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As the most energetically expensive cellular process, translation must be finely tuned to
environmental conditions. Dietary restriction attenuates signaling through the nutrient
sensing mTOR pathway, which reduces translation and redirects resources to
preserve the soma. These responses are associated with increased lifespan but also
anabolic impairment, phenotypes also observed when translation is genetically
suppressed. Here, we restricted translation downstream of mTOR separately in major
tissues in C. elegans to better understand their roles in systemic adaptation and whether
consequences to anabolic impairment were separable from positive effects on lifespan.
Lowering translation in neurons, hypodermis, or germline tissue led to increased lifespan
under well-fed conditions and improved survival upon withdrawal of food, indicating that
these are key tissues coordinating enhanced survival when protein synthesis is reduced.
Surprisingly, lowering translation in body muscle during development shortened lifespan
while accelerating and increasing reproduction, a reversal of phenotypic trade-offs
associated with systemic translation suppression. Suppressing mTORC1 selectively in
body muscle also increased reproduction while slowing motility during development. In
nature, this may be indicative of reduced energy expenditure related to foraging, acting as
a “GO!” signal for reproduction. Together, results indicate that low translation in different
tissues helps direct distinct systemic adaptations and suggest that unknown endocrine
signals mediate these responses. Furthermore, mTOR or translation inhibitory therapeutics
that target specific tissues may achieve desired interventions to aging without loss of
whole-body anabolism.
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optimal foraging theory

INTRODUCTION

By nature, animals are driven by the need to feed and instinct to reproduce. When food is scarce or
conditions are otherwise unfavorable for survival, anabolic activity is reduced and resource
expenditure is redirected to preserve the soma (Liu and Qian, 2014). This helps ensure that
animals survive long enough for conditions to improve and resume normal propagation. A
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robust and well-studied example of this is dietary restriction
(DR), a low nutrient condition that extends lifespan and healthy
tissue function, but with a cost to reproduction and growth
(Shanley and Kirkwood, 2000).

The ability of cells to sense nutrients is central to the DR
response. The mechanistic Target of Rapamycin (mTOR) is an
ancient nutrient sensing serine/threonine kinase and subunit of
the mTOR complex that controls processes including translation
and autophagy (Kapahi et al., 2010). Low nutrient availability
lessens activity through this pathway, reducing new protein
synthesis and releasing suppression of cellular recycling. DR,
low mTOR signaling, and genetically impaired translation each
extend lifespan and stress resistance while negatively impacting
growth and reproduction (Kapahi and Zid, 2004; Rogers and
Kapahi, 2006; Kapahi and Vijg, 2009; Kapahi et al., 2010). This
relationship is often considered in terms of life history trade-offs,
a paradigm invoked in genetics of aging research in which
reproductive success is “traded” for somatic maintenance
(Maklakov and Chapman, 2019).

Some studies indicate that the trade-offs between reproduction
and lifespan can be temporally uncoupled. In D. melanogaster,
administration of the mTOR inhibitor Torin1 subsequent to
mating does not decrease fecundity despite increasing lifespan
(Mason et al., 2018). In C. elegans, animals heterozygous for
translation initiation factor mutations can extend lifespan
without strongly blunting fecundity (Cattie et al., 2016).
Attenuation of the insulin/insulin-like growth factor-1 (IGF-1)
pathway also exhibits trade-offs between reproduction and
lifespan that may be partly or completely uncoupled. While
not directly sensing nutrients in the same way as mTOR,
reduced signaling through the insulin/IGF-1 pathway is
important for increased lifespan from intermittent fasting
(Honjoh et al., 2009) and reduced food sensing through taste
receptors (Alcedo and Kenyon, 2004). Inhibition of insulin/IGF-1
signaling after animals reach adulthood maintains normal
reproduction despite increasing lifespan (Dillin et al., 2002). In
addition, a heterozygous mutant of this pathway in D.
melanogaster exhibits robustly increased lifespan without a loss
to reproduction (Yamamoto et al., 2021). Thus, the lifespan
benefits of attenuating signaling through these food-responsive
pathways are temporally separable from reproductive deficits or
can otherwise be ameliorated by modifying the severity of
attenuation through heterozygosity.

Little is known about the role of individual tissues in mediating
trade-offs associated with low translation conditions. Lowering
anabolic capacity in the reproductive systemwould be expected to
have deleterious effects on gamete and embryo development. Less
is known about the role of other tissues and the effects on lifespan.
We investigated how major tissues control phenotypes associated
with low translation to better understand how systemic
adaptation is partitioned among cell-types. We focused on
translation regulation downstream of mTOR through the cap-
binding complex (CBC).

The CBC is activated by mTOR in response to nutrient
abundance (Kapahi et al., 2010; Thoreen et al., 2012),
supporting growth, reproduction, and replacement of degraded
proteins. It comprises three subunits including the eukaryotic

translation initiation factor (eIF-)4A helicase, the eIF-4E 5’
mRNA methylated cap-binding factor, and the eIF-4G
scaffolding factor. Within the CBC, eIF-4G mediates both cap-
dependent and cap-independent translation (Translational
control of, 2000). Although present in multiple homologs in
most systems studied, only a single copy is present in C. elegans,
where it is called IFG-1 (Howard and Rogers, 2014). The protein
level of IFG-1 is controlled by nutrient availability in C. elegans
(Rogers et al., 2011). With respect to the trade-offs associated
with DR and low nutrient signaling, attenuating ifg-1 gene
expression increases lifespan and stress-resistance (Hansen
et al., 2007; Pan et al., 2007; Howard et al., 2016) and reduces
growth and fertility (Curran and Ruvkun, 2007; Pan et al., 2007).
Here, we find that lowering ifg-1 gene expression in neurons,
germline, or hypodermis increases lifespan. Conversely, lowering
translation in body muscle or intestine has no positive effect and,
when suppressed throughout development as well as adulthood,
decreases lifespan. Surprisingly, lowering translation in muscle
accelerates development and increased fecundity, not just
uncoupling, but reversing trade-offs that result from systemic
attenuation.

RESULTS

Reduced Translation Increases Lifespan
and Resistance to Nutrient Deprivation in a
Tissue-Dependent Manner
To investigate tissue-specific effects of reduced translation, we
used previously constructed and characterized transgenic strains
in which RNAi works primarily in a single tissue-type. Strains
with functional RNAi only in muscle, intestine, or hypodermis
were created from mutants of the Argonaut rde-1 gene by
restoring expression selectively using tissue-specific promoters.
C. elegans strain WM118 rescues rde-1 driven by the myosin
heavy chain gene myo-3 promoter for RNAi in body muscle (Cai
et al., 2011), NR222 rescues rde-1 driven by the lin-26 promoter in
hypodermis (Cai et al., 2011), while VP303 rescues rde-1 driven
by nxh-2 promoter specific to intestine (Espelt et al., 2005). The
MAH23 strain was used for germline-specific expression, which
contains a mutation in rrf-1(pk1417) encoding RNA-dependent
RNA polymerase that eliminates most somatic RNAi processing
(Simmer et al., 2003). TU3335 overexpresses sid-1, a dsRNA
channel, in neurons under the unc-119 promoter and exhibits
little or no RNAi phenotype penetrance for other tissues (Calixto
et al., 2010).

Strains were fed bacteria expressing dsRNA specific for ifg-1
starting on the first day of adulthood. As observed in previous
studies, lowering translation in wild-type N2 animals increased
lifespan (Figure 1A), which was recapitulated to varying extents
when lowered selectively in the germline, neurons, or hypodermis
(Figure 1,B,C,F; Supplementary Table S1). In each case, the
extent of lifespan increase was less than that observed for systemic
translation repression in wild-type animals, ranging from just
over a third of the wild-type in hypodermal suppression to almost
two thirds in neuronal ifg-1 knock-down. Polysome profiling
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confirmed translation was reduced in intestine- and bodymuscle-
specific RNAi strains targeting ifg-1 (Supplementary Figure S1).
Results show that only lowering CBC-mediated translation in
particular tissues increases lifespan.

In light of the robust lifespan extension from lowering
translation in reproductive tissue and the role the germline is
known to play in C. elegans longevity generally (Hsin and
Kenyon, 1999), we tested whether the absence of a developed
germline eliminates lifespan extension in this model. For this, a
temperature-sensitive germline-deficient glp-4(bn2) mutant was
used, which was shown previously to contain only 12 germ cells
arrested at the prophase stage of mitosis when development is
carried out at 25°C (Beanan and Strome, 1992). Lowering ifg-1 in
this strain increased median lifespan by 30% (Supplementary
Figure S2; Supplementary Table S2). Thus, inhibiting
proliferation in the germline is not required for increased
lifespan under low translation conditions.

