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ABSTRACT Aging in eukaryotes is accompanied by widespread deterioration of the somatic tissue. Yet, abolishing germ cells delays
the age-dependent somatic decline in Caenorhabditis elegans. In adult worms lacking germ cells, the activation of the DAF-9/DAF-12
steroid signaling pathway in the gonad recruits DAF-16 activity in the intestine to promote longevity-associated phenotypes. However,
the impact of this pathway on the fitness of normally reproducing animals is less clear. Here, we explore the link between progeny
production and somatic aging and identify the loss of lysosomal acidity—a critical regulator of the proteolytic output of these
organelles—as a novel biomarker of aging in C. elegans. The increase in lysosomal pH in older worms is not a passive consequence
of aging, but instead is timed with the cessation of reproduction, and correlates with the reduction in proteostasis in early adult life.
Our results further implicate the steroid signaling pathway and DAF-16 in dynamically regulating lysosomal pH in the intestine of wild-
type worms in response to the reproductive cycle. In the intestine of reproducing worms, DAF-16 promotes acidic lysosomes by
upregulating the expression of v-ATPase genes. These findings support a model in which protein clearance in the soma is linked to
reproduction in the gonad via the active regulation of lysosomal acidification.
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THEgermlinehasanactive role in regulating lifespanacross
eukaryotes. In C. elegans, removing germ cells delays age-

dependent somatic deterioration and significantly increases
lifespan (Hsin and Kenyon 1999; Antebi et al. 2000; Berman
and Kenyon 2006; Ghazi et al. 2009). The longevity in germ
cell-depleted animals is regulated by signals from the gonad,
and is not a simple consequence of sterility, since ablation of
the somatic gonad in addition to germ cells suppresses this
effect (Hsin and Kenyon 1999). Eliminating germ cells during
adulthood in Drosophila (Flatt et al. 2008) or transplanting
ovaries of young mice into older animals similarly promotes
lifespan extension (Cargill et al. 2003), underscoring the

evolutionary conservation of gonad to soma communication
in regulating fitness.

Several studies have pointed to different signaling path-
ways implicated in the gonad-dependent regulation of aging
in C. elegans. These pathways link germ cell proliferation in
the distal gonad to the transcriptional activities in somatic
cells of the nuclear receptors DAF-12 and NHR-80 as well
as the Forkhead proteins PHA-4 and DAF-16. Together, these
effectors establish complex transcriptional networks func-
tionally linking soma and germline through the regulation
of protein synthesis rates, protein folding, autophagy, meta-
bolic adaptation, pathogen resistance, lipid metabolism, and
response to stress (reviewed in Antebi 2013). Converging
downstream in these signaling networks is the activity of
the Forkhead transcription factor DAF-16 in the intestine—
the major metabolic and endocrine organ in C. elegans. Mech-
anistically, DAF-16 activation relies on post-transcriptional
modifications that control its access to the nucleus. As a tar-
get of insulin/IGF (IIS) signaling, DAF-16 is phosphorylated
by activated AKT, resulting in its nuclear exclusion and tran-
scriptional inhibition (Kenyon 2010b). In mutants with
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impaired or reduced insulin/IGF signaling, dephosphory-
lated DAF-16/FOXO constitutively localizes to the nucleus,
where it promotes lifespan extension from yeast to mammals
(Kenyon 2005; DiLoreto and Murphy 2015). DAF-16 nuclear
localization in germ cell proliferation mutants, however, ap-
pears to be regulated independently of IIS inputs (Berman
and Kenyon 2006). Instead, factors such as the 14-3-3 protein
FTT-2 and KRIT/KRI-1 specifically influence intestinal DAF-16
nuclear presence in response to signals from the gonad (Berman
and Kenyon 2006; Li et al. 2007). Moreover, genes involved in
steroidogenesis such as daf-9, daf-36/Rieske oxygenase, and the
b-hydroxysteroid dehydrogenase dhs-16, act through DAF-12
to impact DAF-16 function in the intestine, pointing to a critical
role of steroidal signaling in mediating the cross-talk between
soma and germ cells (Rottiers et al. 2006; Gerisch et al. 2007;
Shen et al. 2012). Finally, neuronal expression of a microRNA
(mir-71) has been linked to DAF-16 nuclear accumulation in
intestinal cells, likely in a gonad-dependent manner (Boulias
and Horvitz 2012). These important studies using sterile mu-
tants exposed functional ties between reproduction and aging,
andunderscored the complexity in regulatingDAF-16 activity in
the intestine. However, whether intestinal DAF-16 is sensitive to
the critical transition between reproductive and postrepro-
ductive periods, when several aging-related phenotypes first
appear, has not been rigorously examined (Herndon et al.
2002; McGee et al. 2011; Liu et al. 2013).

