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Abstract

Longevity is a highly variable life history trait and its variation is attributable to both genetic and
environmental factors. Exploring well-known environmental factors in a new model system is a
useful approach to explore taxonomic variation in plasticity of longevity. We examined
responsiveness of the Daphnia pulex clone TCO to potentially related interventions that have been
reported to extend lifespan: resveratrol and dietary restriction. First, we examined effects of
resveratrol on lifespan and fecundity in TCO which were grown at moderate (12K cells
Ankistrodesmus falcatus mL™1) and high (20K cells A. falcatus mL™1) food levels. We found no
evidence for lifespan extension by resveratrol, but found a reduction of lifetime fecundity. The
effect of resveratrol on fecundity was more pronounced early in life. We then conducted an
additional life table to test the effect of dietary restriction on TCO. Surprisingly, reduced food
level did not extend the lifespan of TCO, which contrasts with previous studies in D. pulex. Our
results suggest that variation in the response to dietary restriction might be more common than
previously thought. If resveratrol activates genes involved in the response to dietary restriction,
genetic polymorphisms in dietary restriction will influence responses to resveratrol. Thus, this
experiment suggests that careful re-examination of resveratrol effects using diverse genotypes is
required.

Considerable variation in the rate of aging and its associated lifespan exists in nature within
species. Both genetic and environmental factors contribute to natural variation, but the
heritability of lifespan is often relatively small, such that genetic factors account for <35%
of the variance of lifespan within species (Finch and Tanzi, ’97). Thus, characterizing
plasticity of lifespan is critical to understanding its variation. In addition, identifying
environmental or chemical factors that induce differential patterns of aging is important in
aging research since those factors can be a useful tool to explore physiological mechanisms
of aging, and to develop practical strategies to promote healthy aging.

Numerous studies have demonstrated that a reduced diet without malnutrition (“dietary
restriction”) is a strong intervention that significantly increases lifespan, and genes involved
in the dietary restriction response are evolutionarily conserved across a wide range of taxa
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from yeast to mice (Lee et al., 2006; Bishop and Guarente, 2007; Mair and Dillin, 2008;
Narasimhan et al., 2009; Fontana et al., 2010). However, food effects on aging may differ
among species, or even among genotypes within species (Partridge et al., 2005; Harper et
al., 2006; Mockett et al., 2006; Liao et al., 2010). For instance, two recent studies using
rhesus monkeys showed contrasting results, such that one study found dietary restriction
induced longer lifespan with slow aging (Colman et al., 2009), but the other study did not
(Mattison et al., 2012). Notably, genetic diversity of monkey cohorts used for the
experiment was greater in latter study. Mechanisms by which dietary restriction extends
lifespan may be more complicated than previous studies suggested.

Resveratrol (3,5,4 -trihydroxy-trans-stilbene) is a polyphenolic phytoalexin produced by
plant species as an anti-microbial defense compound. Resveratrol has effects on diverse
cellular processes including cell metabolism, the cell cycle, and apoptosis. As a
consequence, it has the potential to alleviate age-related diseases and extend lifespan
(Howitz et al., 2003; Wood et al., 2004; Baur et al., 2006; Valenzano et al., 2006; Knutson
and Leeuwenburgh, 2008; Chachay et al., 2011). The effects of resveratrol are thought to
occur through cellular and organismal alterations similar to those promoted by dietary
restriction. In particular, resveratrol is hypothesized to activate sirtuins (NAD+ dependent
protein deacetylases), which are key players in dietary restriction (Barger et al., 2008;
Pearson et al., 2008).

Recently, however, the effect of resveratrol on lifespan has been called into question.
Resveratrol might not activate sirtuins in vivo (Kaeberlein et al., 2005; Pacholec et al.,
2010), and sirtuins might not be involved in the extension of lifespan (Burnett et al., 2011).
Some researchers have reported that resveratrol increased life span modestly, but the effect
was either not or only marginally significant in Caenorhabditis elegans, Drosophila
melanogaster, and mice (Bass et al., 2007; Miller et al., 2011), despite the fact that gene
expression patterns of animals treated with resveratrol had some degree of similarity to those
with low diet (Barger et al., 2008; Pearson et al., 2008). In addition, survival curves of
animals treated with resveratrol are sometimes different from those with dietary restriction
(Valenzano et al., 2006; Chandrashekara and Shakarad, 2012). Therefore, the physiological
mechanisms of resveratrol effect on lifespan might be independent of the mechanisms that
dietary restriction has and/or they might be sensitive to genetic background of testing
organisms (Kaeberlein et al., 2005; Burnett et al., 2011).