Given the relationship between translation and nutrient
signaling, we tested the effect of lowering tissue specific
translation upon withdrawal of food and found that, again,
germline, hypodermis and neurons controlled increased
survival (Figure 2; Supplementary Table S3). Lowering
translation in neurons or germ cells had nearly equal effect
that was about half the increase observed in wild-type N2.
Results suggest that the same mechanism(s) underlie control
of lifespan and resistance to starvation when translation is
attenuated in these tissues. As with lifespan, survival without
food was enhanced fractionally in tissue-specific RNAi strains

compared to the N2 wild-type strain. Lifespan and starvation
survival effects from low translation in these tissues may be
cumulative or represent differences in RNAi efficacy between
tissue-specific RNAi strains and wild-type animals for the same
tissue.

To compare effects of tissue-specific RNAi with knockdown in
the same tissue of the wild-type strain, we chose to focus on body
muscle because it was one of two tissues that, when selectively
targeted for translation inhibition during adulthood, showed no
effect on lifespan. For this, we employed a movement assay
targeting unc-22, a twitchin gene that regulates actomyosin
contraction and relaxation (Moerman and Baillie, 1979). In a
comparison among tissue-specific RNAi strains, results showed
motility was most affected in the body muscle-specific RNAi and
N2 wild-type animals, with no discernable effect in germline,
intestine, and hypodermis-specific RNAi strains (Supplementary
Figure S3A). Another test of RNAi efficacy showed similar
knockdown of GFP driven by the myosin heavy chain myo-3
promoter in wild-type and body muscle specific RNAi strains
(65.63 ± 0.98% and 71.72 ± 1.02%, respectively; Supplementary
Figure S3B).

Developmental and multigenerational suppression of
translation through ifg-1 was used to see if increasing exposure
has an effect on lifespan in body muscle- and intestine-specific
RNAi strains. Late-larval staged animals were placed on bacteria
expressing dsRNA targeting ifg-1 and allowed to reproduce. F1
and F2 progeny were raised throughout development and
adulthood under the same conditions. Both strains showed

FIGURE 1 | Reducing CBC-mediated translation selectively in germ cells, neurons or hypodermis extends lifespan. Bacteria expressing control or ifg-1 dsRNA
were fed to animals beginning at day 1 of adulthood in A-F. (A) Median lifespan in the wild-type N2 strain increased by 22.2% compared to control (p < 0.0001). (B)
Median lifespan in the MAH23 germline-specific RNAi strain increased by 15.0% compared to control (p < 0.0001). (C)Median lifespan in the TU3335 neuronal-specific
RNAi strain increased by 16.7% compared to control (p < 0.0001). (D) Median lifespan in the WM118 body muscle-specific RNAi strain was not significantly
changed (p � 0.98). (E) Median lifespan in the VP303 intestine-specific RNAi was not significantly changed (p � 0.47). (F) Median lifespan in the NR222 hypodermis-
specific RNAi strain increased by 11.1% compared to control (p < 0.0001). Kaplan–Meier survival curves were compared using the Mantel–Cox log-rank test. See
Supplementary Table S1 for additional details and replicates.
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FIGURE 2 | Survival under nutrient deprivation is increased in a tissue-specific manner when ifg-1 is reduced in adulthood. Worms were fed bacteria expressing
control or ifg-1 dsRNA for 2 days beginning at adulthood. Nutrient deprivation was initiated by complete removal from food. (A)Median lifespan in the N2 wild type strain
increased by 76.9% compared to control (p < 0.0001). (B) Median lifespan in the MAH23 germline-specific RNAi strain increased by 51.9% compared to control (p <
0.0001). (C) Median lifespan in the TU3335 neuron-specific RNAi strain increased by 31.6% compared to control (p < 0.0001). (D) Median lifespan in the
WM118 muscle-specific RNAi strain was not significantly changed (p � 0.91). (E) Median lifespan in the VP303 intestine-specific RNAi strain was not significantly
changed (p � 0.28). (F) Median lifespan in the NR222 hypodermis-specific RNAi strain increased by 33.3% compared to control (p < 0.0001). Kaplan–Meier survival
curves were compared using the Mantel–Cox log-rank test. See Supplementary Table S3 for additional details and replicates.

FIGURE 3 | Developmental and multi-generational knockdown of ifg-1 in body muscle or intestine decreases lifespan. Low translation in F1 (top panel) and F2
(bottom panel) generations by continuous exposure to bacteria bearing dsRNA of ifg-1 or control was carried out in tissue-specific RNAi strains. (A)Median lifespan in the
WM118 body muscle-specific RNAi strain decreased by 7.7% in the F1 generation (p � 0.0013) and by 8.0% in the F2 generation (p < 0.0001). (B)Median lifespan in the
VP303 intestine-specific RNAi strain decreased by 10.0% in the F1 generation (p < 0.0001) and by 21.7% in the F2 generation (p � 0.0002). (C)Median lifespan in
the NR222 hypodermis-specific RNAi strain increased by 18.2% in the F1 generation (p < 0.0001) and by 35.0% for the F2 generation (p < 0.0001). Kaplan–Meier survival
curves were compared using the Mantel–Cox log-rank test. See Supplementary Table S4 for additional details and replicates.
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decreased lifespan for F1 and F2 generations (Figures 3A,B,
respectively, Supplementary Table S4). Conversely, using this
approach in the hypodermis-specific RNAi strain further
increased lifespan compared with adult-only exposure
(Figure 3C; Supplementary Table S4). Wild-type N2 could not
be included for comparison due to sterility caused by lowering
translation. Together with differences observed in Figure 1, results
demonstrate that lifespan changes under low translation conditions
are tissue-dependent and can have opposing effects on lifespan.

Trade-Offs Between Lifespan and Both
Reproduction and Development are
Reversed when Translation is Selectively
Reduced in Body Muscle
To test whether trade-offs between lifespan and growth-related
processes were also tissue-dependent, we measured fecundity and
the rate of development under conditions of low translation in select

tissues. Development rate was determined by changes in size with
age as well as the time it took for animals to become egg-laying adults
(Figure 4; Supplementary Tables S5, S6). Wild type N2 animals
grown in the presence of ifg-1 RNAi were unable to reproduce and
showed delayed growth (Figure 4A, left and right panels,
respectively). Failure to reproduce and a less severe deficit in
growth was observed under germline-specific translation
reduction (Figure 4B). Low translation in hypodermis also
delayed growth (Figure 4F), whereas minor growth delays were
observed in neuron- and intestine-specific RNAi strains (Figures
4C,E, respectively). Interestingly, low translation in the intestine-
specific strain resulted in a pronounced reproductive deficit, which is
positively correlated with decreased lifespan observed in Figure 3.
Surprisingly, fecundity and rate of development to reproductive
adulthood increased significantly when translation was lowered
selectively in body muscle (Figure 4D). Thus, trade-offs between
reproduction and lifespan are uncoupled for translation attenuation
in intestine and reversed for low translation in body muscle.

FIGURE 4 | Reduced translation in muscle has opposing effects on reproduction and growth compared with reduced translation in other tissues. Gravid adults
were placed on bacteria expressing control or ifg-1 dsRNA and allowed to lay eggs for 1 h. Adults were removed and larvae monitored for growth and fecundity.
Reproduction was measured separately for hatched progeny and unfertilized eggs (left panel). Sexual maturation rate was measured from the time an egg was laid
through development to becoming an egg-laying adult (right panel). Growth rate was determined by monitoring body size for 96 h after being laid (right panel). (A)
Knockdown of ifg-1 in N2 wild type animals significantly diminished fecundity, development, and growth. (B) Germline knockdown of ifg-1 also significantly decreased
fecundity, development, and growth. (C) Knockdown of ifg-1 in the neuron-specific RNAi strain significantly decreased total and hatched offspring, had no effect on
development and significantly reduced growth. (D) Knockdown of ifg-1 in the body muscle-specific strain significantly increased fecundity, reduced the time to
reproductive adulthood, and had no effect on growth. (E) Intestinal knockdown of ifg-1 significantly decreased fecundity and growth with no significant change in
development. (F)Hypodermal knockdown of ifg-1 significantly decreased total fecundity and growth with no significant change in the rate of development. 9–16 animals
per condition were assessed for reproduction and growth at each time point. 8–19 animals were assessed for development. All assays were replicated with similar
results. Error bars on bar and line graphs (right panels) represent standard error of the mean. Significance in Tukey box plots (left panels) as well as bar and line graphs
was calculated using unpaired t-test with Welch’s Correction (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Data points outside the whiskers of the box plot are
shown. Data were pooled from two experiments.
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Sperm is the limiting gamete in C. elegans hermaphroditic
reproduction and is generated late in development (Ward and
Carrel, 1979). We performed sperm counts in young adults
immediately following passage of the first egg through the
spermatheca to determine whether this could help explain the
changes in fecundity. In agreement with no progeny observed in
wild-type N2 raised on ifg-1 RNAi in Figure 4, no sperm were
observed under this condition (Supplementary Figure S3). A
small number of sperm were observed in the germline-specific
RNAi strain raised in the presence of ifg-1 RNAi, which is also in
agreement with a small number of progeny by some animals
before egg-laying ceased under this condition in Figure 4B.
Finally, body muscle-specific ifg-1 knockdown significantly
increased sperm count (Supplementary Figure S4). Results
show that changes in the number of sperm reflect changes in
fecundity when translation is selectively attenuated in germline or
body muscle.