A prominent aging-related phenotype is the appearance of
detergent insoluble protein inclusions in old eukaryotic cells
(Rubinsztein 2006; Erjavec et al. 2007; Madeo et al. 2009).
The accumulation of misfolded and irreversibly modified pro-
teins into large aggregates accompanies, and is thought to be
among, the primary causes of cellular senescence (Muchowski
2002; Cuervo et al. 2005; Cohen et al. 2006; Harrington et al.
2011). In C. elegans, a sudden decline in proteostasis, and the
subsequent accumulation of protein aggregates is observed in
the soma during early adulthood and depends on germ cell
proliferation (Ben-Zvi et al. 2009; Shai et al. 2014; Labbadia
andMorimoto 2015). In turn, germ-cell-deprivedmutants show
increased proteasome activity in the soma viaDAF-16-dependent
upregulation of RPN-6.1—a subunit of the 19S proteasome
(Vilchez et al. 2012). These studies point to the nonautonomous
regulation of protectivemechanisms against proteotoxicity by the
gonad during the transition to reproductive maturity. It is less
clear, however, whether the appearance of cellular signatures
of proteotoxic stress is subsequently influenced by the reproduc-
tive cycle, andwhat is the role of lysosomal-mediated proteolysis
in this process.

Here, we hypothesize that protein clearance via the lyso-
somal degradation pathway in the soma may be sensitive to
reproductive signals fromthegonad.Lysosomes constitute the
end point of different degradation pathways in the cell, and
are important mediators in several signaling events. These
recycling organelles are involved in processes as diverse as
autophagy, membrane repair, transcriptional control, and
nutrient sensing, highlighting their centralizing role in the
context of cellular and tissue homeostasis (reviewed in Lim

and Zoncu 2016). Age-dependent decreases in lysosomal
function have been linked to several progressive degenera-
tive disorders that strike later in life (reviewed in Boya 2012).
Restoring function to lysosomes can slow down the late onset
phenotypes associated with these conditions, suggesting that
lysosomes may be relevant targets for antiaging manipula-
tions in humans (Vila et al. 2011; Kim et al. 2016). The close
relationship between lysosomes and aging underscores the
importance of elucidating the molecular mechanisms leading
to loss of lysosomal function in senescing cells. The network
of lysosomal proteases maintains comparable expression in
aging cells such that changes in enzyme load is unlikely to be
the primary cause for the collapse in lysosomal-mediated
degradation observed in old cells (Cuervo and Dice 2000;
Brunk and Terman 2002a; Lund et al. 2002; Golden and
Melov 2004). Loss of vacuolar acidity, on the other hand,
has been recently proposed to decrease yeast replicative life-
span in part by triggering age-dependent mitochondrial dys-
function (Hughes and Gottschling 2012). It is possible,
therefore, that aging is antagonized by mechanisms that ac-
tively maintain a low lysosomal pH in multicellular organ-
isms, a process that ultimately relies on the activity of
v-ATPases—a family of conserved proton pumps assembled
on the lysosomal membrane. Here, we present evidence of
one such mechanism in C. elegans, and demonstrate that it is
regulated by signals from the progeny-producing gonad to
affect somatic tissues, suggesting that one of its possible roles
may be to synchronize reproduction and aging. Our results
indicate that lysosomal pH in C. elegans is regulated by
changes in the reproductive cycle via the transcriptional con-
trol of v-ATPases. Through our investigations of the genetic
network coordinating these events, we implicate the DAF-9/
DAF-12/DAF-16 signaling axis, previously shown to regulate
longevity in germ cell-depleted mutants, and introduce lyso-
somal pH as a novel cellular readout for gonad to soma com-
munication. These results expose a conserved eukaryotic
mechanism linking proliferation/reproduction to cellular
homeostasis and aging through the control of lysosomal
function.

