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ABSTRACT

Because stress tolerance and longevity are mechanistically and phenotypically linked, the sex with higher acute
stress tolerance might be expected to also live longer. On the other hand, the association between stress tolerance
and lifespan may be complicated by tradeoffs between acute tolerance and long-term survival. Here we use the
copepod Tigriopus californicus to test for sex differences in stress resistance, proteolytic activity and longevity.
Unlike many model organisms, this species does not have sex chromosomes. However, substantial sex differences
were still observed. Females were found to have superior tolerance to a range of acute stressors (high tem-
perature, high salinity, low salinity, copper and bisphenol A (BPA)) across a variety of treatments including
different populations, pure vs. hybrid crosses, and different shading environments. Upregulation of proteolytic
capacity — one molecular mechanism for responding to acute stress — was also found to be sexually dimorphic.
In the combined stress treatment of chronic copper exposure followed by acute heat exposure, proteolytic ca-
pacity was suppressed for males. Females, however, maintained a robust proteolytic stress response. While
females consistently showed greater tolerance to short-term stress, lifespan was largely equivalent between the
two sexes under both benign conditions and mild thermal stress. Our findings indicate that short-term stress
tolerance does not predict long-term survival under relatively mild conditions.

1. Introduction

protection (Nowogrodzki, 2017). The unintended consequences of this
practice are now more understood, leading the U.S. National Institutes

Sex differences were once thought to be important mainly for hor-
monal and reproductive issues, but we are beginning to learn that sex is
an important variable for a range of biological functions including cell
physiology, metabolism and gene expression (Mank, 2017; Niveditha
et al.,, 2017; Tower, 2017; Clayton, 2018). In humans, poor under-
standing of sex differences stems in part from the long-standing practice
of excluding women from clinical trials, often in the name of their own

of Health (NIH) to develop guidelines for including women in clinical
research (e.g. NIH, 1994). Beyond humans, studies across taxa often
either fail to mention the sex of tested subjects, combine data for dif-
ferent sexes, or include only one sex. Often, females are dis-
proportionately excluded to avoid complexity associated with female
reproduction. In other cases, males are excluded because reproductive
effort may be easier to quantify in females than in males.
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trait loci
* Corresponding author.
E-mail address: sedmands@usc.edu (S. Edmands).
! Contributed equally; authorship order determined by the flip of a coin.

2 Current address: Department of Preventive Medicine, Keck School of Medicine, University of Southern California, Los Angeles, CA, 90032, USA.
3 Current address: Biola University, Department of Biological Sciences, La Mirada, CA. 90,639, USA.

4 Current address: Western University of Health Sciences, Pomona, CA, 91766, USA.

5 Current address: School of Aquatic and Fishery Sciences, University of Washington, Seattle, WA, 98195, USA.

https://doi.org/10.1016/j.exger.2019.02.006

Received 30 August 2018; Received in revised form 4 January 2019; Accepted 6 February 2019

Available online 07 February 2019
0531-5565/ © 2019 Published by Elsevier Inc.


http://www.sciencedirect.com/science/journal/05315565
https://www.elsevier.com/locate/expgero
https://doi.org/10.1016/j.exger.2019.02.006
https://doi.org/10.1016/j.exger.2019.02.006
mailto:sedmands@usc.edu
https://doi.org/10.1016/j.exger.2019.02.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.exger.2019.02.006&domain=pdf

H.B. Foley, et al.

Among the most widespread sex differences is the tendency for fe-
males to live longer than males — a pattern found in many species of
mammals, reptiles, amphibians, fishes, arthropods and annelids (but
generally not birds, perhaps due to ZW sex determination;
Gopalakrishnan et al., 2013). However, sex differences in stress re-
sponse have not received as much attention. One might expect the sex
with longer lifespan to also have higher stress tolerance, since many
studies have shown a positive association between lifespan and stress
resistance. For example, classic Drosophila studies show that selection
for postponed senescence increases tolerance to a range of stressors
(desiccation, starvation, ethanol, high temperature; Service et al.,
1985), while selection for increased stress tolerance (desiccation, star-
vation) also increases lifespan (Rose et al., 1992). Further, extended
lifespan has been specifically associated with antioxidant capacity in
Drosophila (Svensson and Larsson, 2007; Niveditha et al., 2017), Cae-
norhabditis elegans (Murakami and Johnson, 1996), yeast (Kennedy
et al., 1995), mice (Migliaccio et al., 1999) and Arabidopsis (Kurepa
et al., 1998). Nevertheless, the association between long life and high
stress tolerance is not necessarily universal: strong evidence for the
pattern is restricted to a small number of model organisms, and the
relationship between oxidative stress and aging has been shown to be
far more complicated than was once believed (Salmon et al., 2010;
Speakman and Selman, 2011; Lucas et al., 2017). In some cases, se-
lection for increased stress tolerance has failed to increase lifespan (e.g.
Harshman and Schmid, 1998; Harshman et al., 1999), and vice versa
(e.g. Force et al., 1995; Zwann et al., 1995), possibly due to tradeoffs
between short-term stress tolerance and long-term survival. Such tra-
deoffs can either be genetic, where the same allele has a positive effect
on one trait and a negative effect on another (e.g. Blows and Hoffmann,
2005), or physiological, where traits compete for the same energetic
resources (e.g. Sokolova, 2013). Because tradeoff architectures may be
species or population specific, understanding sex differences in both
lifespan and stress tolerance will require studies across diverse taxa,
including those with alternative sex-determination systems.

