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Abstract
Given finite resources, intense investment in one life history trait is expected to reduce in-

vestment in others. Although telomere length appears to be strongly tied to age in many

taxa, telomere maintenance requires energy. We therefore hypothesize that telomere main-

tenance may trade off against other life history characters. We used natural variation in lab-

oratory populations of Atlantic silversides (Menidia menidia) to study the relationship

between growth, fecundity, life expectancy, and relative telomere length. In keeping with

several other studies on fishes, we found no clear dependence of telomere length on age.

However, we did find that more fecund fish tended to have both reduced life expectancy

and shorter telomeres. This result is consistent with the hypothesis that there is a trade-off

between telomere maintenance and reproductive output.

Introduction
Telomeres are regions of DNA at the end of a chromosome that facilitate chromosome replica-
tion. Telomere shortening limits somatic cells to a finite number of cell divisions [1, 2]. Since
regular polymerases are unable to extend the ends of chromosomes [3], maintaining telomere
length requires telomerase activity. Both telomerase and shortening processes are normally
tightly regulated [4] such that telomere length declines consistently with age in many species.

In birds, telomere length decreases with age in black-backed gulls (Larus fuscus, [5]), corvids
(Corvus monedula, [6]), and zebra finch (Taeniopygia guttata, [7]). This is sufficiently consis-
tent that telomere length can be used as a predictor of age in chickens [8]. Consistent telomere
shortening is not restricted to homeotherms. Telomere length declines with body size and age
in alligators [9] as well as in California garter snakes (Thamnophis elegans [10]. Hatase [11]
studied the telomere dynamics in loggerhead turtle (Caretta caretta) and found that telomere
length vs. age relationship is tissue dependent; telomeres decrease with size and age in epider-
mal tissues, but do not shorten with age in blood.
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In fishes, however, the age-dependence of telomere length is far less clear [12–24]. The ma-
jority of fish telomeres studied have been in freshwater species, primarily zebrafish (Dano
rerio, [12–14]), Japanese medaka (Oryzias latipes, [15, 16]), African killifish (Nothobranchis
furzeri, [17]), platyfish (Xiphophorus, [18]) and eastern mosquito fish (Gambusia holbrooki,
[19]) and the results for fishes are apparently more complicated than those for other taxa. For
instance, in zebrafish telomere length did not decline steadily over time [12] but then drastical-
ly declined in aged fish [13] while the telomerase activity remained high throughout the entire
life [12, 13]. In African killifish, strains with longer lifespan exhibit age-dependent telomere
shortening while short-lived strains do not [17]. In eastern mosquito fish, telomere seems to
shorten with age in lab populations [19]. Sex differences in telomere length have been identified
in medaka [20] and common carp (Cyprinus carpio) [21]

To our knowledge, telomere length has only been studied in three marine fishes. Atlantic
cod (Gadus morhua) caught in the North Sea showed gender-specific differences in telomere
length in liver samples [22]. European hake (Merluccius merluccius) showed great variability in
telomere length in the brain, muscle, kidney and liver at the individual level and thus alone
cannot be used as a reliable biomarker for age [23]. Horn et al. [24] studied the European sea
bass (Dicentrarchus labrax) from 12 to 92 months old in the lab and did not find any evidence
for telomere shortening. There was, however, substantial variation in telomere length among
individuals.

Assuming that the dynamics of telomere length and their consequences for cell replication
are similar across birds, reptiles, and fishes, we should ask why telomeres fail to show a consis-
tent decline with age in fishes. Reznick et al. [25] argued that senescence should be delayed if fe-
cundity increases sufficiently rapidly with age. Prolonged telomere maintenance would be a
necessary corollary of such a strategy. Moreover, it suggests that rates of telomere shortening
may be adaptive and may trade-off against other energetically costly components of fitness
[24, 26]

Using Atlantic silversides as a model system, we tested whether telomere length shortens
with age and whether there are apparent trade-offs between growth, fecundity, and relative
telomere length. Atlantic silversides,Menidia menidia, are marine fish common in North
American estuaries from Newfoundland to northeast Florida [27]. Breeding occurs in the
spring, during which silversides spawn multiple times [28]. Juveniles achieve approximately
90% of their lifetime growth prior to their first winter [29]. Ninety percent of fish mature at age
one, and relatively few survive to a second year [30].

Methods
To determine whether telomere length decreases with age in Atlantic silversides, we grew wild
individuals under constant laboratory conditions over 200 days. We used naturally occurring
covariation in growth, reproductive investment, and telomere length to evaluate potential
trade-offs among these traits.