Materials and Methods

C. elegans strains and husbandry

Worms were maintained on NGM plates at standard growth
conditions (20�) unless indicated otherwise. To generate
sterile animals, temperature-sensitive mutants were synchro-
nized by bleaching, L1 diapause larvae were collected 15 hr
later and transferred to NGM-OP50 plates. Larvae were
allowed to develop at 25� for a further 24 hr before being
transferred back to 20� for the rest of the experiment. Mating
experiments were performed by adding five males to one
female (fem-2) or hermaphrodite (N2) ratio on plates with
a small bacterial lawn. Worms were removed after 4 hr to
fresh OP50 plates. A list of strains used in this study and RNAi
protocols are available in Supplemental Material, File S1.
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cDCFDA staining

In every experiment, NGM plates from the same batch with a
standardized �2 3 2 cm OP50 lawn were used; 100 ml of
10 mM cDCFDA (Molecular Probes) was pipetted to cover
the entire lawn and left to dry in the dark for 10 min. Around
15–20 worms from synchronized populations were placed on
the OP50/cDCFDA lawn and incubated for 14–16 hr at 20�
protected from light. Prior to imaging, worms were moved to
NGM plates without bacteria for 15 min to clear from excess
dye. Shortly before imaging, 2% agarose pads of similar
thickness were prepared using the same agarose solution.
Worms were anesthetized in 5 mM sodium azide, and imme-
diately imaged using a Zeiss LSM 510 confocal microscope.
Prior to imaging, to normalize variations in fluorescent sig-
nals among different experiments, 2-day-old N2 worms that
consistently showed strong cDCFDA signal were used to cal-
ibrate capture parameters such as pinhole and aperture such
that the average fluorescent intensity (see below for signal
quantification) was �400 AU at 520 nm. This established a
signal threshold against which the other samples in the same
experiment could be compared, and allowed a broad range
of signal intensities to be imaged without any further post-
acquisition manipulation. These conditions were reset prior
to every imaging session to ensure consistency in image
acquisition in different staining experiments, accounting for
potential differences in dye intake. After adjusting the focus,
single plane images were taken using a 603 lens and a reso-
lution of 1024 3 1024 pixels. The cDCFDA emission spectra
in worms yielded a single prominent peak at 520 nm coincid-
ingwith its reported fluorescence spectra (Preston et al. 1989),
providing a specific signal readout distinct from intestinal
autofluorescence. In order to quantify cDCFDA fluorescence
intensity, the Zeiss LSM image acquisition software was used.
Briefly, four to five regions of interest (ROI) corresponding to
four to five different in-focus lysosomes per image were se-
lected, and the average relative fluorescence intensity of each
ROI was calculated for an emission spectra ranging from
500 to 550 nm. This was done for at least four to five lyso-
somes per worm for about four to six worms per genotype,
resulting in a total of�25–30 different lysosomal fluorescence
intensities for each genotype. No signal postacquisition signal
enhancement was performed. Blind tests with N2 and fem-2
worms were often done to assess potential experimental bias.