Here we assess sex-specific stress tolerance, stress response and
lifespan in Tigriopus californicus, a novel invertebrate model for aging. T.
californicus is a marine microcrustacean, specifically a copepod, which
inhabits high intertidal rock pools on the west coast of North America.
This species has many virtues for experimental work, including short
generation time (3-4 weeks), ease of culture, amenability to controlled
crosses and abundant genomic and transcriptomic resources (Raisuddin
et al.,, 2007; Barreto et al., 2018). While T. californicus is becoming
established as a model for understanding the effects of mitochondria
and mitonuclear interactions (Rawson and Burton, 2002; Ellison and
Burton, 2008; Barreto et al., 2018), it has not been used for the study of
aging. It is a particularly interesting alternative model for under-
standing sex differences because it does not have sex chromosomes.
Instead, sex determination is polygenic with a small environmental
component (Ar-Rushdi, 1963; Voordouw and Anholt, 2002a, 2002b;
Alexander et al., 2014; Alexander et al., 2015). The absence of sex
chromosomes in T. californicus eliminates one of the major mechanisms
of sex differences, wherein males in an XY system (or females in a ZW
system) suffer from unprotected sex chromosomes (Maklakov and
Lummaa, 2013). Further, sexual antagonism in this species cannot be
adjusted by moving genes on or off the sex chromosomes, as has been
reported in other plants and animals (Spigler et al., 2011; Dean et al.,
2014; Hill, 2014). T. californicus thus provides a simplified system for
understanding sex-specific stress tolerance and lifespan.

Beyond sex chromosomes, many other explanations — both prox-
imate and ultimate — have been proposed for sexual dimorphism in
stress tolerance and lifespan. One potential explanation for male in-
feriority is the accumulation of male-specific mutation load in mi-
tochondria (e.g. the “mother's curse”; Gemmell et al., 2004). That is, for
organisms in which mitochondria are inherited maternally (including T.
californicus: Lee, 1993; Foley et al., 2013), male-harming mitochondrial
mutations may accumulate as long as they are neutral or beneficial in
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females. Another explanation for sex differences is sexual selection. In a
female, reproductive success is tied to the number of offspring she can
raise, while in a male, reproductive success may be more dependent on
the number of times he mates. These scenarios promote male behaviors
and physiologies that sacrifice survival in favor of mating success
(Trivers, 1985; Maklakov and Lummaa, 2013). Other specific factors
that may be involved include sex differences in body size (Matzkin
et al., 2007; Matzkin et al., 2009; Tejeda et al., 2014; Baudier et al.,
2015), telomere stability (Gopalakrishnan et al., 2013), or activation of
stress response pathways (Pomatto et al., 2017; Tower, 2017). Im-
portantly, these potential explanations for sex differences are not mu-
tually exclusive.

The current study used T. californicus to measure sex-specific tol-
erance to five different stressors: high temperature, high salinity, low
salinity, copper (a common marine pollutant due to its use in anti-
fouling paint additives; Brooks and Waldock, 2009) and bisphenol A (a
synthetic endocrine disrupting chemical becoming increasingly
common in marine habitats; Corrales et al., 2015). These stressors are
likely to invoke different response pathways and were tested in dif-
ferent populations across a range of conditions. The current study also
assessed the 20S proteasome, a proximate mechanism for responding to
acute stress. The proteasome is the central intracellular structure re-
sponsible for protein degradation (Raynes et al., 2016), and the 20S
confirmation is highly responsive to acute stress (Pickering et al.,
2010). In addition to assessments of short-term stress exposure, the
current study also measured sex-specific lifespan under benign condi-
tions and under mild thermal stress. In this way, we tested whether sex-
specific responses are similar across different stressors, and whether sex
differences in acute tolerance predict sex differences in longevity.

2. Materials and methods
2.1. Reproductive biology of the study organism

T. californicus is an obligately sexual, marine copepod whose re-
productive biology has been well studied (Egloff, 1967; Burton, 1985).
Breeding occurs year-round and both sexes reproduce throughout their
lifespan. Males clasp immature, virgin females and guard them until the
female reaches maturity. The female is then inseminated and released.
Females mate only once and use stored sperm to fertilize multiple egg
sacs, with up to 12 clutches of 15-140 eggs produced over her lifetime
(Egloff, 1967). In contrast to females, males mate repeatedly over their
lifespan.

2.2. Population collection and culture maintenance

T. californicus were collected at four locations (Fig. 1) in the United
States: Friday Harbor Labs (=FHL), WA (48.5458°, —123.0107°); Santa
Cruz (=SC), CA (36.9495°, —122.0467); Catalina Island (=CAT), CA
(33.4466°, —118.4850°); and San Diego (=SD), CA (32.7460°,
—117.2551°). Populations were maintained in mass culture in in-
cubators held at 20 °C with a 12 h light, 12 h dark cycle using standard
culture medium (0.1 g ground Spirulina (Nutraceutical Science In-
stitute, USA) and 0.1 g ground Tetramin fish food (Tetra Holding Inc.,
USA) per liter of 37 um filtered seawater.

2.3. Thermal tolerance

Much previous work on T. californicus has focused on the detri-
mental effects of interpopulation hybridization (e.g. Burton, 1990;
Edmands, 1999; Ellison and Burton, 2006; Hwang et al., 2011), with
some evidence that these negative effects are reduced under thermal or
salinity stress (Edmands and Deimler, 2004; Willett, 2012; Hwang
et al., 2016). To test if any sex differences are robust to the effects of
hybridization, we assayed tolerance in both pure populations and F2
interpopulation hybrids. Samples of the three populations used in this
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Fig. 1. Map of four collection locations on the west coast of the United States.

study (FHL, SC and SD) were maintained in the laboratory for at least
three months (approximately three generations) before experiments
began. Five cross treatments were then created to test effects of popu-
lation and hybridization: two hybrid crosses (FHL¢ x SD,, F2 and
SC¢ X SD,, F2) and three intrapopulation crosses (FHL; X FHL; F2,
SC¢ x SC, F2 and SD¢ X SD,, F2). Crosses were established by separ-
ating clasped pairs of adult males and virgin females under a dissecting
microscope as in Burton et al., 1981, and uniting one male and one
female in each 30 mm x 100 mm Petri dish filled with 30 ml standard
culture medium. At least sixty replicate dishes were set up for each
cross treatment and maintained as before in a 20 °C incubator with a
12h light, 12h dark cycle, and weekly feedings of Spirulina and Tet-
ramin. After two weeks, parents were removed from the dishes and F1
offspring were allowed to grow to adulthood and pair freely. When F1
clasped pairs formed, individual pairs were moved to a new Petri dish
with standard culture medium. After two weeks, F1 parents were re-
moved and F2 offspring were allowed to grow to maturity and mate
freely. F2 adults were then collected for tolerance assays.