Low mTORC1 or Cap-Binding
Complex-Mediated Translation in Body
Muscle Increases Reproduction
Some translation regulators are not regulated by mTOR.
Conversely, some mTOR functions are independent of
translation. Thus, we sought to understand whether the effects
of body muscle translation on reproduction were specific to IFG-
1 and the CBC. Translation initiation is regulated by the mTOR-
driven CBC and by the mTOR-independent ternary complex
(TC). The ternary complex comprises eIF-2, GTP, and
methionyl-tRNA required to begin translation (Rollins et al.,
2017). In response to various forms of stress and nutrient scarcity,
the alpha subunit of eIF2 is phosphorylated, preventing GDP-to-
GTP recharging and blocking new translation. A schematic
representation of the influence of nutrient limitation on
mTOR, the CBC, and the TC is shown in Figure 5A. The
mTOR pathway is directed by two multi-subunit complexes,
the rapamycin-sensitive mTORC1 and rapamycin-insensitive
mTORC2 (Loewith et al., 2002). Each has different subunits as
well as some in common, with the latter including the core mTOR
subunit, called LET-363 in C. elegans. mTORC1 drives protein
synthesis and blocks autophagy, although both complexes are
important for growth and development (Blackwell et al., 2019). In
C. elegans, the mTORC1-specific Raptor subunit is known as
DAF-15 and mTORC2-specific Rictor subunit as RICT-1. Genes
encoding mTORC and TC subunits were knocked down
throughout development in the body muscle-specific RNAi
strain. Attenuating activity of either mTOR complex or the
TC by targeting genes encoding subunits for these complexes
reduced the time to becoming an egg-laying adult (Figure 5B).
However, reproduction was only increased when expressions of
genes encoding the mTORC1 subunits LET-363 and DAF-15
were targeted with RNAi (Figure 5C). Consistent with
accelerated onset of reproduction under low mTOR/translation
in body muscle, reproduction was also completed earlier under
these conditions (Figure 5D). Together, results indicate that

FIGURE 5 | Restricting mTORC1 or translation downstream of
mTORC1 selectively in body muscle increases fecundity. (A) Schematic
showing the two major arms of translation initiation influence by nutrient
limitation. The CBC is driven by signals from mTORC1, while the TC is
independent of mTOR. Thin dashed red lines highlighted in yellow indicate
reduced activity. (B–D) Larvae for the WM118 body muscle-specific RNAi
strain were raised on bacteria expressing dsRNA for genes targeting subunits
of mTORC1, mTORC2, and the TC. The average time to reproductive
adulthood is shown in (B), whereas (C) shows the average number of viable
progeny and (D) shows the average daily number of progeny for each
condition. Error bars in (B) and (D) represent the standard error of the mean.
Significance in bar graphs (B,D) and Tukey box plots (C)was calculated using
unpaired t-test with Welch’s Correction (*p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001). Data were pooled from three experiments (Supplementary
Tables S7, S8).
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reproductive development and fecundity are negatively
influenced by translation downstream of the mTORC1 branch
of the mTOR pathway in body muscle.

Low mTORC1 in Body Muscle or Germline
Have Opposite Effects on Motility During
Development
mTOR and translation are stimulated subsequent to resistance
and endurance exercise (Bodine et al., 2001; Goodman et al.,
2011), suggesting that mTOR activation may behave as a proxy
for muscle activity. We wondered whether the inverse scenario,
one in which the optimal potential for mTOR activity was blunted
in C. elegans body muscle during development, would lead to
reduced motility. Average speed was assessed during
development at 24-h (early larval), 48-h (mid-late larval), and
72-h (young adult) after eggs were laid on bacteria expressing
dsRNA targetingmTOR/translation-related genes. Average speed
was blunted at 24-h in animals subjected to low mTOR/
translation in body muscle (Figure 6A). When considered
with observations from reproductive assays, results indicate
that low mTORC1 activity in body muscle controls the inverse

relationship observed between fecundity and motility. We
wondered whether low germline mTOR/translation also
produced an inverse relationship between reproduction and
motility. Low mTORC1, CBC, or TC activity significantly
increased motility by young adulthood in the germline tissue-
specific RNAi strain (Figure 6B).

DISCUSSION

Organismal Responses to Low Translation
Are Partitioned Among Tissues
Genetically restricting mTOR or translation results in the same
inverse relationship between reproduction and lifespan observed
under dietary restriction (Kapahi et al., 2010). Previous evidence
shows that this relationship can be temporally uncoupled by
lowering mTOR or translation after growth and reproductive
development are complete (Dillin et al., 2002; Mason et al., 2018).
This study addresses the roles of major tissues in mediating effects
of low translation. We find that these phenotypes can also be
uncoupled according to tissue type and, in the case of body
muscle, reversed.

FIGURE 6 | Restricting mTOR in the germline increases motility while restriction in body muscle decreases motility.Average speed was measured on animals fed
bacteria expressing dsRNA throughout development for the genes shown. (A)Motility in the WM118 body muscle-specific RNAi strain at 24-, 48-, and 72-h. (B) Same
as in (A), but for motility in the MAH23 germline-specific RNAi strain. In each experiment, >75 worms were tracked for 45s. Scatter plots display bars representing mean
and standard error of themean for all conditions. Statistical comparisons were done using two-tailed unpaired t-tests withWelch’s Correction (*p < 0.05, **p < 0.01,
***p < 0.001, *****p < 0.001). See Supplementary Table S9 for more information.
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Attenuating translation in neurons, hypodermis, or germline
is sufficient to increase lifespan and reduce fecundity.We propose
a model in which these tissues enhance somatic resilience that
increases lifespan in response to low translation conditions
associated with nutrient scarcity (Figure 7). Evidence of tissue
cross-talk that may be necessary for increased lifespan in this
model is consistent with changes in motility observed when
translation is reduced in tissue other than body muscle, such
as the germline. Compared with systemic translation suppression,
fractional effects on lifespan from low translation in a single tissue
are consistent with signal amplification expected when multiple
tissues are involved. In this model, the smaller, negative effects on
lifespan from low translation in body muscle or intestine are
overcome by the much stronger positive effects coming from the
germline, neurons, and hypodermis.

In the second part of this model, the response to low
translation only in body muscle reflects a different kind of
environmental condition. We showed that low mTORC1 or
translation in body muscle decreases motility and increases
reproduction. Motility involves muscle contractions such as
those required for food-seeking. In behavioral ecology, optimal
foraging theory predicts that reproductive fitness is maximized
when a species adopts a foraging strategy involving the greatest
gains for the least work. That way, extra energy can go toward the
expense involved in reproduction (Werner and Hall, 1974;
Raubenheimer and Simpson, 2018; Abrahms et al., 2021).
Animal and human studies show that anabolic activity
increases in skeletal muscle following exercise (Bodine et al.,
2001; Wilkinson et al., 2008; Goodman et al., 2011). If persistent
low translation in body muscle is indicative of inactivity, it
suggests that changes in signaling from this tissue may be

responsible for increasing the rate of development and
reproductive output. When coupled with an ample food
supply, low muscle translation may be a cue indicating that
foraging energy use is low and that conditions are optimal for
reproduction (Figure 7).

There is precedent for muscle directing certain germline
characteristics. During development, proper growth of the
gonad distal tip in C. elegans requires pro-growth signaling
from the muscle by a secreted metalloprotease called GON-1
(Blelloch and Kimble, 1999). In other systems, muscle has become
increasingly appreciated for its role as a source of endocrine
signals. Small peptides released by muscle during contraction are
called myokines (Pedersen et al., 2003) and have hormone-like
effects with receptors in diverse tissues. Although a relatively
small number of them are formally characterized, evidence from
mammalian studies suggest that there may be hundreds
(Bortoluzzi et al., 2005; Yoon et al., 2009; Henningsen et al.,
2010). Ones already identified have key roles in metabolic health
and include interactions with adipose tissue, liver, pancreas,
cardiovascular system, brain, bone, and skin. Many myokines
are dependent on contraction for their production and release,
providing a possible mechanism for the link between sedentary
behavior and age-related chronic diseases (Pedersen and
Febbraio, 2012).