Costaining with other lysosomal marker dyes

Fluorescent dyes in M9 buffer were added to OP50 lawns at
the following concentrations: Nile Red (Sigma-Aldrich):
50 ml of a 15 mg/ml, LTR DND-99 (Molecular Probes)
2.5 ml of a 1 mM solution, and LSG-DND-189 (Molecular
Probes) 2.5 ml of a 1 mM solution. After drying, 15–20
worms were added on OP50/dye plates and incubated pro-
tected from light. Incubation times at 20� were overnight for
cDCFDA and Nile Red staining, and 5 min for LSG and LTR.
Imaging of live worms was performed immediately after
mounting animals on slides as described for cDCFDA staining.

To allow for direct and reliable comparison in costaining exper-
iments, young and old worms were stained at the same time
using the same staining solution and imaging acquisition
parameters. After normalizing for background fluorescence,
signal intensity values for both dyes were collected individ-
ually for each selected lysosome as described above. At least
five lysosomes per image were randomly selected for quan-
tification. Fluorescence intensity values for each lysosome
were then used to calculate the green over red (LSG or
cDCFDA/LTR) ratios. The ratio averages for each image
were then generated to plot the graphs in Figure 1, D and
F. Intestines from over 15 worms in each treatment were
used in the quantification.

Chloroquine treatment

For incubations with chloroquine (Sigma), worms were syn-
chronized by bleaching and grown until L4 on NGM/OP50
plates. Thereafter, they were transferred onto plates supple-
mented with 200 mM chloroquine, and grown until day 2
post L4. Then, 10 mM cDCFDAwas added to the plates, and
theworms imaged 24 hr later using a Zeiss LSM510 confocal
microscope.

Immunostaining of intestinal cells and imaging

Worms were dissected on glass cover slips in M9 Buffer, and
then freeze-cracked on an aluminum block on dry ice. Dis-
sected intestines were fixed, blocked and incubated with
primary antibodies overnight. Protocol details can be found
in File S1.

D4-Dafachronic acid (DA) feeding protocol

Synchronized worms were incubated from L4 stage onwards
on (a) NGM plates with OP50 supplemented with freshly
made 1, 10, or 100 mM DA, or (b) NGM plates with OP50
supplemented with ethanol (control). For cDCFDA analysis
following DA feeding, worms were transferred every day to
fresh NGM plates supplemented with ethanol with DA;
100 mM cDCFDA was added to NGM plates containing
OP50 (with or without DA). Worms were grown overnight
on these plates for at least 14–16 hr and then used for
microscopy.

Generation of the SEP::mCherry::LAAT-1 line

A synthesized 2.1 kb SEP::mCherry::laat-1 cDNA cassettewas
directionally cloned between the muscle-specific unc-54 59
and 39 regulatory sequences of pPD30.38 using KpnI/SacI
sites (Mello and Fire 1995). In this construct, SEP and
mCherry sequences are separated by a 21-bp linker sequence
(59-GGTGGAGGAGGTAGATCCATG-39), and an HA tag is also
added to the C (cytosolic) terminus (Tanida et al. 2014).
Stable transgenic lines were generated in an N2 (wild-type)
background by gonad microinjection using a dominant allele
of rol-6 as a coinjecting marker. We followed the age synchro-
nization, live imaging and chloroquine treatment protocols
described above and in File S1 to assess muscle SEP and
mCherry signals in young and old worms.
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RT and qPCR analyses

RNA was extracted from 10 adult animals using Trizol (Invi-
trogen). After a 30 min DNase I (Fermentas) treatment,
cDNA was synthesized using iScript cDNA Synthesis Kit
(Bio-Rad); 10 ng of cDNA was used in real-time PCR ampli-
fication using the iQ SYBRGreen Supermix (Bio-Rad) and the
iCycler system (Bio-Rad). The relative expression level of
each gene was determined using the Comparative CT
Method, and normalized to 28S rRNA internal control in
the same sample. Measurements were performed in triplicate
for two biological samples for each condition. Single worm
RT-PCR was performed using the One-Step RT-PCR system
(Invitrogen) according to the manufacturer’s instructions. A
list of primers used is available in Table S2.