Although life history biologists are well aware of tradeoffs between survival and
reproduction, relatively few studies have investigated the effects of resveratrol on
reproduction. Gruber et al. (2007) provided some evidence of a tradeoff in C. elegans,
showing that resveratrol delayed the distribution of reproductive output when lifespan was
increased, although there was no reduction in lifetime reproduction. Quantifying
reproduction is generally challenging in large cohorts of sexual taxa due to the possibility
for mating effects on aging (e.g., Chapman and Partridge, ’96).

Here, we investigate resveratrol and food effects on lifespan and reproduction in Daphnia
pulex. Daphnia has been a model species in ecology and evolutionary biology for over a
century, and has recently emerged as a genomic model organism ideally suited for
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evaluating environmental effects on diverse traits (Eads et al., 2007; Colbourne et al., 2011;
Dudycha et al., 2012). Effects of dietary restriction on lifespan have been known in Daphnia
since the early 20th Century (Ingle et al., ’37), and natural genetic variation of aging has also
been shown (Dudycha and Tessier, *99; Dudycha, 2001; Dudycha, 2003). Unlike other
invertebrate models of aging, Daphnia has adult tissue regeneration (Agar, *30;

Anderson, 35) and therefore, like in humans, their pattern of aging is a balance between
physiological deterioration and ongoing renewal.

Our study was initially motivated to examine the effects of resveratrol on lifespan and
fecundity in the D. pulex TCO clone, of which the entire genome has been sequenced
(Colbourne et al., 2011). Surprisingly, resveratrol had limited effects on TCO (see Results
Section). This result led us to conduct another life table experiment to test whether survival
and fecundity of TCO respond to a range of food levels in the same manner as other D.
pulex clones respond to food level (Dudycha, 2003).

MATERIALS AND METHODS
Study Species

Daphnia are small crustaceans found in lakes and ponds throughout the world, and
reproduce via cyclic parthenogenesis. In this life cycle, reproduction is normally via
ameiotic cloning, with daughters genetically identical to their mothers. However, male
development and sexual reproduction is triggered by periodic poor environmental
conditions, and most populations therefore harbor substantial genetic variation. The
advantage for demographic studies is that large, genetically uniform cohorts can be easily
produced in the lab from a naturally occurring, evolutionarily successful genome. In
addition, assessing female reproductive success is straightforward, since there is no need to
manage and account for mating or sire effects.

Experimental Design

Our experiments were based on standard life table methods for Daphnia that have been
detailed elsewhere (Dudycha and Tessier, "99; Dudycha and Lynch, 2005). Life tables began
with neonates younger than 12-hr old, collected from mothers that had been maintained at
low density (1/100 mL) with satiating food for 2—-3 weeks. At the start of a life table, each
neonate was placed in a separate 150 mL beaker with 100 mL filtered (1 um) lakewater
collected from Lake Murray in Columbia, SC. Animals were transferred to beakers with
fresh lakewater every 2 days. In order to prevent Daphnia from being trapped in the surface
film, a small amount of cetyl alcohol was dusted on the surface (Desmarais, *97). For all
experiments, Daphnia were maintained in a controlled environment chamber with a 12:12
L:D cycle at 20°C, the laboratory environment to which TCO had been acclimated for
several years (>50 generations) previously.

TCO individuals were grown at two different food levels (20,000 (“20K™) or 12,000
(“12K”) cells mL~1) of Ankistrodesmus falcatus fed daily. At the age of 9 days, the typical
age at maturity for D. pulex (Dudycha, 2003), three resveratrol treatments (0 UM (control),
0.3 uM and 3 pM resveratrol) were applied to animals (“Resveratrol experiment” hereafter).
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Sixty TCO individuals were randomly assigned to each of two food levels and three
resveratrol treatments, resulting in a total of 360 animals.