Alternatively, inter-tissue communication may not be
responsible for the phenotypes observed. For example, if
neurons, hypodermis, and germline were lifespan-limiting,
low translation may improve health by enhancing
maintenance of only those tissues. However, the germline is
only needed for reproduction, not viability. While neurons are
essential, aging appears to effect this tissue more slowly than
muscle (Herndon et al., 2002), another essential tissue but one
for which low translation does not increase lifespan. Yet another
possibility is that there is widespread RNAi “leakiness” in the
strains used such that translation is still attenuated systemically,
albeit at a lower level than in wild-type animals. However, this is
not supported by RNAi efficacy and specificity tests carried out
here or in other studies. One exception is the germline-specific
RNAi strain MAH23, which was shown to have some activity in
the intestine and hypodermis (Kumsta and Hansen, 2012).
However, lowering translation in this strain or the intestine-
specific RNAi strain VP303 had opposite effects on lifespan.
Additionally, the extended lifespan in hypodermis was not as
great as that shown for germline-specific suppression of
translation, indicating that hypodermis-specific effects
observed in the NR222 strain cannot explain the more
extreme phenotypes observed in MAH23. It is also well
known that conditions that give rise to germ cell loss, like
the low translation conditions used in the present study,
increase lifespan (discussed in the next section). Finally,
neither cell autonomous effects nor imperfect tissue
specificity of RNAi can explain how lowering mTOR or
translation in muscle increases fecundity.

The Role of the Germline in Aging
Reproductive organs regulate lifespan in diverse eukaryotic
systems (Leopold et al., 1959; Arantes-Oliveira et al., 2002;

FIGURE 7 | Modeling trade-offs between nutrient sensing, lifespan and
reproduction. Low translation through the CBC downstream of mTOR
increases lifespan and reduces fecundity when carried out selectively in
neurons, germline, or hypodermis, suggesting that these tissues may be
responsible for coordinating somatic protection under low nutrient conditions
(left). Conversely, low translation in body muscle can shorten lifespan and
increase reproduction under normal feeding conditions. Given the positive
connection between muscle use and translation, and that less energy is
expended on foraging when nutrients are abundant, low translation in body
muscle may be a signal that conditions are highly conducive for maximizing
reproductive output (right).
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Flatt et al., 2008), including mammals (Mason et al., 2009; Min
et al., 2012). In C. elegans, ablating germ cell precursors increases
lifespan (Hsin and Kenyon, 1999). Hormone signaling from the
somatic gonad leads to intestinal activation of DAF-16, the
FOXO-family transcription factor responsible for increased
lifespan when insulin-like signaling is attenuated (Lin et al.,
2001; Libina et al., 2003). Increased lifespan through loss of
germ cells also requires signals originating from the somatic
gonad during development to the steroid hormone receptor
DAF-12 (Gerisch et al., 2001; Yamawaki et al., 2010) as well
as expression of miR-71 in neurons (Boulias and Horvitz, 2012).
Thus, the effect on longevity through the C. elegans reproductive
system is a coordinated effort that requires tissue cross-talk.
While lifespan extension by restricting translation systemically
does not require DAF-16, it is necessary to maximize the
extension when ifg-1 gene expression is restricted systemically
(Rogers et al., 2011). It is interesting to note that unlike increased
lifespan from hormone signaling changes due to germ cell loss,
low translation in germline increases lifespan after development
is complete (Figure 1). Furthermore, we find that altered
signaling from an intact germline is not required for low
translation conditions to increase lifespan. Additional studies
are required to determine how closely lifespan changes via the
germline and these pathways are related.

The Connection Between Reproduction and
Translation in Hypodermis and Intestine
In this study, germline or systemic RNAi-mediated knockdown
of eIF-4G/ifg-1 shut down sperm production during
development. A separate study showed that oogenesis is
inhibited when ifg-1 expression is reduced (Contreras et al.,
2008). Negative effects on germline processes when anabolic
activity is reduced is not surprising. However, we also
observed small but significant decreases in fecundity when
translation is lowered selectively in intestinal or hypodermal cells.

Disrupting translation in intestine could be detrimental to
reproduction for the simple fact that the gut processes nutrients
for all other tissues. Yolk synthesis required to nourish the
germline is synthesized in the intestine (Kimble and Sharrock,
1983), which is also the primary fat storage tissue in C. elegans.
Mobilization of intestinal fat stores to nourish the germline is
controlled by a microRNA circuit in the hypodermis (Dowen
et al., 2016). Interestingly, this involves mTORC2-specific
signaling in the intestine. Disrupting core intestinal cellular
activity, including translation, induces behavioral changes that
suggest a neuroendocrine axis of control (Melo and Ruvkun,
2012). In other animal systems, including humans, adipose tissue
and its endocrine functions positively influence reproduction
(Friedman, 1998; Chehab, 2014; Bornelöv et al., 2018). Since
low translation through eIF4G/IFG-1 leads to intestinal atrophy
(Long et al., 2002), it is likely that both yolk synthesis or fat stores
are diminished and likely to decrease reproductive potential.

While low translation in hypodermis results in lifespan and
fecundity changes in line with trade-offs associated with
Disposable Soma theory (Kirkwood, 1977), low translation in
the intestine does not. This is not to say that changes in the

intestine associated with reduced anabolism are incapable of
producing trade-offs associated with the theory. For example,
inhibiting vitellogenin genes expressed in the intestine that
encode yolk proteins increases lifespan (Murphy et al., 2003).
However, it does suggest that the net effect on lifespan from
lowering intestinal translation is not driven by its influence on
fecundity. Additionally, the observation that low translation in
hypodermis or germline both reduce fecundity but have different
effects on lifespan argues against passive changes in energy
redistribution as drivers of differential effects and argues for
coordinated responses based on tissue function.

Motility Under Conditions of Low Nutrient
Signaling
The motility response to low translation in body muscle is
particularly interesting with respect to behavior intended to
support survival during times of nutrient scarcity. When food
is unavailable, protein synthesis is attenuated and animals enter a
catabolic state in which cellular constituents are recycled to
supply energy and raw materials necessary to keep tissues
viable. However, lack of food also stimulates changes in
foraging behavior. For many animals, food seeking requires
keeping muscle tissue highly functional despite nutrient
scarcity. In experiments demonstrating behavioral plasticity in
C. elegans, removing food promoted motility, whereas making
food available resulted in slowed movement (Sawin et al., 2000).
Such behaviors are mediated by neurotransmitters that also
influence behavior in more complex systems.

In a generalized context, nutrient deficiency and the costly
process of translation are at odds. Indeed, inhibiting the nutrient
responsive mTORC1 with the drug rapamycin can block anabolic
effects from contractions associated with mechanical adaptive
overload in muscle tissue (Bodine et al., 2001; Goodman et al.,
2011). However, while it blocks hypertrophy, rapamycin does not
promote atrophy (Bodine et al., 2001). When low mTOR
signaling is coupled/driven by nutrient scarcity, it increases
mitochondrial respiration in skeletal muscle and mitigates
normal respiratory decline observed with age in mice
(Hempenstall et al., 2012). Evidence also indicates that muscle
is shielded somewhat from low nutrient signaling conditions.
Whereas high dosage of the TOR inhibitory drug rapamycin had
a negative effect on translation in muscle, low doses (<10 ug/kg
body weight) actually stimulated anabolic processes in this tissue
(Lee et al., 2014). Authors of that study suggested that this result
may be due to changes in calcium signaling and storage that take
place below the threshold for TOR inactivation. Another possible
contributing factor supported by findings made here is that other
tissues help coordinate responses in muscle. Whereas lowering
mTORC1-related genes in body muscle had a negative effect on
motility, knock-down of the same genes in the reproductive
system throughout development increased average speed by
early adulthood. Given the number of studies showing positive
effects on muscle with age and age-related disease in animals
administered rapamycin, it is worth considering whether some
effects in muscle may be due to cross-talk with other tissues. We
propose that low translation in body muscle is read as a signal of
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low physical activity, promoting energy storage and signaling
optimal conditions for reproduction.

Future studies are needed to show how anabolic function
downstream of mTORC1 initiates different cross-talk signals and
outcomes from different tissues.

MATERIALS AND METHODS

Nematode Culture and Strains
C. elegans strains were cultured and maintained with standard
procedures as described in (Brenner, 1974) unless otherwise
specified. The N2 Bristol strain was used as the reference wild
type. Strains acquired from the Caenorhabditis Genetics Center
are as follows: SS104 glp-4(bn2), MAH23 rrf-1(pk1417),
VP303 rde-1(ne219); kbIs7[nhx-2p::rde-1 + rol-6(su1006)],
NR222 rde-1(ne219); kbIs9[lin-26p::nls::GFP, lin-26p::rde-1 +
rol-6(su1006)], WM118 rde-1(ne300); neIs9[myo-3p::HA::rde-1
+ pRF4(rol-6(su1006))], TU3335 lin-15B(n744); uIs57 [unc-
119p::YFP + unc-119p::sid-1 + mec-6p::mec-6]. ANR101
rogEx101 [myo-3p::GFP] and ANR103 rogEx103 [myo-3p::
GFP]; rde-1(ne300); nels[myo-3p:HA::rde-1 + pRF4(rol-
6(su1006))] were generated in wild-type N2 and WM118 using
microinjection to create extrachromosomal arrays according to
the protocol in Wormbook.org.