Eggs were collected from intertidal root masses in the Annapolis Royal Basin (collection
permit issued by Fisheries and Oceans Canada) in 2009 (N 44°48’714”, W 65°21’582”) and
brought back to Flax Pond Marine Lab, Old Field, New York. These eggs were hatched in the
laboratory. Larvae were all collected on the same date and reared in 18L containers from hatch
to 60 days during which they were fed to satiation daily using a combination of dry food (Oto-
hime larval feeds, Reed Mariculture) and freshly hatched Artemia nauplii (Brine Shrimp Di-
rect). At 60 days, the fish were transferred to 3785L round polyethylene tanks. At 150 days the
fish were split haphazardly into four replicates of 22 females and 20 males in each tank. The
initial lengths of fish in the four tanks are shown in Table 1. Juvenile and adult fish were fed a
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mixture of dry food (Otohime larval feeds, Reed Mariculture) and frozen brine shrimp (Brine
Shrimp Direct). From day 150 to 200, the total number of eggs produced by the females in each
tank was counted on a weekly basis. Fish were maintained at 21(+/- 1.2) oC throughout their
lives. These procedures above were carried out under an established protocol approved by the
Institutional Animal Care and Use Committee (IACUC) at Stony Brook University.

Fish were subsampled on days 1, 150, and 200 to track the dynamics of telomere length in
the population (Table 2). DNA was extracted using a Wizard Genomic DNA Purification Kit
(Promega). Because day old larvae were too small to analyze individually, genomic DNA was
extracted from 13 pooled samples of 20 larvae each. For juveniles (day 150, n = 5 per gender)
and adults (day 200, n = 7 per tank), telomeres were extracted from muscle and brain tissue
from individual fish. The 7 fish were a random sample from the remaining (7, 10, 8 and 26 for
tank 1–4) fish at day 200 and may not represent the real sex ratio in each tank.

To evaluate trade-offs between life history characters, gonads for each fish sampled on day
200 were dissected out and dried at 60°C for 48 hours before weighing. Dry gonad weight was
used to calculate the gonosomatic index (GSI = dry gonad mass/total dry mass). To estimate
average growth over the duration of the experiment, the standard length (+/-0.05mm SD) for
each individual was measured using digital calipers.

Telomere length assay
Real-time polymerase chain reaction was used to measure the overall abundance of telomere
repeats as described by Cawthon [31]. Real time quantitative PCR determines, the Ct for each
sample well: the cycle number at which the well’s accumulating fluorescence crosses a set
threshold that is several standard deviations above baseline fluorescence [32]. The linear rela-
tionship between Ct versus ln[amount of input target DNA] allows the relative quantitation by
comparison the Ct to a standard curve based on the amplification of a single copy gene.

Telomere (T) PCRs and single copy gene (S) PCRs were performed in separate transparent
96-well plates (Fisher Scientific). Repeated measures of the T/S ratio in the same DNA sample
gave the lowest variability when the sample well position for T on the first plate matched the well

Table 1. The initial lengths (mm) of fish in the four replicates.

Female Male

Tank 1 85.22 +/-10.52 85.12 +/-6.46

Tank 2 88.88 +/-7.02 86.94 +/-6.17

Tank 3 89.26 +/-7.46 85.53 +/-11.27

Tank4 88.61 +/-6.10 86.71 +/-7.45

Both the means and the standard deviations are included.

doi:10.1371/journal.pone.0125674.t001

Table 2. The sampling plan and number of samples collected.

Muscle Brain Whole organisms Length Gonad weight

Day 1 - - 13 (pooled) - -

Day 150 10 10 - 10 10

Day 200 28 28 - 28 28

Muscle and brain tissues could not be analyzed separately for larval fish, nor could total. Different tissues were sampled at different time points.—

indicates that the sample is not available.

doi:10.1371/journal.pone.0125674.t002
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position for S on the second plate. Two ‘master-mixes’ (SYBR GreenER qPCR SuperMix Univer-
sal, Invitrogen) were created for S and T respectively. Detailed protocol and method validation is
in S1 Complete Experimental Protocol. The well arrangement of T and S PCRs were identical
except for the oligonucleotide primers. The T primer sets used were tel1: GGTTTTTGAGGGT
GAGGGTGAGGGTGAGGGTGAGGGT and tel2: TCCCGACTATCCCTATCCCTATCCCT
ATCCCTATCCCTA. The single copy gene used was melanocortin type 1 receptor (Mc1r). This
gene was cloned and sequenced inM.menidia. Although we did not determine copy number for
Mc1r inMenidia, it is known to be a single copy gene in many teleost species [33]. The primer
set for Mc1R (150bp) is forward: GTCCTCCCTCTCGTTCCTGT and reverse: AAGAGGAT
GCTGGACGTGAT.