Western blot analysis

Lysates from �300 worms were prepared in denaturing con-
ditions. A rabbit polyclonal DAF-16 antibody (#33738; Santa
Cruz) was used at 1/2000. b-Actin and GFP antibodies
(Abcam) were used at 1/5000. The chemiluminescent blots

were imaged with a ChemiDoc MP imager (Bio-Rad). Image-
Lab software version 4.1 (Bio-Rad) was used for image ac-
quisition and densitometric analysis. Protocol details can be
found in File S1.

Worm tracking

Three age-matched worms in each treatment were randomly
picked and placed on a fresh NGM plate. Movies were
recorded for 30 sec to 1 min using a Basler acA2500 camera
mounted on a Nikon 60 mm f/2.8D micro lens. Videos were
subsequently processed using WormLab v4.05 (MBF
Bioscience).

Data availability

Strains are available upon request. File S1 contains detailed
descriptions of all Supplemental Materials and Methods. File
S2 and File S3 are videos showing motility of 8-day-old N2
and fem-2 worms, respectively. Table S1 contains lifespan
data for different mutants. Table S2 contains primers used
in this study.

Figure 1 In vivo assessment of lysosomal acidity in C. elegans intestines. (A) Representative reproduction timeline of wild-type hermaphrodites grown at
20�. (B) Diagram of a worm illustrating the midbody region in the intestine considered for subsequent image analysis of lysosomes (green spots in inset).
(C) Representative images of intestines of day 2 (reproductive) and day 6 (postreproductive) worms costained with LSG DND-189 and LTR DND-99. (D)
LSG/LTR average ratios for day 2 and day 6 animals. (E) Representative images of intestines of day 2 and day 6 worms costained with cDCFDA and LTR
DND-99. (F) cDCFDA/LTR average ratios for day 2 and day 6 animals.
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Results

Rise in lysosomal pH in the intestine of postreproductive
C. elegans

In adult C. elegans, after an initial period of egg laying, re-
production in self-fertile hermaphrodites sharply decreases
on day 3 of adult life (day 1 standardized as 24 hr post-L4
molt at 20�), then ceases at around days 5–6 due to the de-
pletion of the sperm repository (Kimble and Crittenden
2005) (Figure 1A). In yeast, reduced vacuolar acidification
in aging cells signals the end of replicative lifespan (Hughes
and Gottschling 2012). To address whether loss of acidity in
lysosomes is a conserved event marking the end of reproduc-
tive life in in C. elegans, we first examined whether the tran-
sition between reproductive and nonreproductive periods
correlated with changes in lysosomal pH in the intestine—a
tissue known to respond to signals from the gonad
(Mukhopadhyay and Tissenbaum 2007). Worms were fed the
fluorescent pH-indicators LysoSensor Green DND-189 (LSG,
pKa 5.2), or 5-(and-6)-Carboxy-29,79-Dichlorofluorescein
Diacetate (cDCFDA, pKa 4.8); both probes are commonly
used to track lysosomal pH in live cells (Nedergaard et al.
1990; Horn et al. 1992; Kosegarten et al. 1997; Harrison
et al. 2002; Levitte et al. 2010; Farkas et al. 2015; Ho et al.
2015). LSG is a small acidotropic probe, while cDCFDA is a
ROS-insensitive derivative of DCFDA (Peri and Nusslein-Volhard
2008; Vibet et al. 2008). Protonation of LSG molecules and
hydrolysis of cDCFDA into the impermeable fluorescent moi-
ety 6-carboxyfluorescein trap these dyes inside acidic vesi-
cles, wherein their fluorescence increases with decreasing
pH (Preston et al. 1989). To control for variations in dye
intake, intestines were costained with LysoTracker Red DND-
99 (LTR), a weak amine based-dye that marks acidic compart-
ments over a broad pH range, and whose fluorescence is
largely insensitive to increasing acidity (Duvvuri et al. 2004).
When included as food supplements, LSG, cDCFDA, and LTR
passively crossed the apicalmembrane of intestinal cellswhere
they were observed to fully colocalize within cytoplasmic ves-
icles (Figure 1, B, C, and E). For simplicity, we refer to these
acidic vesicles as lysosomes, though they could also include
other lysosome-related organelles such as acidifying endo-
somes (Clokey and Jacobson 1986; Hermann et al. 2005).
We noticed a significant reduction (P , 0.001 by the Student
t-test) in the green/red (LSG or cDCFDA/LTR) fluorescence
intensity ratios in the intestine of postreproductive worms
(day 6 or 8) as compared with reproducing animals
(day 2) (Figure 1, C and E, quantified in Figure 1, D and
F). The decreased ratio observed with cDCFDA, compared
with LSG (compare Figure 1Dwith Figure 1F), likely reflects
different pKa values for these dyes, with cDCFDA fluores-
cence being more sensitive to incremental changes in pH.
We therefore used cDCFDA in controlled staining experi-
ments (see Materials and Methods) as an in situ probe to
capture a timeline of lysosomal acidity in aging wild-type
animals. As depicted in Figure 2A, actively reproducing
worms displayed high cDCFDA fluorescence (day 1–3). In