RNA Interference Experiments
RNAi knockdown experiments treatments were performed as
previously described (Kamath, 2003). Efficacy of RNAi
knockdown was verified by observing growth and reproductive
deficits in wild-type N2 larvae for each gene target. Efficacy of
RNAi in body muscle was tested by targeting unc-22 via RNAi
and measuring the frequency of abnormal motility in adults after
1 week. It was also tested in wild-type N2 and WM118 animals
expressing GFP in body muscle by measuring the difference in
fluorescence after 1 week of RNAi targeting GFP or control
(L4440) vector. RNAi bacteria strains included empty vector
L4440, GFP: L4440 (11335) (Addgene, Cambridge, MA,
United States), eif-2beta (K04G2.1), ifg-1 (M110.4), let-363
(B0261.2), unc-22 (ZK617.1) from the Ahringer library (Source
BioScience, Nottingham, United Kingdom) and rict-1 (F29C12.3)
from the Vidal library (Source Bioscience). daf-15 (C10C5.6)
(Zhu et al., 2015) was a generous gift from the Han Lab
(University of Colorado, Boulder).

Analysis of Lifespan and Survival Upon Food
Withdrawal
Nematodes were obtained by bleaching gravid adults and
allowing them to hatch overnight in S basal (0.1 M NaCl,
5.74 mM K2HPO4, 44.09 mM KH2PO4, 1 ml cholesterol
(5 mg/ml in ethanol), in H2O to 1 L). Synchronized L1 larvae
were placed on NGM plates spotted with OP50. Upon reaching
adulthood, worms were transferred to NGM “RNAi” plates
containing 1 mM isopropylthio-β-galactoside (IPTG), 25 mg/
ml carbenicillin, and 50 μg/ml 5-fluoro-2-deoxyuridine (FUdR)
to inhibit egg production. In food withdrawal experiments, day 1

adults were placed on ifg-1 RNAi media for 2 days. They were
then washed in phosphate buffer 6 times, allowing them to settle
via sedimentation between each wash. They were then transferred
to fresh RNAi media without peptone or bacteria. For multi-
generational lifespan analysis, animals were synchronized by a 2-
h timed egg lay, and eggs were permitted to grow until adulthood.
F1 lifespan was determined by timed egg lay on RNAi in the
absence of FUdR. Upon reaching adult day 1, F1 worms were
shifted to fresh RNAi plates containing FUdR. F2 worms were
obtained from a timed egg lay on RNAi using gravid adults
maintained from the first timed egg lay on RNAi. F2 worms were
transferred to fresh RNAi treated with FUdR on day 1 of
adulthood. Germline-deficient SS104 glp-4(bn2) worms were
cultured and maintained on OP50 at 15°C. Late L4 worms
were placed onto OP50 and shifted to 25°C for an overnight
timed egg lay prior to removal from the plate. Progeny were
maintained at 25°C until adulthood to arrest germline
development. Day 1 adults were placed on control or ifg-1
RNAi plates without FUdR and maintained at 25°C for the
duration of the lifespan. In all lifespan experiments, worms
were scored for live versus dead daily by gently tapping
worms with a platinum wire. Worms that failed to respond to
several taps were scored as dead and removed from the plate.
Worms were censored if they died because of vulval rupture or
desiccation from moving off the culture plate. Lifespan
experiments were performed at 20°C except for germline
temperature-sensitive glp-4(bn2) mutants.

Sexual Development and Fecundity
Analysis
Sexual development was assessed by measuring the time
between when an egg was laid until it developed into an egg-
laying adult. For this, young gravid adults were placed on
bacteria expressing dsRNA for 2-h to obtain a similarly
staged cohort. 48 h later, individual progeny were moved to
fresh media with one animal per plate to monitor reproduction.
The onset of reproduction was determined by monitoring late
larval stage worms every hour until the first egg was expelled
from the body (first egg lay). Total hatched and unfertilized eggs
were counted for 7 days. To determine daily fecundity rates, a 1-
h timed egg lay was performed to synchronize embryos.
However, we observed that the WM118 body muscle-specific
RNAi strain exhibited defective egg laying in which developing
embryos in the early gastrulation stage were sometimes mixed
with late-stage embryos in the 2-fold (Plum) stage. To better
synchronize animals, only early stage embryos from time-egg
lays were used. Upon becoming egg-laying adults, individual
worms were transferred daily to monitor reproduction rate. All
development and fecundity experiments were performed
at 20°C.

Body Size Measurements
Synchronized worms were placed on either control or ifg-1 RNAi
and transferred daily to fresh RNAi plates. Every 24 h for 4 days,
10–15 hatchlings were randomly picked and imaged using a Leica
M 165 FC dissecting microscope (Leica). Body size was
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determined by measuring the length of full body outline using
ImageJ software (NIH).

Sperm Counting
Timed egg-lay was used to synchronize tissue-specific RNAi
strains under control or low translation conditions. Sperm was
counted immediately following passage of the first egg through
the spermatheca, at which point animals were washed two times
with S. Basal buffer. Subsequently, worms were allowed to settle at
which point the buffer was removed and replaced with 200uls of
4% formaldehyde. After 1 h, the formaldehyde was removed and
worms were washed twice in phosphate buffered saline. Buffer
was removed and 200uls of 95% isopropyl alcohol was added for
1 min followed by two more washes in buffer. All but a thin layer
of buffer was removed. Worms were pipetted onto GCP slides
and combined with 10uls of 1%DAPI stain and 10uls of gelutol. A
coverslip was added and worms were placed in a dark area
overnight. Imaging of sperm nuclei was performed using Leica
AF6000 acquisition software on an inverted Leica DMI6000B
microscope with an attached Leica DFC365FX camera at 63X.
Images of the spermatheca were captured in Z sections followed
by deconvolution and 3D imaging. Nuclei were counted using
ImageJ and results plotted in GraphPad Prism 6.

Motility Assay
Body muscle and germline tissue-specific RNAi strains were
placed on bacteria expressing mTOR- and translation-related
genes at the beginning of adulthood. A timed egg-lay was
performed to synchronize populations. At 24, 48, and 72 h,
motility was measured subsequent to gently tapping plates
help stimulate movement. Individual nematodes were tracked
and 45s of continuous videos were recorded with a Stingray
F504B ASG digital (Allied Technologies GmbH) which was
equipped with Nikon camera (AF Micro-Nikkor 60 mm f/2.8D
lens). The videos were analyzed using Wormlab software version
4.1 (MBF Bioscience).

Polysome Profiling
Approximately 150 μl of gravity-settled whole worms were used
to generate polysome lysate by adding them to 350 μl pre-chilled
solubilization buffer (300 mM NaCl, 50 mM Tris–HCL pH 8,
10 mM MgCl2, 1 mM EGTA, 400 U/ml RNAsin, 1 mM PMSF,
0.2 mg/ml cycloheximide, 1% Triton X-100, 0.1% sodium
deoxycholate) followed by 60 s of mixing and grinding on ice.
Another 200 μl pre-chilled solubilization buffer was mixed in and
the lysates were incubated on ice for 30 min. Lysates were
centrifuged at 12,000g at 4°C for 10 min. OD260 of the
supernatant was measured before loading 350 ul onto a 5–50%
sucrose gradient made with high salt resolving buffer (140 mM
NaCl, 25 mM Tris–HCL pH 8, 10 mM MgCl2). Gradients were
resolved by ultracentrifugation in a Beckman TH 641 rotor at
38,000 RPM at 4°C for 2 h. Fractions of the gradients were
continuously monitored at absorbance of 254 nm using a
Biocomp Gradient Fractionator. Quantitative analysis of

polysome profiles was carried out using software adapted from
Shaffer and Rollins (2020).

STATISTICAL ANALYSIS

All statistics were performed using Graph Pad Prism 6 software.
Kaplan-Meier survival curves were plotted for lifespan, starvation
resistance and paralysis assays and compared using the Mantel-
Cox log rank test. Growth, development, and fecundity were
assessed by performing unpaired t-tests with Welch’s Correction
for each time point and reproductive category.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

AH, DM, SS, JH, HS, ZM, and AR performed experiments. AR
conceived the project and wrote the manuscript.

FUNDING

This work was supported by the grants from the NIH
(R00AG037621 and R01AG062575) the Morris Scientific
Discovery Fund and by the Ellison Medical Foundation (AG-
NS-1087–13). In addition, Research reported in this publication
was supported by an Institutional Development Award (IDeA)
from the National Institute of General Medical Sciences of the
National Institutes of Health under grant numbers
P20GM103423 and P20GM104318. Some strains were
provided by the CGC, which is funded by NIH Office of
Research Infrastructure Programs (P40 OD010440). The
authors declare no conflicts of interest.