All PCRs were performed on Mastercycler ep realplex 2 S system (Eppendorf), a thermal cy-
cler equipped to excite and read emissions from fluorescent molecules during each cycle of the
PCR. The thermal cycling profile for both amplicons began with a 95°C incubation for 10 min
to activate the AmpliTaq Gold DNA polymerase. For telomere PCR, there followed 40 cycles
of 95°C for 15 s and 54°C for 2 min. Similarly for S, optimal conditions were 40 cycles of 95°C
for 15 s and 56°C for 30s. Eppendorf’s Realplex 2.0 generated the standard curve for each gene.
The T/S ratio was determined based on the Ct value for each sample.

Trade-off between reproduction and lifespan
To follow up on the idea that energetic allocation to reproduction reduces survival in silver-
sides, we tracked the survival of 86 mature, wild-caught silversides collected from New York
(collection permit issued by the New York State Department of Environmental Conservation)
June 2008 and held in the lab at 21°C on ad libitum rations. Length, sex, and GSI were recorded
for each fish on the day of death.

Statistical analyses
All of the statistical analyses were carried out in Matlab 2012a (Mathworks). To test whether
telomeres shorten with age, linear regression was performed on the RTLs collected on days 1,
150, and 200. This was done separately for brain and muscle samples, using the pooled RTL for
larvae as the estimate on day 1 for both. To further test for tissue-specific and gender-specific
differences in RTL, a paired t-test was performed on all on the samples collected at day 150 and
200.

To test for trade-offs between growth, reproductive investment, and telomere maintenance,
we tested for significant regression of telomere length on size and total gonad weight. The
slopes and associated standard error were reported in the Results section. Since all fish in the
experiment hatched on the same date, final size is an index of the average growth rate over 150
days. To see that this must be true, note that Cov(growth, final size) = [Var(final size)-Cov(ini-
tial size, final size)]/time so that the correlation between growth and final size is Corr(growth,
final size) = [1-rS]/[1-2rS+S2]1/2 where r is the correlation between initial and final size and
S = SD(initial size)/SD(final size). Although we don’t know r, a little calculus shows that the
correlation between growth and final size cant be any smaller than (1-S2)1/2 = 0.92.

To follow up on the apparent trade-off between telomere length and gonad weight, we eval-
uated whether differences in net egg production were correlated with RTL. We regressed the
average RTL for each tank against the total number of eggs collected from days 150–200. The
relationship between mean length and fecundity were also tested via linear regression. To assess
the cost of reproductive investment in the trade-off study, we regressed log GSI on the time
to death.
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Results
In keeping with results for other fishes, there was no clear age-dependent trend in the telomere
length (Fig 1) in either brain (♀ slope = -0.0060 +/-0.003 R2 = 0.83, p = 0.61 and♂ slope =
-0.0040+/-0.003 R2 = 0.65, p = 0.45) or muscle (♀slope = 0.000010+/-0.0001 R2 = 0.0040,
p = 0.73 and♂ slope = 0.0020+/-0.02 R2 = 0.50, p = 0.68) tissue. Moreover, no significant dif-
ferences were found between the males and females at a given age (brain t = 0.72, p = 0.76,
muscle t = -0.31, p = 0.38). Although telomeres in muscle were significantly longer than in
brain tissue (t = 4.0, p<0.001), they were highly correlated (slope = 0.59+/-0.13, R2 = 0.42,
p<0.001, Fig 2). Thus the ample variation among individuals seen in Fig 1 likely represents
consistent individual differences in initial telomere length and telomere maintenance rather
than measurement noise.

To test for trade-offs between growth, reproductive investment, and telomere maintenance,
we regressed RTL on final length and dry gonad mass. There was no consistent significant pat-
tern to the relationship between body size and telomere length (Fig 3, see Table 3 for standard
error and R2). In females from day 150, telomeres in muscle, but not brain, decreased with length
(muscle: slope = -0.084, p = 0.04, brain: slope = -0.021, p = 0.57). Conversely, in females from

Fig 1. Telomere length through time. The relative telomere length is reported for larvae (age 1 D), females and males from the early breeding period, age
150 days (Early F and Early M respectively), and females and males from late breeding period, 200 days (Late F and Late M respectively). The left panel
indicates results for brain tissue and the right panel indicates telomere lengths for muscle. The red line for each box indicates the mean, box edges indicate
25% and 75% percentile, and the whiskers show outlier outside +/-2.7 standard deviation.

doi:10.1371/journal.pone.0125674.g001
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Fig 2. Correlation in RTL between brain andmuscle tissue samples. Although differences between tissues were tested using a paired t-test, a linear
regression is shown here for visualization.

doi:10.1371/journal.pone.0125674.g002

Fig 3. Relationship between RTL and growth history (final length). The RTL from both brain and muscle tissue from fish at the early breeding period is
shown in a and b. The RTL from both brain and muscle tissue from fish at the late breeding period is shown in c and d. The dashed lines and solid lines are
fitted linear regressions for female samples and male samples respectively.

doi:10.1371/journal.pone.0125674.g003
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day 200 telomeres in brain, but not muscle, increased with length (muscle: slope = -0.0070,
p = 0.64, brain: slope = 0.036, p = 0.02). Among males, muscle telomeres increased with size on
day 200 (slope = 0.17, 0 = 0.01) but had no other significant dependence on length.