This experiment was designed based on results from a series of preliminary life table
experiments. In those experiments, the control (0 M) and low a dose of resveratrol (0.1
UM) were applied to animals fed with 12K or 20K cells mL™1 of A. falcatus. Three separate
trials for each food level were conducted, and 30-40 individuals were assigned to each
treatment in each trial. In this preliminary study, resveratrol did not affect lifespan except in
one trial in which the median lifespan increased by 18% at 12K cells mL~1 of A, falcatus
food level. Since the limited resveratrol effect may have been a consequence of resveratrol
dose, we increased the concentrations of resveratrol to 0.3 and 3 uM in the experiment
reported here. In addition, in the preliminary study, resveratrol treatment decreased
fecundity in two trials at the 20K food level. Thus, animals at both 12K and 20K food levels
were used in this experiment to evaluate resveratrol effects on fecundity as well as lifespan.

Resveratrol (Sigma—Aldrich, St. Louis, MO) was dissolved in ethanol, and 20 pL of ethanol
or resveratrol—ethanol solution was added to 1 L filtered lakewater, making final
concentrations of resveratrol of 0, 0.3, and 3 uM. Control and resveratrol treatments had the
same concentration of ethanol (0.002% v/v). Since the activity of resveratrol can decrease in
a solution during storage, fresh resveratrol—-ethanol solution was prepared every 4 days.

Seven animals at the 12K (five in control, one in 0.3 pM resveratrol, and one in 3 pM
resveratrol) and 10 animals at the 20K (three in control, one in 0.3 pM resveratrol, and six in
3 UM resveratrol) died as juveniles before resveratrol was applied (9th day). Since our
purpose was to examine resveratrol effect on adults, these juvenile deaths were removed
from the analysis.

An additional experiment was conducted in order to characterize survival and fecundity of
the TCO clone in response to differential food levels (“Food experiment” hereafter). Five
different concentrations of A. falcatus were added to lakewater media daily from the
beginning of the experiment: 4,000 cells mL™1 (“4K”), 8,000 cells mL~1 (“8K”), 12,000
cells mL™1 (*12K”), 16,000 cells mL~1 (“16K™), and 20,000 cells mL~1 (*20K”). In this
experiment, 250 animals were randomly assigned to each food treatment. The experiment
was divided into three starting dates separated by 2 days, with 80-90 neonates for each
treatment at each date.

Survivorship was recorded every 2 days until all animals died. Daphnia perform two types
of reproduction: they usually produce immediately developing offspring via
parthenogenesis, but can also produce diploid diapausing eggs encased in protective
structures called ephippia. In order to evaluate fecundity, 30 individuals in each treatment of
the resveratrol experiment and 45 individuals in each treatment for the food experiment were
randomly selected at the beginning of life tables, and the number of immediately developing
offspring and ephippia was counted every 2 days until they died.
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Statistical Analyses

RESULTS

To assess treatment effects on longevity, log-rank tests were performed (SAS v. 9.2)),
analyzing resveratrol and food experiments separately. Resveratrol treatments and food
levels were included as strata in the models as appropriate, and survival functions were
compared among strata. Significance of pairwise comparisons was adjusted based on
Bonferroni method. For the food experiment, starting date did not affect survival curves
(log-rank test, ¥2 =1.13, df = 2, P = 0.57), so animals with different starting dates were
pooled together for the analyses. In the resveratrol experiment, resveratrol effects seemed to
become weaker at older age (see Results Section). As a post hoc analysis, three adult
ontogenetic periods (early, middle, and late) were defined, and mortality hazard of each
period and its SE was calculated: (i) early adult period from 9 days to 19 days, (ii) middle
adult period from 20 days to 29 days, (iii) late adult period from 30 days to 39 days. By the
end of the late adult period, fewer than 2% of individuals in each treatment survived in both
the resveratrol experiment and the food experiment.