Adults were collected from the family-specific groups: females were
gravid (bearing egg sacs) while males were either single or separated
from clasped pairs. Collected adults were held for 12-24h in filtered

148
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seawater without food before running the assay to minimize stress due
to collection. Assays were run in laboratory thermal cyclers. One co-
pepod was placed in each well of a 96-well plate in 200 pl of filtered
seawater and the plate was sealed with a plastic cover. Over 2h, the
program increased from 20°C up to 38°C, stepwise by 1.8°C.
Temperature was then held for 2h without a heated lid. After cooling,
copepods were assessed as live, knockdown, or dead. Live copepods
were defined as actively swimming distances greater than one body
length. Knockdown copepods were defined as still or not actively
swimming, and may twitch in response to probing. Dead copepods were
defined as producing no response from probing and displaying a sharp
angle between the urosome and prosome (adapted from Bao et al.,
2011). For this study, the live and knockdown categories were com-
bined before comparison to the dead category, because fitness mea-
sured after stress challenges was not found to be significantly different
between individuals initially scored as live vs. knockdown (Foley,
2017).

2.4. Salinity tolerance

To test effects of population and hybridization, the salinity tolerance
assays used the same five cross treatments used in the thermal tolerance
assays described above (FHL¢ X SD,, F2, SC¢ X SD,,, F2, FHL¢ X FHL,,
F2, SC; x SC,, F2 and SD¢ x SD,, F2). Twelve to twenty-four hours
before running the salinity assays, adult males and gravid, adult females
were collected from the family-specific F2 groups and held in artificial
seawater at 32 PSU (practical salinity units) and 20 °C without food.
Testing solutions were prepared with distilled water and Instant Ocean
(Spectrum Brands) to either 32 PSU (control), 75 PSU (hypersalinity) or
5 PSU (hyposalinity). Preliminary testing with osmotic stress in adult
copepods provided insufficient levels of mortality in 2-6h timed ex-
posure, making it incomparable to the thermal challenge. However,
acute 10 min exposures provided an opportunity to efficiently address
stress tolerance based on activity status. Animals were exposed to
testing solutions for 10 min, and their status was recorded as either
swimming or not swimming.

2.5. Copper tolerance

Degree of shading may impact copper (Cu) tolerance in Tigriopus,
since previous work shows copper tolerance to be sensitive to both
temperature and UV radiation (Sun et al., 2018). Therefore, the current
study used three shade treatments: no shade, partial shade and full
shade (Supplementary Fig. S1). Experiments were done at the Wrigley
Marine Science Center on Catalina Island, CA in June and July 2014.
Copepods were collected from a single tidepool at the CAT location.
Twenty gravid females were used in each of the three shading treat-
ments, with each individual placed in its own 50 ml Falcon tube with
approximately 40 ml standard culture medium. The Falcon tubes were
placed outdoors in 681 containers with 401 of 10 um-filtered seawater
to keep temperature constant and control for evaporation. Each 681
plastic container housed one of the three shade treatments. Full shading
was accomplished by covering the 681 container with an all-purpose
blue poly tarp with UV protection (Sigman, USA). To ensure full aera-
tion and to limit humidity, the tarp was not wrapped around the con-
tainer, but rather placed as a flat sheet above the container allowing for
a roughly 15 cm gap to exist between the lip of the container and tarp.
Partial shading was accomplished by covering the 681 container with a
tarp half the size of the full shade treatment. This limited the most
intense UV exposure during mid-day, but allowed light to penetrate
during dawn and dusk. When offspring hatched, they remained in the
same Falcon tube and the mother was removed.

Offspring were used for copper tolerance assays once they reached
maturity. Each assay used 10 males or 10 gravid females, with 3 re-
plicates for each combination of sex, copper exposure and shade
treatment. Assays were done in Petri dishes (60 mm X 15 mm) filled to
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a volume of 10ml with 10 um-filtered, autoclaved seawater and
2ugml~* copper (CuSO45H,0, cupric sulfate, Sigma-Aldrich). Dishes
were housed in a 19 °C light-controlled incubator and mortality was
evaluated after 96 h. Dead copepods were defined as producing no re-
sponse from probing and displaying a sharp angle between the urosome
and prosome.

2.6. Bisphenol-A tolerance

Copepods were collected from the SD location and tolerance assays
were done three months after collection. A stock solution of bisphenol-
A (BPA, 2,2-bis(4-hydroxyphenyl) propane; > 99%, Sigma-Aldrich)
was prepared using 10% DMSO (dimethyl sulfoxide, Mallinckrodt) as
solvent, with 0.100 g BPA, 10 ml DMSO, 90 ml sterile diH,0. The stock
BPA was mixed with 37 um-filtered, autoclaved seawater to produce six
different concentrations: 0, 0.1013, 0.2025, 0.405, 0.81 and 1.62mg
BPA/L. DMSO concentrations were adjusted to 0.08% DMSO in all test
solutions by using a 10% DMSO stock solution. Assays were done in
60 mm X 15 mm Petri dishes with 11 ml test solution and 10 copepods
(either adult males or adult, gravid females) in each dish. Animals were
exposed for 96 h in a 20 °C light-controlled incubator, and then scored
as live or dead (defined as producing no response from probing and
displaying a sharp angle between the urosome and prosome).

2.7. Proteolytic activity during copper and heat exposure

The most commonly-studied confirmation of the proteasome is the
ubiquitin-dependent 26S proteasome, which selectively degrades ubi-
quitin-tagged proteins under normal non-stress conditions. For our as-
says we targeted a different conformation, the 20S proteasome, which is
known to be highly responsive to acute stress (Pickering et al., 2010)
and selectively degrades oxidized proteins (Davies, 2001). Loss of
protein homeostasis is known as one of the hallmarks of aging (Lopez-
Otin et al., 2013) and the age-related loss 20S proteasome capacity has
been shown to result in decreased stress resistance (Pomatto et al.,
2017; Raynes et al., 2017).

For proteolytic activity assays, T. californicus were collected from
the San Diego (SD) location. It should be noted that this is not the same
population used for the copper tolerance assays described above. While
we did not formally test sex-specific copper tolerance in the SD popu-
lation, preliminary assays across multiple populations support the
general pattern of higher copper tolerance in females (Sun et al., 2015;
Foley, 2017).