In contrast, there was clear evidence of a trade-off between the telomere length and invest-
ment in reproduction on day 200 (Figs 4 and 5, see Table 4 for standard error and R2). To factor
out the length effect on gonad size, length residuals were also tested against gonad mass in the
linear regression. RTL in muscle tissue declined with total gonad mass in females and males.
RTL in muscle tissue declined with total gonad mass in both females (RTL: slope = -11.48,
p<0.001, Length residuals: slope = -11.01, p<0.001) and males (RTL: slope = -15.80, p = 0.07,
length residuals: slope = -13.81, p = 0.1). The RTL in the brain tissue shows the same general

Table 3. The regression statistics of RTL on final length and dry gonadmass separated by tissue and gender.

Early Muscle Early Brain Late Muscle Late Brain

Female slope -0.08 -0.02 -0.01 0.04

SE 0.02 0.03 0.02 0.01

R2 0.80 0.19 0.01 0.36

p 0.04 0.57 0.64 0.01

Male slope -0.14 -0.18 0.17 0.07

SE 0.16 0.09 0.03 0.05

R2 0.26 0.66 0.89 0.55

p 0.49 0.19 0.02 0.26

The significant values are in bold and SE stands for standard error.

doi:10.1371/journal.pone.0125674.t003

Fig 4. Correlation between average female fecundity and average telomere length across tanks.Muscle samples are marked with star and brain
samples are marked with triangle. The dashed line and solid line is linear fit to muscle samples and brain samples respectively.

doi:10.1371/journal.pone.0125674.g004
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trend (♀: RTL: slope = -6.54, p = 0.07, Length residual: slope = -8.67, p = 0.001, p =♂: RTL:
slope = -11.42, p = 0.21, Length residual: slope = -5.15, p = 0.46).

The apparent trade-off between reproductive investment and telomere length was also pres-
ent in total egg production (Fig 4). The average telomere length in the muscle tissue decreased
significantly with the average fecundity (slope = -0.0090+/-0.02, R2 = 0.93, p<0.001). Similarly
RTL in brain tissue decreased with fecundity, though this result was not significant (slope =
-0.0040+/-0.003, R2 = 0.61, p = 0.40). The weekly egg counts in each tank are shown in Fig 6.
Eggs were produced in large quantity from day 150 to 178 days and then at a very low rate until
the end of the experiment.

Fig 5. The relationship between RTL and dry gonad weight in muscle samples. Females are shown in a and c and males are shown in b and d. The RTL
vs. dry gonad weight is shown in a and b and the RTL residuals from length effect vs. dry gonad weight are shown in c and d. The lines are fitted
linear regressions.

doi:10.1371/journal.pone.0125674.g005

Table 4. The regression statistics of RTL and RTL length residuals on dry gonadmass separated by tissue and gender.

RTL Muscle Residual Muscle RTL Brain Residual Brain

Female slope -11.48 -11.01 -6.54 -8.67

SE 2.42 2.44 4.10 2.33

R2 0.46 0.44 0.16 0.42

p <0.001 <0.001 0.07 0.001

Male slope -15.8 -13.81 -11.42 -5.15

SE 7.39 7.58 8.22 6.59

R2 0.39 0.32 0.24 0.09

p 0.07 0.10 0.21 0.46

The significant values are in bold and SE stands for standard error. The significance test for p<0.001 means that p is within the interval [0, 0.001].

doi:10.1371/journal.pone.0125674.t004
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In the independent study of reproduction vs. lifespan, we found a significant negative rela-
tion between time to death and ln[GSI] (slope = -0.034+/-0.01, R2 = 0.30, P<0.001) (Fig 7).
Hence individuals with larger GSI died sooner than those with lower reproductive investment.

Discussion
With few exceptions, telomeres have been found to shorten with age in a wide variety of taxa
ranging from reptiles to birds and then to humans [7, 34–36]. Telomere length has been pro-
posed as a surrogate for age [7, 35] or as a measure remaining life span [6]. This is particularly
valuable for species that are hard to age or cannot be aged in a non-lethal manner.