ACKNOWLEDGMENTS

The bacterial strain expressing dsRNA for daf-15 was a kind gift
from Professor Han Min at the University of Colorado Boulder.
We thank Corey Hendersen for assistance with sperm counting.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fragi.2021.725068/
full#supplementary-material

Frontiers in Aging | www.frontiersin.org September 2021 | Volume 2 | Article 72506811

Howard et al. Lifespan Trade-Offs Through Specific Tissues

https://www.frontiersin.org/articles/10.3389/fragi.2021.725068/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fragi.2021.725068/full#supplementary-material
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles


REFERENCES

Abrahms, B., Aikens, E. O., Armstrong, J. B., Deacy, W. W., Kauffman, M. J., and
Merkle, J. A. (2021). Emerging Perspectives on Resource Tracking and Animal
Movement Ecology. Trends Ecol. Evol. 36, 308–320. doi:10.1016/
j.tree.2020.10.018

Alcedo, J., and Kenyon, C. (2004). Regulation of C. elegans Longevity by Specific
Gustatory and Olfactory Neurons. Neuron 41, 45–55. doi:10.1016/s0896-
6273(03)00816-x

Arantes-Oliveira, N., Apfeld, J., Dillin, A., and Kenyon, C. (2002). Regulation of
Life-Span by Germ-Line Stem Cells in Caenorhabditis elegans. Science 295,
502–505. doi:10.1126/science.1065768

Beanan, M. J., and Strome, S. (1992). Characterization of a Germ-Line Proliferation
Mutation in C. elegans. Development 116, 755–766. doi:10.1242/dev.116.3.755

Blackwell, T. K., Sewell, A. K., Wu, Z., and Han, M. (2019). TOR Signaling in
Caenorhabditis elegans Development, Metabolism, and Aging. Metabolism,
Aging Genet. 213, 329–360. doi:10.1534/genetics.119.302504

Blelloch, R., and Kimble, J. (1999). Control of Organ Shape by a Secreted
Metalloprotease in the Nematode Caenorhabditis elegans. Nature 399,
586–590. doi:10.1038/21196

Bodine, S. C., Stitt, T. N., Gonzalez, M., Kline, W. O., Stover, G. L., Bauerlein, R.,
et al. (2001). Akt/mTOR Pathway Is a Crucial Regulator of Skeletal Muscle
Hypertrophy and Can Prevent Muscle Atrophy In Vivo. Nat. Cel Biol 3,
1014–1019. doi:10.1038/ncb1101-1014

Bornelöv, S., Seroussi, E., Yosefi, S., Benjamini, S., Miyara, S., Ruzal, M., et al.
(2018). Comparative Omics and Feeding Manipulations in Chicken Indicate a
Shift of the Endocrine Role of Visceral Fat towards Reproduction. BMC
Genomics 19, 295. doi:10.1186/s12864-018-4675-0

Bortoluzzi, S., Scannapieco, P., Cestaro, A., Danieli, G. A., and Schiaffino, S. (2005).
Computational Reconstruction of the Human Skeletal Muscle Secretome.
Proteins 62, 776–792. doi:10.1002/prot.20803

Boulias, K., and Horvitz, H. R. (2012). The C. elegans MicroRNA Mir-71 Acts in
Neurons to Promote Germline-Mediated Longevity through Regulation of
DAF-16/FOXO. Cel Metab. 15, 439–450. doi:10.1016/j.cmet.2012.02.014

Brenner, S. (1974). The Genetics of Caenorhabditis Elegans. Genetics 77, 71–94.
doi:10.1093/genetics/77.1.71

Cai, L., Phong, B. L., Fisher, A. L., and Wang, Z. (2011). Regulation of Fertility,
Survival, and Cuticle Collagen Function by the Caenorhabditis elegans Eaf-1
and Ell-1 Genes. J. Biol. Chem. 286, 35915–35921. doi:10.1074/jbc.m111.270454

Calixto, A., Chelur, D., Topalidou, I., Chen, X., and Chalfie, M. (2010). Enhanced
Neuronal RNAi in C. elegans Using SID-1. Nat. Methods 7, 554–559.
doi:10.1038/nmeth.1463

Cattie, D. J., Richardson, C. E., Reddy, K. C., Ness-Cohn, E. M., Droste, R.,
Thompson, M. K., et al. (2016). Mutations in Nonessential eIF3k and eIF3l
Genes Confer Lifespan Extension and Enhanced Resistance to ER Stress in
Caenorhabditis elegans. Plos Genet. 12, e1006326. doi:10.1371/
journal.pgen.1006326

Chehab, F. F. (2014). 20 YEARS of LEPTIN: Leptin and Reproduction: Past
Milestones, Present Undertakings, and Future Endeavors. J. Endocrinol. 223,
T37–T48. doi:10.1530/joe-14-0413

Contreras, V., Richardson, M. A., Hao, E., and Keiper, B. D. (2008). Depletion of
the Cap-Associated Isoform of Translation Factor eIF4G Induces Germline
Apoptosis in C. elegans. Cell Death Differ 15, 1232–1242. doi:10.1038/
cdd.2008.46

Curran, S. P., and Ruvkun, G. (2007). Lifespan Regulation by Evolutionarily
Conserved Genes Essential for Viability. Plos Genet. 3, e56. doi:10.1371/
journal.pgen.0030056

Dillin, A., Crawford, D., and Kenyon, C. (2002). Timing Requirements for Insulin/
IGF-1 Signaling in C. elegans. Science 298, 830–834. doi:10.1126/
science.1074240

Dowen, R. H., Breen, P. C., Tullius, T., Conery, A. L., and Ruvkun, G. (2016). A
microRNA Program in the C. elegans Hypodermis Couples to Intestinal
mTORC2/PQM-1 Signaling to Modulate Fat Transport. Genes Dev. 30,
1515–1528. doi:10.1101/gad.283895.116

Espelt, M. V., Estevez, A. Y., Yin, X., and Strange, K. (2005). Oscillatory Ca2+
Signaling in the Isolated Caenorhabditis elegans Intestine. J. Gen. Physiol. 126,
379–392. doi:10.1085/jgp.200509355

Flatt, T., Min, K.-J., D’Alterio, C., Villa-Cuesta, E., Cumbers, J., Lehmann, R., et al.
(2008). Drosophila Germ-Line Modulation of Insulin Signaling and Lifespan.
Proc. Natl. Acad. Sci. 105, 6368–6373. doi:10.1073/pnas.0709128105

Friedman, M. I. (1998). Fuel Partitioning and Food Intake. Am. J. Clin. Nutr. 67,
513S–518S. doi:10.1093/ajcn/67.3.513s

Gerisch, B., Weitzel, C., Kober-Eisermann, C., Rottiers, V., and Antebi, A. (2001). A
Hormonal Signaling Pathway Influencing C. elegansMetabolism, Reproductive
Development, and Life Span. Dev. Cel. 1, 841–851. doi:10.1016/s1534-5807(01)
00085-5

Goodman, C. A., Frey, J. W., Mabrey, D. M., Jacobs, B. L., Lincoln, H. C., You, J.-S.,
et al. (2011). The Role of Skeletal Muscle mTOR in the Regulation of
Mechanical Load-Induced Growth. J. Physiol. 589, 5485–5501. doi:10.1113/
jphysiol.2011.218255

Hansen, M., Taubert, S., Crawford, D., Libina, N., Lee, S.-J., and Kenyon, C. (2007).
Lifespan Extension by Conditions that Inhibit Translation in Caenorhabditis
elegans. Aging Cell 6, 95–110. doi:10.1111/j.1474-9726.2006.00267.x

Hempenstall, S., Page, M. M., Wallen, K. R., and Selman, C. (2012). Dietary
Restriction Increases Skeletal Muscle Mitochondrial Respiration but Not
Mitochondrial Content in C57BL/6 Mice. Mech. Ageing Dev. 133, 37–45.
doi:10.1016/j.mad.2011.12.002

Henningsen, J., Rigbolt, K. T. G., Blagoev, B., Pedersen, B. K., and Kratchmarova, I.
(2010). Dynamics of the Skeletal Muscle Secretome during Myoblast
Differentiation. Mol. Cell Proteomics 9, 2482–2496. doi:10.1074/
mcp.m110.002113

Herndon, L. A., Schmeissner, P. J., Dudaronek, J. M., Brown, P. A., Listner, K. M.,
Sakano, Y., et al. (2002). Stochastic and Genetic Factors Influence Tissue-
specific Decline in Ageing C. elegans. Nature 419, 808–814. doi:10.1038/
nature01135

Honjoh, S., Yamamoto, T., Uno, M., and Nishida, E. (2009). Signalling through
RHEB-1Mediates Intermittent Fasting-Induced Longevity in C. elegans.Nature
457, 726–730. doi:10.1038/nature07583

Howard, A. C., Rollins, J., Snow, S., Castor, S., and Rogers, A. N. (2016). Reducing
Translation through eIF 4G/IFG -1 Improves Survival under ER Stress that
Depends on Heat Shock Factor HSF -1 in Caenorhabditis elegans. Aging Cell 15,
1027–1038. doi:10.1111/acel.12516

Howard, A., and Rogers, A. N. (2014). Role of Translation Initiation Factor 4G in
Lifespan Regulation and Age-Related Health. Ageing Res. Rev. 13, 115–124.
doi:10.1016/j.arr.2013.12.008