For the proteolytic assays, control and chronic copper lines were
established in triplicate with 100 gravid females several months prior to
the experiments (multigenerational copper exposure compared to single
generational copper exposure result in similar physiological acclima-
tion responses; P.Y. Sun and B.K. So, unpublished observations/data).
Cultures were established and maintained following a previous protocol
(see Sun et al., 2014). Briefly, a copper stock was prepared by diluting
CuSO,45H,0 (Sigma-Aldrich) in Nanopure water to a concentration of
1g1™ . The copper stock was added to chronic copper cultures for a
final concentration of 13.74 ug1~! during water changes. These water
changes occurred once a week, when the seawater was completely

Table 1
Batches used for assays of lifespan and sex ratio vs. temperature.
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replaced. Cultures were maintained with a 12h light and 12h dark
cycle at 20 °C in standard culture medium.

Males and females from both the control and copper lines were
sorted into 50 ml Falcon tubes, with 10 individuals per tube, in a final
volume of 20 ml. For heat stress conditions, Falcon tubes were placed in
a 35 °C water bath for 1 h and then placed back into a 20 °C incubator
for 1 h recovery before protein extraction. Control treatments were left
in the 20 °C incubator for the duration of the experiment. All samples
were run in triplicate. Samples were frozen on dry ice for protein ex-
traction. The protocol used follows Pickering et al. (2010). Briefly,
protein extraction began with thawing and desiccating the samples
followed by homogenization on ice using a tissue grinder in a salt buffer
solution (50 mM Tris, 25 mM KCI, 10 mM NaCl, 1 mM MgCl,, 1 mM
dithiothreitol at pH 7.5). Samples were then further lysed by 3 x freeze-
thaw cycles on dry ice and room temperature water. Next, samples were
centrifuged at 10,000 rcf for 10 min after which the supernatant was
collected for protein quantification. Protein was quantified using a BCA
protein assay kit (Thermo Scientific, USA). 20S proteasome capacity,
specifically the enzymatic activity mostly attributable to the 5 subunit
that exhibits chymotrypsin-like activity, was measured using a peptide
(succinyl-Leu-Leu-Val-Tyr) labeled with a 7-Amino-4-Methylcoumarin
(AMC) fluorophore. When AMC is proteolytically cleaved from the
peptide substrate, it fluoresces and this is measured as an index of
proteolysis. The 20S proteasome is a multiunit complex, with all sub-
units working in conjunction with each other. These subunits have a
similar rate of synthesis (Hayter et al., 2005). As a result, over-
expression of one subunit, such as (35, results in an increase in the ac-
tivity of all other catalytic units as well (Chondrogianni et al., 2005).

Samples were loaded in triplicate at 2.5 g cell lysate protein per
well in a 96-well plate with 2uM N-succinyl-Leu-Leu-Val-Tyr-AMC
(Enzo Life Sciences). The final volume per well was 100 pL. Samples
were run alongside AMC standards to create a standard curve of known
AMC concentrations. Fluorescence readings (Fluroskan Ascent FL,
LabSystems) were taken at 10 min intervals using excitation wave-
lengths of 355 nm and emission of 444 nm for a total of 4 h. Proteolytic
capacity was measured as pmol of AMC released per min of g of total
protein.

2.8. Lifespan and sex ratio vs. temperature

All lifespan assays used copepods collected from the SD location and
maintained in standard culture medium. To increase replication, mul-
tiple batches from the same location were assayed at both 15°C and
25°C. A temperature of 25°C is a relatively mild stress given that
previous work on the same population found median lethality at ~37 °C
(Leong et al., 2018). Each batch used a different combination of starting
population, starting time and temperature treatment. Due to limitations
on the numbers of animals available, offspring of animals used in one
batch were used for later batches (Table 1). The same starting popu-
lations were used for batches A, D and G, batches B and E, and batches
C and F. Each batch was established with 15-40 replicates of a single
clasped pair (adult male and virgin female) per 30 mm X 100 mm Petri
dish filled with 30ml culture medium. Replicates were checked for
developmental stage and mortality three times a week (either by eye or

Batch  Source location  Temperature treatment  Culture maintenance

Animals maintained in lab at 20 °C for > 5years prior to experiment

Animals maintained in lab at 20 °C for > 5 years prior to experiment

A SD 15°C

B SD 15°C Offspring of combined batches A and D

C SD 15°C Animals maintained in lab at 20 °C for 10d prior to experiment
D SD 25°C

E SD 25°C Offspring of combined batches A and D

F SD 25°C Animals maintained in lab at 20 °C for 10d prior to experiment
G SD 25°C

Animals maintained in lab at 20 °C for > 5 years prior to experiment. Same as Batch A but experiment began 3 weeks later.
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Fig. 2. Sex-specific tolerance of temperature and salinity. ANOVA was used to test effects of cohort, sex, and cohort x sex interaction, with family as a random effect.
For significant interactions, significant post hoc sex differences within cohorts are shown. (***p < 0.001, **p < 0.01, *p < 0.05, "not significant). (A) Proportion
survival after 2 h exposure to high temperature (38 °C). (B) Proportion swimming after 10 min exposure to hypersalinity (75 PSU). (C) Proportion swimming after

10 min exposure to hyposalinity (5 PSU).

using a dissection microscope) for the duration of the experiment.
When the female parent formed an egg sac, the male parent was re-
moved. The female parent was removed once the eggs hatched and
larvae could be seen under the microscope. After all offspring had
metamorphosed from nauplii (larvae) to copepodids (juveniles), up to
24 individuals from each family were transferred to a 24-well culture
plate, with one individual and 1 ml standard culture medium in each
well. Plates were rehydrated with deionized water and fed once per
week. Animals were monitored 3 X per week, and the date was re-
corded when sex could be identified for each individual (presence of
claspers on antennules for males, presence of an egg sac for females).
The date that sex was identified was used as the first day of adulthood,
and survival of adult males and females continued until all individuals
were dead. Importantly, individuals were isolated before mating could
occur, but virgin females in this species still produce egg sacs, which fail
to develop (Egloff, 1967).