To compare fecundity among treatments, analysis of variance was conducted (SAS Proc
GLM). The production of offspring fluctuates in Daphnia due to the ~2.4 day molt cycle
(Dudycha and Tessier, "99). In order to avoid statistical complexities due to such fluctuation,
fecundity was evaluated in three adult periods that were used for survival analysis. Number
of immediately developing offspring produced during a lifetime, and number of immediate
offspring produced in each adult period were analyzed separately. For the resveratrol
experiment, the resveratrol treatment, food level, and resveratrol by food interaction were
independent variables. For the food experiment, the food treatment was the independent
variable, and starting date was included as block. Fecundity was compared between each
pair of treatments using a Bonferroni adjustment for multiple comparisons. Separate
analyses of variance with the same model were conducted to compare number of ephippia
across treatments in the resveratrol experiment and food experiment.

Resveratrol Experiment

Resveratrol did not increase lifespan of the Daphnia TCO clone in this experiment (Fig. 1).
Median lifespan of animals in 0.3 UM resveratrol treatment (12K, median lifespan = 29 days,
95% CI = (27, 31); 20K, median lifespan = 29 days, 95% CI = (27, 31)) was similar to
controls at both 12K (median lifespan = 31 days, 95% CI = (29, 33), x2 = 0.86, P = 1.00)
and 20K (median lifespan = 29 days, 95% CI = (27, 31), 2 = 0.01, P = 1.00) food levels.
Notably, the highest dose of resveratrol (3 uM) decreased survival significantly at 12K
(median lifespan = 21 days, 95% CI = (17, 29), ¥2 = 9.03, P = 0.04) while no such effect
was found at 20K (median lifespan = 28, 95% CI = (25, 33), x2 =1.40 P = 1.00). This
negative effect of resveratrol on survival was manifest only at the early adult period (Fig. 1).

Both food level and resveratrol affected fecundity of the TCO clone (Fig. 2 and Table 1).
Across resveratrol treatments, animals at 20K produced more offspring during their lifetime
than those at 12K. In addition, animals in the higher resveratrol concentration tended to
produce fewer offspring and ephippia during their lifetime compared to those in the control
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treatment. The resveratrol effect on fecundity was significant or marginally significant only
at the early adult period (Table 1). No animals in the late adult period produced ephippia.

Food Experiment

Food level significantly affected survival (x2 = 69.37, P <0.001) (Fig. 3). In particular,
animals at relatively high food levels (12K, 16K, 20K) survived better than those at 8K (8K
vs. 12K, ¥2=10.23, P = 0.01; 8K vs. 16K, x2 = 4.32, P = 0.38; 8K vs. 20K, y2=8.97, P =
0.03) and at 4K (4K vs. 12K, x2 = 45.12, P <0.001; 4K vs. 16K, y2 = 30.81, P <0.001; 4K
vs. 20K, x2 = 42.11, P <0.001) food levels. A significant difference of mortality hazard
between 20K and 4K was evident at both early and middle adult periods (Fig. 3).

TCO clones at higher food levels produced more offspring and ephippia during their
lifetime. Food effects on offspring production were significant throughout all adult periods
(Fig. 4, Table 1). Production of ephippia occurred mainly at the early adult life period.

DISCUSSION

In this experiment, we examined responsiveness of Daphnia TCO to potentially related
interventions that have been reported to extend lifespan: resveratrol and limited food level.
Resveratrol decreased survival and fecundity at the early adult period soon after its
application, while it did not influence survivorship and fecundity at the middle and late adult
periods. Animals grown at relatively low food levels (4,000 cells mL~1 and 8,000 cells
mL~1 A, falcatus) exhibited shorter median lifespan and lower lifetime fecundity compared
to those at higher food levels (12,000 cells mL™1, 16,000 cells mL~1, and 20,000 cells mL™1
A. falcatus). This food level effect was significant throughout all adult ontogenetic periods.