Hsin, H., and Kenyon, C. (1999). Signals from the Reproductive System Regulate
the Lifespan of C. elegans. Nature 399, 362–366. doi:10.1038/20694

Kamath, R. (2003). Genome-wide RNAi Screening in Caenorhabditis elegans.
Methods 30, 313–321. doi:10.1016/s1046-2023(03)00050-1

Kapahi, P., Chen, D., Rogers, A. N., Katewa, S. D., Li, P. W.-L., Thomas, E. L., et al.
(2010). With TOR, Less Is More: A Key Role for the Conserved Nutrient-
Sensing TOR Pathway in Aging. Cel Metab. 11, 453–465. doi:10.1016/
j.cmet.2010.05.001

Kapahi, P., and Vijg, J. (2009). Aging - Lost in Translation? N. Engl. J. Med. 361,
2669–2670. doi:10.1056/nejmcibr0909815

Kapahi, P., and Zid, B. (2004). TOR Pathway: Linking Nutrient Sensing to Life Span.
Sci. Aging Knowledge Environ. 2004, pe34. doi:10.1126/sageke.2004.36.pe34

Kimble, J., and Sharrock, W. J. (1983). Tissue-specific Synthesis of Yolk Proteins in
Caenorhabditis elegans. Dev. Biol. 96, 189–196. doi:10.1016/0012-1606(83)
90322-6

Kirkwood, T. B. L. (1977). Evolution of Ageing. Nature 270, 301–304. doi:10.1038/
270301a0

Kumsta, C., and Hansen, M. (2012). C. elegans Rrf-1 Mutations Maintain RNAi
Efficiency in the Soma in Addition to the Germline. PLoS ONE 7, e35428.
doi:10.1371/journal.pone.0035428

Lee, C. S., Georgiou, D. K., Dagnino-Acosta, A., Xu, J., Ismailov, I. I., Knoblauch,
M., et al. (2014). Ligands for FKBP12 Increase Ca2+ Influx and Protein
Synthesis to Improve Skeletal Muscle Function. J. Biol. Chem. 289,
25556–25570. doi:10.1074/jbc.m114.586289

Leopold, A. C., Niedergang-Kamien, E., and Janick, J. (1959). Experimental
Modification of Plant Senescence. Plant Physiol. 34, 570–573. doi:10.1104/
pp.34.5.570

Libina, N., Berman, J. R., and Kenyon, C. (2003). Tissue-specific Activities of C.
elegans DAF-16 in the Regulation of Lifespan. Cell 115, 489–502. doi:10.1016/
s0092-8674(03)00889-4

Frontiers in Aging | www.frontiersin.org September 2021 | Volume 2 | Article 72506812

Howard et al. Lifespan Trade-Offs Through Specific Tissues

https://doi.org/10.1016/j.tree.2020.10.018
https://doi.org/10.1016/j.tree.2020.10.018
https://doi.org/10.1016/s0896-6273(03)00816-x
https://doi.org/10.1016/s0896-6273(03)00816-x
https://doi.org/10.1126/science.1065768
https://doi.org/10.1242/dev.116.3.755
https://doi.org/10.1534/genetics.119.302504
https://doi.org/10.1038/21196
https://doi.org/10.1038/ncb1101-1014
https://doi.org/10.1186/s12864-018-4675-0
https://doi.org/10.1002/prot.20803
https://doi.org/10.1016/j.cmet.2012.02.014
https://doi.org/10.1093/genetics/77.1.71
https://doi.org/10.1074/jbc.m111.270454
https://doi.org/10.1038/nmeth.1463
https://doi.org/10.1371/journal.pgen.1006326
https://doi.org/10.1371/journal.pgen.1006326
https://doi.org/10.1530/joe-14-0413
https://doi.org/10.1038/cdd.2008.46
https://doi.org/10.1038/cdd.2008.46
https://doi.org/10.1371/journal.pgen.0030056
https://doi.org/10.1371/journal.pgen.0030056
https://doi.org/10.1126/science.1074240
https://doi.org/10.1126/science.1074240
https://doi.org/10.1101/gad.283895.116
https://doi.org/10.1085/jgp.200509355
https://doi.org/10.1073/pnas.0709128105
https://doi.org/10.1093/ajcn/67.3.513s
https://doi.org/10.1016/s1534-5807(01)00085-5
https://doi.org/10.1016/s1534-5807(01)00085-5
https://doi.org/10.1113/jphysiol.2011.218255
https://doi.org/10.1113/jphysiol.2011.218255
https://doi.org/10.1111/j.1474-9726.2006.00267.x
https://doi.org/10.1016/j.mad.2011.12.002
https://doi.org/10.1074/mcp.m110.002113
https://doi.org/10.1074/mcp.m110.002113
https://doi.org/10.1038/nature01135
https://doi.org/10.1038/nature01135
https://doi.org/10.1038/nature07583
https://doi.org/10.1111/acel.12516
https://doi.org/10.1016/j.arr.2013.12.008
https://doi.org/10.1038/20694
https://doi.org/10.1016/s1046-2023(03)00050-1
https://doi.org/10.1016/j.cmet.2010.05.001
https://doi.org/10.1016/j.cmet.2010.05.001
https://doi.org/10.1056/nejmcibr0909815
https://doi.org/10.1126/sageke.2004.36.pe34
https://doi.org/10.1016/0012-1606(83)90322-6
https://doi.org/10.1016/0012-1606(83)90322-6
https://doi.org/10.1038/270301a0
https://doi.org/10.1038/270301a0
https://doi.org/10.1371/journal.pone.0035428
https://doi.org/10.1074/jbc.m114.586289
https://doi.org/10.1104/pp.34.5.570
https://doi.org/10.1104/pp.34.5.570
https://doi.org/10.1016/s0092-8674(03)00889-4
https://doi.org/10.1016/s0092-8674(03)00889-4
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles


Lin, K., Hsin, H., Libina, N., and Kenyon, C. (2001). Regulation of the
Caenorhabditis elegans Longevity Protein DAF-16 by insulin/IGF-1 and
Germline Signaling. Nat. Genet. 28, 139–145. doi:10.1038/88850

Liu, B., and Qian, S.-B. (2014). Translational Reprogramming in Cellular Stress
Response. WIREs RNA 5, 301–305. doi:10.1002/wrna.1212

Loewith, R., Jacinto, E., Wullschleger, S., Lorberg, A., Crespo, J. L., Bonenfant, D.,
et al. (2002). Two TOR Complexes, Only One ofWhich Is Rapamycin Sensitive,
Have Distinct Roles in Cell Growth Control.Mol. Cel 10, 457–468. doi:10.1016/
s1097-2765(02)00636-6

Long, X., Spycher, C., Han, Z. S., Rose, A. M., Müller, F., and Avruch, J. (2002).
TOR Deficiency in C. elegans Causes Developmental Arrest and Intestinal
Atrophy by Inhibition of mRNA Translation. Curr. Biol. 12, 1448–1461.
doi:10.1016/s0960-9822(02)01091-6

Maklakov, A. A., and Chapman, T. (2019). Evolution of Ageing as a Tangle of
Trade-Offs: Energy versus Function. Proc. R. Soc. B. 286, 20191604.
doi:10.1098/rspb.2019.1604

Mason, J. B., Cargill, S. L., Anderson, G. B., and Carey, J. R. (2009). Transplantation
of Young Ovaries to Old Mice Increased Life Span in Transplant Recipients.
Journals Gerontol. Ser. A: Biol. Sci. Med. Sci. 64A, 1207–1211. doi:10.1093/
gerona/glp134

Mason, J. S., Wileman, T., and Chapman, T. (2018). Lifespan Extension without
Fertility Reduction Following Dietary Addition of the Autophagy Activator
Torin1 in Drosophila melanogaster. PLoS ONE 13, e0190105. doi:10.1371/
journal.pone.0190105

Melo, J. A., and Ruvkun, G. (2012). Inactivation of Conserved C. elegans Genes
Engages Pathogen- and Xenobiotic-Associated Defenses. Cell 149, 452–466.
doi:10.1016/j.cell.2012.02.050

Min, K.-J., Lee, C.-K., and Park, H.-N. (2012). The Lifespan of Korean Eunuchs.
Curr. Biol. 22, R792–R793. doi:10.1016/j.cub.2012.06.036

Moerman, D. G., and Baillie, D. L. (1979). Genetic Organization in Caenorhabditis
elegans: fine-structure Analysis of the Unc-22 Gene. Genetics 91, 95–103.
doi:10.1093/genetics/91.1.95

Murphy, C. T., McCarroll, S. A., Bargmann, C. I., Fraser, A., Kamath, R. S.,
Ahringer, J., et al. (2003). Genes that Act Downstream of DAF-16 to Influence
the Lifespan of Caenorhabditis elegans. Nature 424, 277–283. doi:10.1038/
nature01789

Pan, K. Z., Palter, J. E., Rogers, A. N., Olsen, A., Chen, D., Lithgow, G. J., et al.
(2007). Inhibition of mRNA Translation Extends Lifespan in Caenorhabditis
elegans. Aging Cell 6, 111–119. doi:10.1111/j.1474-9726.2006.00266.x