2.9. Statistics

For assays of temperature and salinity, ANOVA was used to test
cohort and sex as fixed effects, as well as their interaction, with family
as a random factor (R function Imer, y~ (cohort:sex) + (1]|co-
hort:family)). Post hoc tests for this mixed effects model were calcu-
lated using R function difflsmeans. Similarly, for assays of copper tol-
erance, ANOVA was used to test environment and sex as fixed effects, as
well as their interaction, with replicate as a random factor (R function
lmer, y ~ environment = sex) + (1|environment:replicate)), and post
hoc tests using difflsmeans. For assays of bisphenol-A tolerance, median
lethal concentrations (LC50s) were calculated and compared using the
R package drc (Ritz et al., 2015). LC50 values were compared by like-
lihood ratio tests which have been found to have higher power to detect
true differences than the more traditional method of testing for overlap
in 95% confidence intervals (Wheeler et al., 2006). For studies of pro-
teolytic activity, sex-specific treatment groups (stress treatment : sex)
were compared by one-way ANOVA using R function aov (re-
sponse~group), to allow comparison to sex-specific control groups,
with post hoc tests by Tukey HSD (R function TukeyHSD). For studies of
lifespan, initial ANOVA showed a significant effect (p < 0.001) of
batch nested within temperature (Imer, life-
span ~ temperature + sex + temperature|batch). The seven batches
were therefore analyzed separately. Kaplan-Meier survival curves for
each batch were fitted with R function survfit (package survminer) and
compared using log rank tests. Within batches, temperature effects on
sex-specific lifespan were compared by Welch two sample t-tests (R
function t-test), and temperature effects on sex ratio were tested by
Pearson's chi-squared test with Yates' continuity correction (R function
chisq.test). For multiple testing, p-values were adjusted by the Benja-
mini-Hochberg procedure (Benjamini and Hochberg, 1995) using the R

function p.adjust. All statistical analyses used R 3.4.2 (R Core Team,
2017).

3. Results
3.1. Thermal tolerance

High temperature tolerance (Fig. 2A) was tested in both sexes for
five cohorts (FHL, FHL x SD F2 hybrids, SC, SC x SD F2 hybrids and
SD). Each thermal tolerance assay used 1-10 adult females
(mean = 6.2) or 2-12 adult males (mean = 6.2) from a single family,
with 12-35 families assayed for each sex in each cohort (mean = 21.8).
ANOVA yielded a significant main effect for cohort (F (4,203) = 70.95,
p = 2.2e—16), but not for sex (F (1,203) = 0.34, p = 0.561), and a
significant interaction between cohort and sex (F (4,203) = 4.63,
p = 0.001). Post hoc analyses for cohort found that southernmost po-
pulation SD was significantly more tolerant to higher temperature than
the four other treatments (p < 0.001 for each comparison). North-
ernmost population FHL was also significantly less tolerant than
FHL X SD F2 hybrids (p < 0.01), SC (p < 0.01) and SC x SD F2 hy-
brids (p < 0.001). Post hoc analyses showed significant sex differences
within two of the five cohorts, with females having an average of 18.3%
higher survival in FHL x SD F2 hybrids (p < 0.001) and 14.9% higher
survival in SC x SD F2 hybrids (p < 0.001).

3.2. Salinity tolerance

Hypersalinity tolerance (Fig. 2B) was tested in both sexes for five
cohorts (FHL, FHL x SD F2 hybrids, SC, SC x SD F2 hybrids and SD).
Each hypersalinity assay used 2-10 adult females (mean = 6.5) or 2-15
adult males (mean = 6.3) from a single family, with 9-33 families as-
sayed for each sex in each cohort (mean = 20.1). ANOVA yielded a
significant main effect for cohort (F (4,186) = 2.63, p = 0.037), as well
as for sex (F (1,186) = 16.31, p = 7.78e —5), but not for the interaction
between cohort and sex (F (4,186) = 0.71, p = 0.589). Post hoc ana-
lyses for cohort found southernmost population SD to be more tolerant
than FHL (p < 0.01), FHL x SD F2 hybrids (p < 0.05), SC (p < 0.05)
and SC x SD F2 hybrids (p < 0.05). Post hoc analyses for sex found
females to be more tolerant than males (p < 0.001), with an average of
15.0% more individuals swimming.

Hyposalinity tolerance (Fig. 2C) was tested in both sexes for the
same five cohorts (FHL, FHL x SD F2 hybrids, SC, SC x SD F2 hybrids
and SD). Each hyposalinity assay used 1-8 adult females (mean = 5.2)
or 2-12 adult males (mean = 6.2) from a single family, with 9-33 fa-
milies assayed for each sex in each cohort (mean = 20.6). ANOVA
yielded a significant main effect for sex (F (1,191) = 25.93,
p = 8.59e—7), but not for cohort (F (1,191) = 2.04, p = 0.093), and
the interaction between sex and cohort was significant (F
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Fig. 3. Sex-specific copper tolerance. Proportion survival after 96 h exposure to
copper (2mgml~'). ANOVA was used to test effects of environment, sex, and
environment x sex interaction, with replicate as a random effect (** p < 0.01,
"not significant).

(4,191) = 2.58, p = 0.039). Post hoc analyses for sex found females to
be more tolerant than males (p < 0.001), with an average of 23.1%
more females swimming. Post hoc analyses showed significant sex
differences within four of the five cohorts, with a higher percentage of
females swimming in FHL x SD F2 hybrids (16.6%, p < 0.01), SC
(28.2%, p < 0.05), SC x SD F2 hybrids (21.0%, p < 0.001), and SD
(50.0%, p < 0.001).

3.3. Copper tolerance

Copper tolerance (Fig. 3) was tested in both sexes from location CAT
for individuals born in one of three environments (no shade, partial
shade or full shade). ANOVA yielded a significant main effect for sex (F
(1,44) = 9.384, p = 0.006), but not for environment (F (2,44) = 1.374,
p = 0.273) or for the interaction between environment and sex (F
(2,44) = 3.118, p = 0.063). Post hoc analyses for sex found females to
be more tolerant than males (p < 0.01), with an average of 14.6%
higher survivorship.

3.4. Bisphenol-A tolerance

Median lethality after 96 h BPA exposure was estimated in both
sexes from location SD (Fig. 4). LC50 in females (0.202, 95%CI
[0.164,0.240]) was approximately 67% higher than LC50 in males
(0.121, 95% CI [0.097,0.146]), and the difference was highly sig-
nificant by a likelihood ratio test (LR = 12.288, p = 5e—4).