Resveratrol did not extend lifespan of the Daphnia TCO clone. This is consistent with recent
studies which showed no significant effect of resveratrol on the lifespan in yeast, nematode,
fruit fly, and mouse systems (Bass et al., 2007; Kaeberlein et al., 2005; Miller et al., 2011).
Notably, low food treatments did not extend lifespan in TCO either, suggesting that TCO
might have distinctive physiological mechanisms responding to dietary restriction, which as
a consequence might cause the absence of a resveratrol effect on lifespan.

When raised at the food level of 4,000 cells mL=1 or 8,000 cells mL~1 A, falcatus, TCO
exhibited lower survival and fecundity than those raised at higher food levels, in sharp
contrast to a previous study using genetically heterogeneous D. pulex cohorts (Dudycha,
2003). One possibility is that responses to dietary restriction are clone-specific, and TCO
may be generally resistant to environmental influences on lifespan. TCO was chosen for
genome sequencing because it is unusually homozygous, which likely originated through
inbreeding. This high homozygosity may constrain the response of TCO to environmental
variation if phenotypic plasticity is dependent on heterozygosity. It is also possible that the
original study (Dudycha, 2003) contained a mixture of responsive and non-responsive
genotypes. For instance, in Daphnia pulicaria, clonal variation in the response to dietary
restriction exists: lifespan of some clones does not respond to food level, but the lifespan of
other clones increased around 37% at 8,000 cells mL™1 A, falcatus compared to that at
20,000 cells mL™1 A falcatus (Kim and Dudycha, unpublished data). Genetic polymorphism
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in animal responses to dietary restriction might occur in nature more commonly than
previously appreciated, or the expression of responses may depend on genetic interactions
with environmental factors that differ between the pond from which TCO was isolated and
the lab environment.

The survival rate of TCO decreased rapidly after application of resveratrol at the 12K food
level, suggesting a toxic, rather than protective, effect of resveratrol. A similar immediate
decrease of survival after administration was also reported in a turquoise killifish species,
Nothobranchius furzeri, in which relatively low doses of resveratrol (0.1 and 3 UM in food)
was applied (Valenzano et al., 2006). No immediate effect of resveratrol was found in other
model systems including mouse, fruit fly, and worm (Howitz et al., 2003; Wood et al., 2004;
Baur et al., 2006). Physiological effects of resveratrol are dependent on the dose of
application (Mukherjee et al., 2010), and extremely high doses of resveratrol have been
implicated in shorter lifespan (Crowell et al., 2004; Pearson et al., 2008).

Relatively few studies have evaluated potential reproductive costs of resveratrol. Resveratrol
suppressed lifetime fecundity of TCO at both 12K and 20K food levels. This effect was
especially evident at the early adult period, when reproduction has the greatest impact on
fitness. This result contrasts with previous studies in which resveratrol did not influence or
even increased reproductive output in C. elegansand D. melanogaster (Wood et al., 2004),
but partially matches the fecundity reduction observed in C. elegans (Gruber et al., 2007).
While Gruber et al. (2007) found no effect on net lifetime fecundity, resveratrol treatment
decreased offspring production at the early life stage and then increased offspring
production at the late life stage. Although our data show a stronger deleterious effect of
resveratrol on reproduction, they do not provide support for the notion that resveratrol may
mediate a reproduction-survival tradeoff because we did not observe a corresponding
lifespan extension.

In this study, resveratrol was applied at concentrations of 0.3 and 3 uM, which are relatively
low when compared to studies applying 1-100 uM resveratrol in food. However, it is
unlikely that the absence of lifespan extension was an effect of low dosage, because the
application of 3 uM resveratrol showed a significant treatment effect on survival and
fecundity at the early adult period. This indicates that the concentrations of resveratrol in
this experiment are high enough to induce physiological changes in Daphnia. Furthermore,
it is difficult to compare doses of resveratrol added to a food medium to those where it is
added to a culture medium. Daphnia are filter feeders that continuously filter water
throughout their life, and small molecules such as resveratrol can be absorbed across the gut
lining (R. Patel, personal communication).