However, it appears that fishes do not conform to this general pattern. In keeping with re-
sults for freshwater fishes [12–17] and marine species [22–24] there is no steady decline in telo-
mere length with age in Atlantic silversides. Our results are not consistent with findings in
closely related species either. According to recent phylogenetic study of Atherinomorpha

Fig 6. The egg production over time in the four replicates from day 150 to day 200.

doi:10.1371/journal.pone.0125674.g006
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which includes medakas, flyingfishes, killifishes, silversides, and their relatives, these fishes be-
long to a monophyletic group [37]. In Japanese medaka (Oryzias latipes), telomeres shorten
during aging despite the considerable amount of telomerase activity and the telomere length is
inversely correlated with the increase in body length. Similar to silversides, the platyfish
(Xiphophorus) do show homogenous telomere lengths among tissues, which indicate a good
model for telomere shortening research, but the age-dependency has not been investigated yet
[18]. The actual mechanisms that regulate telomere length in silversides are as yet unknown.
However, other fishes show significant telomerase activity throughout life including zebra fish
[12, 13] and rainbow trout (Oncorhynchus mykiss)[38]. Variations telomerase activity through-
out life undoubtedly contributes to the variation in rates of shortening observed.

Compared with the vertebrate taxa that do show telomere shortening though, these fish spe-
cies are distinct in having ‘indeterminate’ or asymptotic growth. As has been hypothesized for
senescence generally [25, 39], we suspect that telomere shortening should be delayed if fecundi-
ty increases sufficiently with age. If we consider telomere length as an indicator of remaining
life expectancy, our results provide indirect support for the disposable soma theory of ageing
[40] which postulates that senescence evolves as the optimal solution to an energetic trade-off
between somatic maintenance and other life history characters. Corroborating the idea that re-
productive investment is costly [see e.g. 41–45] and consistent with observations in other fishes
[46–48], we found a significant decline in residual lifespan with increased investment in gonad.
We note, however, that these fish were collected at the end of the breeding season, and relative
gonad mass may therefore not be an ideal index of reproductive investment. Thus, some cau-
tion is needed in interpreting this result.

Nevertheless, our finding that increased fecundity is associated with decreased telomere
length, supports the view that the rates of telomere shortening are adaptive and may trade-off
against other energetically costly components of fitness [26, 49–51]. In light of the great

Fig 7. The relationship between the log(GSI) and days to death. The fitted line is the linear regression line.

doi:10.1371/journal.pone.0125674.g007
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diversity of life history strategies fishes display, we suspect that such trade-offs may contribute
to the variety telomere shortening patterns found.
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S1 Dataset.
(XLS)

S1 Fig. Confirmation of PCR amplification specificities of Mc1r gene. a. Gel electrophoresis
of the PCR products was performed on 1% agarose gel. b. There was a single peak and the melt-
ing temperature was 87°C. c. The standard curve constructed by two 5-fold serial dilutions.
Each dilution was run by qPCR in duplicate.
(EPS)

S2 Fig. Confirmation of PCR amplification specificities of the telomere reaction. a. Gel elec-
trophoresis of the PCR products was performed on 1% agarose gel. Two fish species (G.mor-
hua andM.menidia) where tested and both of them showed a smear consistent with
telomeres. b. The standard curve constructed by a 10-fold serial dilution usingM.menidia
sample. Each dilution was run by qPCR in duplicate.
(EPS)

Acknowledgments
The Institutional Animal Care and Use Committee (IACUC) at Stony Brook University ap-
proved this study as it was the previous affiliation of the authors. We thank Mark Fast for the
extensive help and guidance of the molecular analysis which was carried out at the Marine Ani-
mal Disease Laboratory at the School of Marine and Atmospheric Sciences, Stony Brook Uni-
versity. We thank Kestrel O. Perez for the help with fish sampling and rearing. Finally, we
thank David Conover, John True and the two reviewers François Criscuolo and Joacim
Näslund for very helpful comments on this manuscript.

Author Contributions
Conceived and designed the experiments: JG SBM. Performed the experiments: JG SBM. Ana-
lyzed the data: JG SBM. Contributed reagents/materials/analysis tools: JG SBM. Wrote the
paper: JG SBM.

References
1. Klapper W, Parwaresch R, Krupp G. Telomere biology in human aging and aging syndromes. Mech

Ageing Dev. 2001; 122: 695–712. PMID: 11322993

2. Allsopp RC, Chang E, Kashefi-AazamM, Rogaev EI, Piatyszek MA, Shay JW, et al. Telomere shorten-
ing is associated with cell division in vitro and in vivo. Exp Cell Res. 1995; 220: 194–200. PMID:
7664836

3. Olovnikov AM. A theory of marginotomy: the incomplete copying of template margin in enzymic synthe-
sis of pronucleotides and biological significance of the phenomenon. J Theor Biol. 1973; 41: 181–190.
PMID: 4754905

4. McEachern MJ, Krauskopf A, Blackburn EH. Telomeres and their control. Annu Rev Genet. 2000; 34:
331. PMID: 11092831

5. Foote CG, Gault EA, Nasir L, Monaghan P. Telomere dynamics in relation to early growth conditions in
the wild in the lesser black-backed gull. J Zool. 2011; 283: 203–209.