3.5. Proteolytic activity during copper and heat exposure

Proteolytic rates were measured under single and combined stress
treatments for both sexes from location SD (Fig. 5, Table 2). One-way
ANOVA showed a significant effect of group (stress treatment*sex) on
proteolytic activity (F(7,328) = 61.54, p = 2e — 16). In post hoc com-
parisons to controls, acute heat stress did not alter activity in females
(p = 0.0851) or males (p = 0.7514). In contrast, chronic copper ex-
posure increased proteolytic activity above control levels for both fe-
males (p < 0.0001) and males (p < 0.0001). When chronic copper
exposure was followed by acute heat stress, proteolytic activity re-
mained elevated in females (p < 0.0001) but collapsed below control
levels in males (p < 0.0001).
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Fig. 4. Sex-specific bisphenol A (BPA) tolerance. Median lethality, with 95%
confidence intervals, after 96 h exposure. Results for the two sexes were com-
pared by a likelihood ratio test (***p < 0.001).

3.6. Lifespan and sex ratio vs. temperature

Adult lifespan was measured in SD animals at 15 °C for three batches
and 25 °C for four batches (Fig. 6, Table 3). Initial ANOVA showed a
highly significant effect of batches nested within temperature treat-
ment, so subsequent analyses were done on individual batches. Com-
pared to an expected sex ratio of 0.5, there was a significant deficit of
females for two of three batches at 15 °C, and a highly significant deficit
of females for each of four batches at 25°C (Table 3). Kaplan-Meier
survival curves (Fig. 6) for males and females in each batch and tem-
perature were compared by log-rank tests. Survivorship was equivalent
between sexes in all seven batches. Mean lifespan was longer in females
for batch F at 25°C (p < 0.05) and equivalent for the remaining six
tests (Table 3).
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Fig. 5. Sex-specific proteolytic activity under stress. Proteolytic activity in four
stress treatments: control (20 °C), acute exposure to heat (1 h at 35 °F), chronic
exposure to copper, and chronic exposure to copper followed by acute exposure
to heat. Effect of group (stress treatment*sex) was tested by one-way ANOVA.
Lower case letters above bars indicate results of post hoc Tukey HSD tests;
groups not sharing a letter are significantly different (see Table 2).



H.B. Foley, et al.

4. Discussion
4.1. Main findings

This is the first study to assess acute stress tolerance and lifespan in
both sexes of the copepod Tigriopus californicus, a novel invertebrate
model for aging. The potential for this study to relate sex-specific stress
tolerance to sex-specific lifespan may be complicated by population
differences, since the stress assays used multiple populations while the
lifespan assays used only a single population. Still, studies of acute
tolerance across a range of stressors (temperature, salinity, copper, and
bisphenol-A) showed that when significant sex differences were found,
females were consistently more tolerant than males, and this pattern
was robust to differences in populations, pure vs. hybrid crosses, and
different shading environments. One mechanism for dealing with ex-
trinsic stress, upregulation of proteolytic activity, was also found to be
sexually dimorphic in the single population tested. In contrast, lifespan
in one population exposed to two different temperature treatments was
found to be largely equivalent between sexes across replicated tests.

4.2. Effects of population and hybridization on stress tolerance

For acute stressors measured in more than one population (tem-
perature and salinity), geographic patterns were consistent with adap-
tation to local environmental conditions. Southern populations were
found to be more tolerant of high temperature, as has been reported in a
series of previous studies (Willett, 2010; Kelly et al., 2012; Leong et al.,
2018). For osmotic tolerance, southern populations were found to be
more tolerant of high salinity and less tolerant of low salinity, also
consistent with previous work (Leong et al., 2018).

A comparison of intra-population and inter-population F2 crosses
was done under conditions of high temperature, high salinity and low
salinity. In previous studies, inter-population F2 hybrids have re-
peatedly been shown to exhibit hybrid breakdown, with fitness fre-
quently below both parental populations (e.g. Burton, 1990; Edmands,
1999; Hwang et al., 2011). In contrast, the current study found no cases
where F2 hybrid fitness was significantly depressed below both parental
populations, and one case where F2 hybrid fitness significantly ex-
ceeded one of the parentals (FHL x SD F2 > FHL under high tem-
perature). This is consistent with a reduction in detrimental effects of
hybridization in the presence of extrinsic stress, as has been reported in
prior investigations of T. californicus and other species (Armbruster
et al.,, 1997; Edmands and Deimler, 2004; Edmands, 2007; Willett,
2012; Hwang et al., 2016). This amelioration of hybrid breakdown
under stress may be attributed to increased beneficial effects of within-
locus hybridity (e.g. reduced inbreeding depression, possibly due to
genetic homeostasis, wherein heterozygotes have greater capacity to

Table 2
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buffer against environmental challenges; Lerner, 1954) and/or de-
creased detrimental effects of between-locus hybridity (e.g. reduced
deleterious epistasis; Lynch, 1991).

4.3. Sexual dimorphism in stress tolerance

For temperature, the main effect of sex was not significant, but the
interaction between sex and cohort was significant, with sex differences
found in two of five cohorts (female tolerance 18% higher in FHL x SD
F2 and 15% higher in SC x SD F2). For both high and low salinity, the
main effect of sex was significant, with females having an average of
15% higher tolerance to high salinity and an average of 23% higher
tolerance to low salinity. For BPA, females again showed superior tol-
erance, with 67% higher median lethal concentrations. While this is the
most comprehensive survey of sex-specific tolerance in this species to
date, it is not the first to report superior tolerance in females. For high
temperature, both Willett (2010) and Kelly et al. (2012) also found
tolerance to be greater in females. For salinity, DeBiasse et al. (2018)
found tolerance of low salinity to be greater in males, while tolerance of
high salinity was equivalent between sexes. However, DeBiasse et al.
(2018) focused on clasped pairs (adult male with juvenile female) so
lower female tolerance may be due to their life stage, as juvenile T.
californicus have been reported to be less resilient than adults (O'Brien
et al., 1988; Forget et al., 1998; Medina et al., 2008). Consistent with
our findings of higher female resistance to extrinsic stress, previous
work shows higher female tolerance of the intrinsic stress brought on by
hybridization. In F2 inter-population hybrids, males showed more hy-
brid viability QTL (quantitative trait loci) than females, including more
single locus QTL, more two-way interactions and more three-way in-
teractions (Foley et al., 2013).