Even though our experiments did not show an effect of resveratrol on the lifespan of the
TCO clone, it is not clear whether other Daphnia species or genotypes would have similar
responses. For instance, D. pulicaria exhibit much longer lifespan than D. pulex at 20,000
cell mL™1 A falcatus, and when both of them are grown at 3,000 cell mL™1 A, falcatus (i.e.,
a strong dietary restriction), D. pulicaria shows much stronger responses in lifespan
compared to D. pulex (Dudycha, 2003). Thus, if resveratrol is a mimetic of dietary
restriction, D. pulicaria might show significant responses to the resveratrol application.
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Gene sequences of sirtuins, a key protein responding to resveratrol, have diverged non-
randomly between D. pulex and D. pulicaria lineages, suggesting possibly distinctive
molecular characteristics between D. pulex and D. pulicaria sirtuins (J. Dudycha and P. Li,
unpublished data).

Overall, our results showed moderate negative effects of resveratrol on reproduction, but no
net effects on the lifespan of the Daphnia TCO clone. Similarly, dietary restriction did not
extend the lifespan of TCO but did limit reproductive output. If resveratrol activates genes
involved in the response to dietary restriction, our results suggest that effects of resveratrol
will also depend on genetic polymorphisms that lead to differential responses to dietary
restriction. A handful of published studies have failed to show an extension of lifespan with
resveratrol (see Bass et al., 2007; Miller et al., 2011), and a number of studies have
suggested that the lifespan extension of dietary restriction is dependent on the genotypes
studied (e.g., Liao et al., 2010). Although the principle of dietary restriction extending
lifespan may be broadly conserved across taxa, it appears that this is subject to relatively
frequent modification to a life history that is more canalized against environmental variation.
This indicates that the connection between diet and aging is hot immutable and is consistent
with current thinking that multiple molecular mechanisms are involved in the dietary
restriction response.
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Figure 1.
Survivorship of the Daphnia TCO strain in the resveratrol experiment. Survival curves

during the experiment and mortality hazards with SEs at each adult period are given.
Animals which died before the application of resveratrol were not included in the analyses.
Survivorship and mortality hazard at 12K and 20K food levels are presented separately.
Arrows in the survival curve indicate the age when resveratrol and control treatments
started.
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Figure 2.

Fecundity of the Daphnia TCO strain in the resveratrol experiment. Production of
immediately developing offspring (A) and production of ephippia (B) are presented
separately. Both lifetime fecundity and fecundity at each adult period are presented. Sample
size is given within parenthesis. No ephippia were produced in the late adult period. Error
bars show SE.
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Figure 3.

Survivorship of the Daphnia TCO strain in the food experiment. Survival curves during the
experiment and mortality hazards with SEs at each adult period are presented.
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Figure4.

Fecundity of the Daphnia TCO strain in the food experiment. Production of immediately
developing offspring (A) and production of ephippia (B) are presented separately. Both
lifetime fecundity and fecundity at each adult period are presented. Sample sizes for the
period-specific reproduction estimates are given in parentheses below the x-axis in (A). Note
that the period averages do not sum to the lifetime averages due to deaths earlier than when
the middle and late periods begin. Error bars represent SE. Different letters above bars
indicate significant differences at P <0.05 based on pairwise comparisons using Bonferroni
adjustment.
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Table 1

Results from analysis of variance to compare fecundity among treatments.

Resveratrol experiment

Food experiment

Food (df =1) Resveratrol (df =2) Food x Resveratrol (df =2) Food (df =5)

Offspring production

Lifetime 705" 323" 0.16 2507

Early adult period 498" 267F 0.42 2769

Middle adult period 7 15** 161 1 17.50"**

Late adult period 0.85 0.37 151 201"
Ephippia production

Lifetime 151 313" 0.73 243"

Early adult period 1.16 204% 0.66 211%

Middle adult period  0.67 0.72 0.72 0.67

Late adult period a

Page 15

For the resveratrol experiment, F ratios of food effect, resveratrol effect, and food by resveratrol interaction are given. For food experiment, F
ratios of food effect are given. Significant effects are indicated by bold type:

+
P<0.1,

*
P <0.05,

*

*
P <0.01,

*%

*
P <0.001.

aNo ephippia were produced in the late adult period.
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