Telomere-Reproduction Trade-Off inMenidia

PLOSONE | DOI:10.1371/journal.pone.0125674 May 4, 2015 11 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125674.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125674.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125674.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125674.s004
http://www.ncbi.nlm.nih.gov/pubmed/11322993
http://www.ncbi.nlm.nih.gov/pubmed/7664836
http://www.ncbi.nlm.nih.gov/pubmed/4754905
http://www.ncbi.nlm.nih.gov/pubmed/11092831


6. Salomons HM, Mulder GA, Van de Zande L, Haussmann MF, Linskens MHK, Verhulst S. Telomere
shortening and survival in free-living corvids. Proc Biol Sci. 2009; 276: 3157–3165. doi: 10.1098/rspb.
2009.0517 PMID: 19520803

7. Haussmann M, Vleck C. Telomere length provides a new technique for aging animals. Oecologia.
2002; 130: 325–328.

8. Kim YJ, Subramani VK, Sohn SH. Age Prediction in the Chickens Using Telomere quantity by quantita-
tive fluorescence in situ hybridization technique. Asian-Australas J Anim Sci. 2011; 24: 603–609.

9. Scott NM, Haussmann MF, Elsey RM, Trosclair PL, Vleck CM. Telomere length shortens with body
length in Alligator mississippiensis. Southeast Nat. 2006; 5: 685–692.

10. Bronikowski AM. The evolution of aging phenotypes in snakes: a review and synthesis with new data.
Age. 2008; 30: 169–176. doi: 10.1007/s11357-008-9060-5 PMID: 19424866

11. Hatase H, Sudo R, Watanabe KK, Kasugai T, Saito T, Okamoto H, et al. Shorter telomere length with
age in the loggerhead turtle: a new hope for live sea turtle age estimation. Genes Genet Syst. 2008; 83:
423–426. PMID: 19168993

12. Lund TC, Glass TJ, Tolar J, Blazar BR. Expression of telomerase and telomere length are unaffected
by either age or limb regeneration in Danio rerio. PLoS ONE. 2009; 4: e7688. doi: 10.1371/journal.
pone.0007688 PMID: 19893630

13. Anchelin M, Murcia L, Alcaraz-Pe´rez F, Garcı´a-Navarro EM, Cayuela ML. Behaviour of Telomere and
Telomerase during Aging and Regeneration in Zebrafish. PLoS ONE. 2011; 6: e16955. doi: 10.1371/
journal.pone.0016955 PMID: 21347393

14. Henriques CM, Carneiro MC, Tenente IM, Jacinto A, Ferreira MG. Telomerase is required for zebrafish
lifespan. PLoS Genet. 2013; 9: e1003214. doi: 10.1371/journal.pgen.1003214 PMID: 23349637

15. Hatakeyama H, Nakamura KI, Izumiyama-Shimomura N, Ishii A, Tsuchida S, Takubo K, et al. The tele-
ostOryzias latipes shows telomere shortening with age despite considerable telomerase activity
throughout life. Mech Ageing Dev. 2008; 129: 550–557. doi: 10.1016/j.mad.2008.05.006 PMID:
18597819

16. Au DWT, Mok HOL, Elmore LW, Holt SE. Japanese medaka: a new vertebrate model for studying telo-
mere and telomerase biology. Comp Biochem Phys C. 2009; 149: 161–7. doi: 10.1016/j.cbpc.2008.08.
005 PMID: 18790082

17. Hartmann N, Reichwald K, Lechel A, Graf M, Kirschner J, Dorn A, et al. Telomeres shorten while Tert
expression increases during ageing of the short-lived fish Nothobranchius furzeri. Mech Ageing Dev.
2009; 130: 290–296. doi: 10.1016/j.mad.2009.01.003 PMID: 19428446

18. Downs KP, Shen Y, Pasquali A, Beldorth I, SavageM, Gallier K, et al. Characterization of telomeres
and telomerase expression in Xiphophorus. Comp Biochem Phys C. 2012; 155: 89–94. doi: 10.1016/j.
cbpc.2011.05.005 PMID: 21619941

19. Rollings N, Miller E, Olsson M. Telomeric attrition with age and temperature in Eastern mosquitofish
(Gambusia holbrooki). Naturwissenschaften. 2014 doi: 10.1007/s00114-014-1142-x

20. Gopalakrishnan S, Cheung NK, Yip BW, Au DW. Medaka fish exhibits longevity gender gap, a natural
drop in estrogen and telomere shortening during aging: a unique model for studying sex-dependent lon-
gevity. Front Zool, 2013; 10: 78. doi: 10.1186/1742-9994-10-78 PMID: 24364913

21. Izzo C, Bertozzi T, Gillanders BM, Donnellan SC. Variation in telomere length of the common carp,
Cyprinus carpio (Cyprinidae), in relation to body length. Copeia 2014; 1: 87–94.