4.4. Sexual dimorphism in proteolytic capacity

The proteolytic response to stress was found to be sexually di-
morphic. Chronic copper exposure caused increased capacity in both
sexes. However, proteolytic capacity remained elevated in females but
dropped below control levels in males when chronic copper exposure
was combined with acute heat stress. The loss of the ability to upre-
gulate proteolytic capacity in response to stress negatively impacts
fitness (Pomatto et al., 2017; Raynes et al., 2017). Without timely and
proper protein degradation, proteins damaged and denatured by oxi-
dative stress can form toxic aggregates. These protein aggregates can
lead to further inhibition of proteasome activity (Sitte et al., 2000)
because the proteasome becomes sequestered and deactivated as it
unsuccessfully attempts to degrade the structures (Grune et al., 2004).
Accumulation of these aggregates eventually leads to cytotoxicity
(Levine and Stadtman, 2001). Thus, an initial loss of proteasome

ANOVA post hoc tests for differences in proteolytic activity between groups. Mean differences between groups ((groups in top row) - (groups in left column)) are
shown below the diagonal. P-values for significance between groups are shown above the diagonal.

Control, F Control, M Heat, F Heat, M Cu, F Cu, M Cu + heat, F Cu + heat, M
Control, F - 0.0001 "+ 0.0851™ 0.0326° < 0.0001 < 0.0001"* < 0.0001" 0.9999™
Control, M —0.0236 - 0.5266™ 0.7514™ < 0.0001 < 0.0001 0.0002 0.0003
Heat, F —0.0140 0.0095 - 0.9999™ < 0.0001 < 0.0001 < 0.0001 0.1916™
Heat, M —0.0157 0.0079 —0.0017 - < 0.0001 < 0.0001 < 0.0001 0.0851™
Cu, F —0.0645 —0.0410 —0.0505 —0.0488 - 0.9717" 0.0046 < 0.0001
Cu, M —0.0695 —0.0460 —0.0555 —0.0538 —0.0050 - 0.0001 < 0.0001
Cu + heat, F —0.0460 —0.0224 —0.0319 —0.0302 0.0186 0.0236 - < 0.0001
Cu + heat, M —0.0017 0.0219 0.0124 0.0140 0.0629 0.0679 0.0443 -

™ not significant. Significant tests shown in bold.
* p < 0.05.
= p < 0.01.
w p < 0.001.
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Fig. 6. Sex-specific adult survival curves at two temperatures. Kaplan-Meier survival curves at 15°C (batches A-C) and at 25 °C (batches D-G). P-values (FDR-
adjusted) are for comparisons of male and female survival curves by a log-rank test. ™ not significant.

activity can rapidly result in cytotoxic outcomes if not corrected. The
ability of females to maintain proteolytic capacity under extreme con-
ditions may provide a partial explanation for their higher tolerance of a
range of stressors.

Male proteasome capacity collapsed under combined stressors (e.g.
heat and copper). Other studies have reported similar patterns where
increased severity of stress is accompanied by a drop in the ability to
upregulate proteolytic capacity (Pickering et al., 2013; Raynes et al.,
2017). Additionally, the genetic mechanisms used to respond to copper
pollution have been shown to change based on the intensity of the
pollution stress (Galletly et al., 2007). For instance, in yeast cells during
starvation stress, proteasome activity drops as the cell sequesters pro-
teasome units in storage granules and shifts to non-selective autophagy
(Peters et al., 2013), in which a potential trade off occurs from the
specificity of proteasome degradation to the rapid removal afforded by
autosomal degradation. Though it is uncertain whether a similar me-
chanism is acting in male copepods under heat and copper stress, the
collapse in activity may indicate a shift away from proteasome pro-
teolytic activity to another degradation pathway that is better suited to
meet the new intracellular needs. The inability of males to maintain
proteasome activity in the presence of intense stress likely contributes
to the overall phenotypic observation of higher female tolerance to
stress.

Table 3

Sex ratio (proportion females) and sex-specific lifespan (days) at two temperatures.

4.5. Sex ratio

In this study, sex ratio was measured in adults, since sex in this
species cannot be distinguished in early developmental stages (Egloff,
1967). At the benign temperature of 15 °C, significant male bias was
found in two out of three batches (mean = 57.3% male), while at the
more stressful temperature of 25 °C, highly significant male bias was
found in four out of four batches (mean = 70.5% male). Understanding
stress effects on adult sex ratio in this system is complicated because
environmental factors can alter primary sex ratio (Vacquier, 1962;
Vacquier and Belser, 1965; Egloff, 1967; Chalker-Scott, 1995;
Voordouw and Anholt, 2002b) and can also cause sex-specific mortality
(see above). Since the current study and previous studies (Willett, 2010;
Kelly et al., 2012) show males to be less tolerant of high temperature,
the increased proportion of males at 25°C is likely attributable to
thermal effects on sex determination. This is consistent with previous
work in which a shift from 15°C to 25°C caused approximately 5%
increase in the percentage of males in the primary sex ratio (Voordouw
and Anholt, 2002b). Alternatively, if males develop faster than females,
particularly at high temperatures, the protocol of limiting assays to 24
individuals per family may have enriched for males if larger individuals
were inadvertently chosen.

Temp Batch Sex ratio Female lifespan Male lifespan Sex ratio deviation from 0.5? Female vs. male lifespan?
Mean SE N Mean SE N

15°C A 0.42 125.3 5.6 75 123.0 5.1 105 51 0.30166™°

15°C B 0.48 99.5 7.2 19 120.4 6.1 21 0.1,™ —1.9056™

15°C C 0.38 65.7 3.3 27 65.1 2.7 45 4.5, 0.14s5,"

25°C D 0.24 47.5 4.0 24 40.8 3.0 75 26.3, 1.3652™

25°C E 0.36 60.2 2.0 88 63.7 1.4 158 19.9; —1.42,76™

25°C F 0.32 48.6 3.0 71 44.1 1.0 154 30.6, 2761590

25°C G 0.26 48.2 4.0 26 50.6 2.8 74 23.0, —0.495,™

Temp, temperature; SE, standard error; N, number of individuals. Sex ratio deviation from 0.5 within each batch and temperature compared by chi-square test (chi-
square value, df, significance). Female vs. male lifespan within each batch and temperature compared by t-test (¢ value, df, significance after FDR-adjustment).