Pedersen, B. K., and Febbraio, M. A. (2012). Muscles, Exercise and Obesity: Skeletal
Muscle as a Secretory Organ. Nat. Rev. Endocrinol. 8, 457–465. doi:10.1038/
nrendo.2012.49

Pedersen, B. K., Steensberg, A., Fischer, C., Keller, C., Keller, P., Plomgaard, P., et al.
(2003). Searching for the Exercise Factor: Is IL-6 a Candidate? J. Muscle Res. Cel
Motil. 24, 113–119. doi:10.1023/a:1026070911202

Raubenheimer, D., and Simpson, S. J. (2018). Nutritional Ecology and Foraging
Theory. Curr. Opin. Insect Sci. 27, 38–45. doi:10.1016/j.cois.2018.02.002

Rogers, A. N., Chen, D., McColl, G., Czerwieniec, G., Felkey, K., Gibson, B. W.,
et al. (2011). Life Span Extension via eIF4G Inhibition Is Mediated by
Posttranscriptional Remodeling of Stress Response Gene Expression in C.
elegans. Cel Metab. 14, 55–66. doi:10.1016/j.cmet.2011.05.010

Rogers, A. N., and Kapahi, P. (2006). Genetic Mechanisms of Lifespan Extension by
Dietary Restriction. Drug Discov. Today Dis. Mech. 3, 5–10. doi:10.1016/
j.ddmec.2006.03.002

Rollins, J., and Rogers, A. (2017). “Translational Control of Longevity,” in Ageing:
Lessons from C. elegans. Editors A. Olsen and M. S. Gill (Springer International
Publishing), 285–305. doi:10.1007/978-3-319-44703-2_13

Sawin, E. R., Ranganathan, R., and Horvitz, H. R. (2000). C. elegans Locomotory
Rate Is Modulated by the Environment through a Dopaminergic Pathway and

by Experience through a Serotonergic Pathway. Neuron 26, 619–631.
doi:10.1016/s0896-6273(00)81199-x

Shaffer, D., and Rollins, J. A. (2020). Fluorescent Polysome Profiling in
Caenorhabditis elegans. Bio Protoc. 10, e3742. doi:10.21769/BioProtoc.3742

Shanley, D. P., and Kirkwood, T. B. L. (2000). CALORIE RESTRICTION AND
AGING: A LIFE-HISTORY ANALYSIS. Evolution 54, 740–750. doi:10.1111/
j.0014-3820.2000.tb00076.x

Simmer, F., Moorman, C., van der Linden, A. M., Kuijk, E., van den Berghe, P. V.
E., Kamath, R. S., et al. (2003). Genome-Wide RNAi of C. elegans Using the
Hypersensitive Rrf-3 Strain Reveals Novel Gene Functions. Plos Biol. 1, e12.
doi:10.1371/journal.pbio.0000012

Thoreen, C. C., Chantranupong, L., Keys, H. R., Wang, T., Gray, N. S., and Sabatini,
D. M. (2012). A Unifying Model for mTORC1-Mediated Regulation of mRNA
Translation. Nature 485, 109–113. doi:10.1038/nature11083

Translational control of gene expression (2000). Cold Spring Harbor Laboratory
Press.

Ward, S., and Carrel, J. S. (1979). Fertilization and Sperm Competition in the
nematodeCaenorhabditis Elegans. Dev. Biol. 73, 304–321. doi:10.1016/0012-
1606(79)90069-1

Werner, E. E., and Hall, D. J. (1974). Optimal Foraging and the Size Selection of
Prey by the Bluegill Sunfish (Lepomis Macrochirus). Ecology 55, 1042–1052.
doi:10.2307/1940354

Wilkinson, S. B., Phillips, S. M., Atherton, P. J., Patel, R., Yarasheski, K. E.,
Tarnopolsky, M. A., et al. (2008). Differential Effects of Resistance and
Endurance Exercise in the Fed State on Signalling Molecule
Phosphorylation and Protein Synthesis in Human Muscle. J. Physiol. 586,
3701–3717. doi:10.1113/jphysiol.2008.153916

Yamamoto, R., Palmer, M., Koski, H., Curtis-Joseph, N., and Tatar, M. (2021).
Aging Modulated by the Drosophila Insulin Receptor through Distinct
Structure-Defined Mechanisms. Genetics 217, iyaa037. doi:10.1093/genetics/
iyaa037

Yamawaki, T. M., Berman, J. R., Suchanek-Kavipurapu, M., McCormick, M.,
Gaglia, M. M., Lee, S.-J., et al. (2010). The Somatic Reproductive Tissues of C.
elegans Promote Longevity through Steroid Hormone Signaling. Plos Biol. 8,
e1000468. doi:10.1371/journal.pbio.1000468

Yoon, J. H., Yea, K., Kim, J., Choi, Y. S., Park, S., Lee, H., et al. (2009). Comparative
Proteomic Analysis of the Insulin-Induced L6 Myotube Secretome. Proteomics
9, 51–60. doi:10.1002/pmic.200800187

Zhu, H., Sewell, A. K., and Han, M. (2015). Intestinal Apical Polarity Mediates
Regulation of TORC1 by Glucosylceramide inC. Elegans. Genes Dev. 29,
1218–1223. doi:10.1101/gad.263483.115

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Howard, Mir, Snow, Horrocks, Sayed, Ma and Rogers. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Aging | www.frontiersin.org September 2021 | Volume 2 | Article 72506813

Howard et al. Lifespan Trade-Offs Through Specific Tissues

https://doi.org/10.1038/88850
https://doi.org/10.1002/wrna.1212
https://doi.org/10.1016/s1097-2765(02)00636-6
https://doi.org/10.1016/s1097-2765(02)00636-6
https://doi.org/10.1016/s0960-9822(02)01091-6
https://doi.org/10.1098/rspb.2019.1604
https://doi.org/10.1093/gerona/glp134
https://doi.org/10.1093/gerona/glp134
https://doi.org/10.1371/journal.pone.0190105
https://doi.org/10.1371/journal.pone.0190105
https://doi.org/10.1016/j.cell.2012.02.050
https://doi.org/10.1016/j.cub.2012.06.036
https://doi.org/10.1093/genetics/91.1.95
https://doi.org/10.1038/nature01789
https://doi.org/10.1038/nature01789
https://doi.org/10.1111/j.1474-9726.2006.00266.x
https://doi.org/10.1038/nrendo.2012.49
https://doi.org/10.1038/nrendo.2012.49
https://doi.org/10.1023/a:1026070911202
https://doi.org/10.1016/j.cois.2018.02.002
https://doi.org/10.1016/j.cmet.2011.05.010
https://doi.org/10.1016/j.ddmec.2006.03.002
https://doi.org/10.1016/j.ddmec.2006.03.002
https://doi.org/10.1007/978-3-319-44703-2_13
https://doi.org/10.1016/s0896-6273(00)81199-x
https://doi.org/10.21769/BioProtoc.3742
https://doi.org/10.1111/j.0014-3820.2000.tb00076.x
https://doi.org/10.1111/j.0014-3820.2000.tb00076.x
https://doi.org/10.1371/journal.pbio.0000012
https://doi.org/10.1038/nature11083
https://doi.org/10.1016/0012-1606(79)90069-1
https://doi.org/10.1016/0012-1606(79)90069-1
https://doi.org/10.2307/1940354
https://doi.org/10.1113/jphysiol.2008.153916
https://doi.org/10.1093/genetics/iyaa037
https://doi.org/10.1093/genetics/iyaa037
https://doi.org/10.1371/journal.pbio.1000468
https://doi.org/10.1002/pmic.200800187
https://doi.org/10.1101/gad.263483.115
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles

	Anabolic Function Downstream of TOR Controls Trade-offs Between Longevity and Reproduction at the Level of Specific Tissues ...
	Introduction
	Results
	Reduced Translation Increases Lifespan and Resistance to Nutrient Deprivation in a Tissue-Dependent Manner
	Trade-Offs Between Lifespan and Both Reproduction and Development are Reversed when Translation is Selectively Reduced in B ...
	Low mTORC1 or Cap-Binding Complex-Mediated Translation in Body Muscle Increases Reproduction
	Low mTORC1 in Body Muscle or Germline Have Opposite Effects on Motility During Development

	Discussion
	Organismal Responses to Low Translation Are Partitioned Among Tissues
	The Role of the Germline in Aging
	The Connection Between Reproduction and Translation in Hypodermis and Intestine
	Motility Under Conditions of Low Nutrient Signaling

	Materials and Methods
	Nematode Culture and Strains
	RNA Interference Experiments
	Analysis of Lifespan and Survival Upon Food Withdrawal
	Sexual Development and Fecundity Analysis
	Body Size Measurements
	Sperm Counting
	Motility Assay
	Polysome Profiling

	Statistical Analysis
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