22. Almroth BC, Sköld M, Sköld HN. Gender differences in health and aging of Atlantic cod subject to size
selective fishery. Open Biol. 2012; 1: 922–928.

23. López de Abechuco E, Soto M, Pardo MA, Haussmann M, Díez G. Suitability of real- time quantitative
PCR to estimate the relative telomere length in European hake (Merluccius merluccius Linnaeus,
1758). Revista de Investigación Marina. 2013; 20: 30–36. PMID: 15279152

24. Horn T, Gemmell NJ, Robertson BC, Bridges CR. Telomere length change in European sea bass
(Dicentrarchus labrax). Aust J Zool. 2008; 56: 207–210.

25. Reznick DN, Bryant MJ, Roff D, Ghalambor CK, Ghalambor DE. Effect of extrinsic mortality on the evo-
lution of senescence in guppies. Nature. 2004; 431: 1095–1099. PMID: 15510147

26. Nakagawa S, Gemmell NJ, Burke T Measuring vertebrate telomeres: applications and limitations. Mol
Ecol. 2004; 13: 2523–2533. PMID: 15315667

27. Johnson MS. Comparative Geographic Variation inMenidia. Evolution. 1974; 28: 607–618.

28. Conover DO. Seasonality and the scheduling of life history at different latitudes. J Fish Bio. 1992; 41:
161–178.

29. Munch SB, Conover DO. Rapid growth results in increased susceptibility to predation inMenidia meni-
dia. Evolution. 2003; 57: 2119–2127. PMID: 14575331

Telomere-Reproduction Trade-Off inMenidia

PLOSONE | DOI:10.1371/journal.pone.0125674 May 4, 2015 12 / 13

http://dx.doi.org/10.1098/rspb.2009.0517
http://dx.doi.org/10.1098/rspb.2009.0517
http://www.ncbi.nlm.nih.gov/pubmed/19520803
http://dx.doi.org/10.1007/s11357-008-9060-5
http://www.ncbi.nlm.nih.gov/pubmed/19424866
http://www.ncbi.nlm.nih.gov/pubmed/19168993
http://dx.doi.org/10.1371/journal.pone.0007688
http://dx.doi.org/10.1371/journal.pone.0007688
http://www.ncbi.nlm.nih.gov/pubmed/19893630
http://dx.doi.org/10.1371/journal.pone.0016955
http://dx.doi.org/10.1371/journal.pone.0016955
http://www.ncbi.nlm.nih.gov/pubmed/21347393
http://dx.doi.org/10.1371/journal.pgen.1003214
http://www.ncbi.nlm.nih.gov/pubmed/23349637
http://dx.doi.org/10.1016/j.mad.2008.05.006
http://www.ncbi.nlm.nih.gov/pubmed/18597819
http://dx.doi.org/10.1016/j.cbpc.2008.08.005
http://dx.doi.org/10.1016/j.cbpc.2008.08.005
http://www.ncbi.nlm.nih.gov/pubmed/18790082
http://dx.doi.org/10.1016/j.mad.2009.01.003
http://www.ncbi.nlm.nih.gov/pubmed/19428446
http://dx.doi.org/10.1016/j.cbpc.2011.05.005
http://dx.doi.org/10.1016/j.cbpc.2011.05.005
http://www.ncbi.nlm.nih.gov/pubmed/21619941
http://dx.doi.org/10.1007/s00114-014-1142-x
http://dx.doi.org/10.1186/1742-9994-10-78
http://www.ncbi.nlm.nih.gov/pubmed/24364913
http://www.ncbi.nlm.nih.gov/pubmed/15279152
http://www.ncbi.nlm.nih.gov/pubmed/15510147
http://www.ncbi.nlm.nih.gov/pubmed/15315667
http://www.ncbi.nlm.nih.gov/pubmed/14575331


30. Conover DO, Ross MR. Patterns in seasonal abundance, growth and biomass of the Atlantic silverside,
Menidia menidia, in a New England estuary. Estuaries. 1982; 5: 275–286.