™ not significant. Significant tests shown in bold.
* p < 0.05.
s p < 0.001.
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4.6. Sex-specific longevity

Adult lifespan was measured in three batches at 15°C and four
batches at 25 °C. Substantial variation was found among batches within
temperature treatments, presumably due to differences in the time of
sample collection, the conditions of culture maintenance and the time
of experimental assays. No significant sex differences were found within
batches. These results are in rather dramatic contrast to previous work
on adult lifespan in T. californicus by Egloff (1967) who found that
when animals had abundant food (as in our study) mean life expectancy
was 2.5 x longer for males at 15 °C and 2.0 x longer for males at 23 °C.
However, when animals were starved, the sex bias switched and mean
life expectancy was found to be 2.4 x longer for females at 15 °C and
3.7x longer for females at 23 °C. Egloff's finding of a shift toward
longer female lifespan under starvation and/or thermal stress is in line
with our findings of consistently higher stress tolerance in females and
more female biased sex ratios in lifespan assays in the higher tem-
perature treatment. However, their finding of longer male lifespan in
fed animals contrasts with our results which show no evidence of longer
male lifespan for fed animals in either temperature treatment. One
difference is that our study used a population from southern California
(San Diego) while Egloff's study used a population from central Cali-
fornia (Pacific Grove), and T. californicus populations are known to be
genetically divergent and distinct in life history characters (Edmands
and Harrison, 2003). Another major difference is that in our study in-
dividuals were raised in isolation once they reached the copepodid
(juvenile) stage, while in Egloff's study groups of males and females
were raised together throughout the experiment. These mixed sex
groups allow the potential for competition, courtship, mating, and re-
production, all of which can have sex-specific effects on lifespan (e.g.
Fowler and Partridge, 1989; Kirkwood and Rose, 1991; Stearns, 1992;
Penn and Smith, 2007; Bonduriansky et al., 2008; Leech et al., 2017).
Several studies have found the costs of mating and reproduction to be
higher for females than males (e.g. Fowler and Partridge, 1989; Penn
and Smith, 2007), so the absence of mating and reproduction may have
contributed to the equivalent male and female lifespans found in our
study. Importantly, our longevity studies incorporated a stressor (a
10 °C increase in temperature) with sex-specific effects in only a subset
of populations. Given that females showed higher resistance to all
stressors tested, lifespan under multi-stress conditions, such as in the
wild, could potentially favor females.

4.7. Potential mechanisms underlying sexually dimorphic patterns

Results showed females to have superior tolerance to a range of
acute stresses including high temperature, high salinity, low salinity,
copper, and bisphenol-A. Several non-exclusive explanations, both
proximate and ultimate, may underlie this female superiority. One
molecular mechanism for the pattern may be sex differences in de-
gradation of oxidized proteins, as the most stressful treatment (chronic
copper exposure followed by acute heat exposure) caused females to
upregulate proteasome activity, while activity collapsed below control
levels in males. Proteolytic activity is likely only part of the molecular
explanation here, as preliminary work in this system shows ~15% of
the transcripts responding to stress (temperature and copper) also show
sex-biased expression, while the transcriptome as whole has < 5% sex-
biased genes (Foley, 2017). Another contributing factor may simply be
body size. Females in this species are generally larger than males
(Edmands and Harrison, 2003) and in other taxa larger body size cor-
relates with higher tolerance to stressors such as high temperature
(Baudier et al., 2015), desiccation (Matzkin et al., 2007; Matzkin et al.,
2009; Tejeda et al., 2014) and starvation (Matzkin et al., 2009). As
mentioned previously, the sexual dimorphism in stress response found
in this study cannot be attributed to sex chromosomes, since sex de-
termination in T. californicus is known to be polygenic rather than
chromosomal (Ar-Rushdi, 1963; Voordouw and Anholt, 2002a;
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Alexander et al., 2014; Alexander et al., 2015). Instead, another broad
genetic explanation for male inferiority is the “mother's curse”, in
which maternal inheritance of mitochondria results in the accumulation
of male-harming mitochondrial mutations (Gemmell et al., 2004). To
date, this pattern has been demonstrated experimentally only in Dro-
sophila (e.g. Innocenti et al., 2011; Camus et al., 2015; Wolff et al.,
2016). Lastly, sexual dimorphism in stress tolerance could result from
adaptive sex-specific selection in both sexes (Trivers, 1985; Maklakov
and Lummaa, 2013). Higher variance of male reproductive success may
favor increased investment in reproductive effort at the expense of so-
matic maintenance, as well as riskier behaviors and physiologies that
increase mating success at the expense of survival. This might be ex-
pected in T. californicus where females mate only once while males can
mate with multiple females (Egloff, 1967; Burton, 1985). Despite con-
sistent evidence that females have higher tolerance of acute stress,
lifespan was largely equivalent between the sexes, suggesting a sex-
biased tradeoff. For example, in decorated crickets, early life re-
production is associated with late life oxidative damage in both sexes,
but the cost is larger for females (Archer et al., 2013).

5. Conclusions

Studies of a number of model organisms show positive associations
between stress resistance and longevity, leading to the simple predic-
tion that the sex with higher acute stress tolerance also has longer
lifespan. However, this simple prediction may be confounded by tra-
deoffs between acute stress tolerance and long term survival. Our re-
sults for the alternative model Tigriopus californicus show females to be
more stress tolerant than males across a broad range of stressors, and
yet their lifespan was found to be equivalent (this study) or even shorter
(Egloff, 1967) than males. This implies a sex-biased tradeoff. Our study
therefore does not support a simple positive correlation between stress
tolerance and lifespan, and instead suggests sex- and age-specific tra-
deoffs in factors such as reproduction, survival, and the costs and
benefits of defense mechanisms. A better understanding of such sex-
specific tradeoffs will require assays of both short-term stress tolerance
and long-term survival in the same individuals.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.exger.2019.02.006.
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