evolution

(Hessen et al. 2008, 2010). Evaluating these nutrient constraint

hypotheses with comparisons between distantly related and/or al-

lopatric taxa is difficult because potential differential effects of
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P limitation are confounded by the many other differences likely

to exist between organisms that are not close relatives and/or

do not coexist. The recent identification of asexual tetraploids

in P. antipodarum (Neiman et al. 2011, 2012; Liu et al. 2012)

provides a rare opportunity to study ploidy effects in an experi-

mentally tractable animal system while controlling for mode of

reproduction. Our result showing an interaction between ploidy

and sensitivity to P limitation suggests that variation in P avail-

ability warrants additional attention as a potential driver of ploidy

variation.

We also found that triploid and tetraploid P. antipodarum

differed in the sensitivity of their body P content to dietary P:

while body P content of triploids was unaffected by P treatment,

tetraploids experienced a significant drop in body P content un-

der low-P conditions relative to high-P conditions. The parallel

responses of specific growth rate and body P content in triploids

and tetraploids under low-P conditions versus high-P conditions is

consistent with the main prediction of the growth rate hypothesis

(Elser et al. 2003): higher individual growth rates are driven by

increased allocation of biomass to rRNA, which is rich in P rel-

ative to other major biomolecules in nonvertebrate animals. The

higher growth rate and P content of tetraploids under high P is

also consistent with the possibility that additional genome copies

in tetraploids may allow them to produce more protein when P is

adequate (e.g., DeMaggio and Lambrukos 1974; de Godoy et al.

2008).

Although we found a clear connection between ploidy and

response of growth rate to P, much of the variation in growth

rate in our study was explained by a main effect of dietary P.

Similar major consequences of low dietary P content have been

documented in other benthic snails (Stelzer and Lamberti 2002),

including P. antipodarum (Tibbets et al. 2010). The major role

of dietary P, along with the substantial within-ploidy level effects

of lineage on growth rate, suggests that some of the impact of P

scarcity on P. antipodarum is likely to be independent of ploidy

differences. More broadly, although our data suggest that ploidy

level can profoundly influence response to P limitation, more in-

formation is needed to determine the extent to which dietary P and

ploidy can interact to influence competitive outcomes, especially

under field conditions.

Alternative explanations for the patterns we observed can-

not be excluded with the data at hand. One potential alternative

mechanism for our findings involves behavioral interactions. In

our experiment, we placed one snail from each of 25 lineages

(20 triploid, 5 tetraploid) in each of 24 aquaria that we then as-

signed to either the low-P or high-P treatment. As a result, snails

from each lineage interacted over the course of the experiment.

In part, we chose this design over one where snails were isolated

because the diverse groups of P. antipodarum used in our experi-

ment provide a closer approximation to natural populations of P.

antipodarum, which are very diverse (Fox et al. 1996; Jokela et al.

2003) and often high density (e.g., Schreiber et al. 1998). How-

ever, because this design does allow snails to interact, we cannot

formally exclude the possibility that our results reflect an undoc-

umented pattern of behavioral interaction (e.g., increased antag-

onistic interactions particularly detrimental to tetraploids under

low-P conditions) and/or other potential phenotypic differences

that may exist between triploids and tetraploids.

An important context for this work is the wide across-

population variation in the relative frequency of sexual diploid

and asexual polyploid P. antipodarum (Lively 1987; Lively and

Jokela 2002) and triploid vs. tetraploid asexual P. antipodarum

(Neiman et al. 2011). This variation is in large part responsible

for the growing prominence of P. antipodarum as a model sys-

tem for studying the maintenance and distribution of sex (e.g.,

Neiman et al. 2010; King et al. 2011). Because many mixed

sexual/asexual animal systems feature diploid sexuals and poly-

ploid asexuals (Suomalainen et al. 1987; Otto and Whitton 2000;

Lundmark and Saura 2006), including P. antipodarum (Wallace

1992), resource costs related to the dietary phosphorus demands

of nucleic acid production could potentially facilitate the persis-

tence of sex when asexual taxa are polyploid and phosphorus

availability limits important traits like growth and reproduction

(Neiman et al. 2009, 2013).

The interactive effects of ploidy and dietary P on specific

growth rate is one of several nonmutually exclusive mechanisms

that could play a role in the generation and maintenance of across-

population ploidy variation in P. antipodarum. For example, it

is possible that the many potential genotypic and phenotypic

consequences of polyploidization (e.g., Comai 2005; Otto 2007;

Albertin and Marullo 2012) could vary in importance across pop-

ulations. Patterns of across-population ploidy variation could also

reflect relatively rare and/or recent origins of tetraploid P. antipo-

darum (Neiman et al. 2011).

Our study outcomes generate the testable prediction that

across-population variation in the relative frequency of differ-

ent ploidy levels will at least in part reflect variation in dietary

P availability. P. antipodarum likely faces variable P limitation

because it is found in diverse freshwater habitats (Winterbourn

1970a; Haase 2008); approximately 30% of New Zealand lakes

are oligotrophic, and many New Zealand lakes have N : P ratios

high enough that algal growth may be P-limited (Verberg et al.

2010). Along with the experimental tractability of the system,

these features suggest P. antipodarum may be a useful system for

examining the importance of resource-related disadvantages of

polyploidy.
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