31. Cawthon RM. Telomere measurement by quantitative PCR. Nucleic Acids Res. 2002; 30: e47. PMID:
12000852

32. Higuchi R, Fockler C, Dollinger G, Watson R. Kinetic pcr analysis—real-time monitoring of dna amplifi-
cation reactions. Biotechnology. 1993; 11: 1026–1030. PMID: 7764001

33. Selz Y, Braasch I, Hoffmann C, Schmidt C, Schultheis C, Schartl M, et al. Evolution of melanocortin re-
ceptors in teleost fish: the melanocortin type I receptor. Gene. 2007; 401: 114–122. PMID: 17707598

34. Zeichner SL, Palumbo P, Feng YR, Xiao XD, Gee D, Sleasman J, et al. Rapid telomere shortening in
children. Blood. 1999; 93: 2824–2830. PMID: 10216076

35. Scott NM, Haussmann MF, Elsey RM, Trosclair PL, Vleck CM. (2006) Telomere length shortens with
body length in alligatormississippiensis. Southeast Nat. 2006; 5: 685–692.

36. Haussmann MF, Mauck RA. Telomeres and longevity: testing an evolutionary hypothesis. Mol Biol
Evol. 2008; 25: 220–228. PMID: 18071200

37. Setiamarga DHE, Miya M, Yamanoue Y, Mabuchi K, Satoh TP, Inoue JG, et al. Interrelationships of
Atherinomorpha (medakas, flyingfishes, killifishes, silversides, and their relatives): the first evidence
based on whole mitogenome sequences. Mol Phylogenet Evol. 2008; 49: 598–605. doi: 10.1016/j.
ympev.2008.08.008 PMID: 18771739

38. Klapper W, Heidorn K, Kühne K, Parwaresch R, Krupp G. Telomerase activity in “immortal” fish. FEBS
Lett. 1998; 434: 409–412. PMID: 9742964

39. Bidder. Senesence. Br Med J. 1932; 2(3742): 583–585. PMID: 20777068

40. Kirkwood TBL. Evolution of aging. Nature. 1977; 270: 301–304. PMID: 593350

41. Williams GC. Natural selection, the costs of reproduction and a refinement of Lack’s Principle. Am Nat.
1966; 100: 687–690.

42. Gadgil M, Bossert WH. Life history consequences of natural selection. Am Nat. 1970; 104: 1–24.

43. Chanov EL, Krebs JR. On clutch size and fitness. Int J Avian Sci. 1973; 116: 217–219.

44. Schaffer WM. Selection for optimal life histories: the effects of age structure. Ecology. 1974; 55: 291–
303.

45. Hirshfield MF, Tinkle DW. Natural selection the evolution of reproductive effort. Proc Nat Acad Sci.
1975; 72: 2227–2231. PMID: 1056027

46. Reznick D. Costs of reproduction—an evaluation of the empirical-evidence. Oikos. 1985; 44:257–267.

47. Hutchings JA. Adaptive life histories affected by age-specific survival and growth-rate. Ecology. 1993;
74: 673–684.

48. Fleming IA. Reproductive strategies of Atlantic salmon: ecology and evolution. Rev Fish Biol Fish.
1996; 6: 379–416.

49. Haussmann MF, Winkler DW, O'Reilly KM, Huntington CE, Nisbet ICT,Vleck CM. Telomeres shorten
more slowly in long-lived birds and mammals than in short-lived ones. Proc Biol Sci. 2003; 270: 1387–
1392. PMID: 12965030

50. Pauliny A, Wagner RH, Augustin J, Szep T, Blomqvist D. Age-independent telomere length predicts fit-
ness in two bird species. Mol Ecol. 2006; 15: 1681–1687. PMID: 16629820

51. Bize P, Criscuolo F, Metcalfe NB, Nasir L, Monaghan P. Telomere dynamics rather than age predict life
expectancy in the wild. Proc Biol Sci. 2009 doi: 10.1098/rspb.2008.1817

Telomere-Reproduction Trade-Off inMenidia

PLOSONE | DOI:10.1371/journal.pone.0125674 May 4, 2015 13 / 13

http://www.ncbi.nlm.nih.gov/pubmed/12000852
http://www.ncbi.nlm.nih.gov/pubmed/7764001
http://www.ncbi.nlm.nih.gov/pubmed/17707598
http://www.ncbi.nlm.nih.gov/pubmed/10216076
http://www.ncbi.nlm.nih.gov/pubmed/18071200
http://dx.doi.org/10.1016/j.ympev.2008.08.008
http://dx.doi.org/10.1016/j.ympev.2008.08.008
http://www.ncbi.nlm.nih.gov/pubmed/18771739
http://www.ncbi.nlm.nih.gov/pubmed/9742964
http://www.ncbi.nlm.nih.gov/pubmed/20777068
http://www.ncbi.nlm.nih.gov/pubmed/593350
http://www.ncbi.nlm.nih.gov/pubmed/1056027
http://www.ncbi.nlm.nih.gov/pubmed/12965030
http://www.ncbi.nlm.nih.gov/pubmed/16629820
http://dx.doi.org/10.1098/rspb.2008.1817