contrast, loss of acidity, indicated by a marked reduction in
cDCFDA fluorescence (P , 0.001 by the Student t-test), oc-
curred abruptly between day 3 and day 6 of adulthood, and
did not recover afterward (quantified in Figure 2A, lower
panel). Temporally, the pH increase in intestinal lysosomes
parallels the sharp drop in reproductive outputs during the
same period (Figure 1A). Lysosomal pH is maintained by
an evolutionarily conserved, multi-subunit proton-coupled
ATPase pump (v-ATPase) (Preston et al. 1992; Lee et al.
2010). In C. elegans, at least 21 v-ATPase (vha) genes encode
subunits make up the peripheral (V1) domain involved in ATP
hydrolysis and the transmembrane rotor (V0) domain that
translocates protons from the cytosol to the lumen (Lee
et al. 2010) (Figure 2B). Importantly, cDCFDA fluorescence
was sensitive to RNAi knockdown of a V1 (vha-8) or a V0 (vha-
2; P , 0.0001 by the Student t-test) subunits of the proton
pump, or treatment with the lysosomotropic agent chloro-
quine (P , 0.0001 by the Student t-test), which inhibits
acidification (Figure 2C, quantified in lower panel).

The results above predict that lysosome-dependent degra-
dation of protein aggregates may be impaired following the
transition from reproductive to postreproductive life. In par-
ticular, the breakdown of large protein inclusions not ame-
nable to refolding bymolecular chaperones or degradation by
proteasomes could be affected (Cuervo et al. 2005; Mohri-
Shiomi and Garsin 2008). Taking advantage of a poly-
glutamine (polyQ) aggregate model in C. elegans that has been
used to assess the proteolytic capacity of cells in vivo (Burkewitz
et al. 2012), we asked whether aggregation of a Q64::YFP fu-
sion protein ectopically expressed in the intestine was coinci-
dent with the end of reproduction. We observed that in
intestinal cells of reproducing (day 2) worms, lysosomes,
marked by Nile Red staining (O’Rourke et al. 2009; Soukas
et al. 2013), were largely devoid of YFP fluorescence. In con-
trast, polyQ aggregates accumulated in the lysosomal lumen of
postreproductive (day 6) worms (Figure S1A). Proteolysis
of Q64::YFP in young worms released a stable YFP moiety
(Holmberg et al. 2004), detected as a discrete fragment by
SDS-PAGE. As opposed to young worms, cleavage of the YFP
moiety in postreproductive (day 6 and older) worms was re-
duced (Figure S1B). These results are consistent with a rise in
pH in intestinal lysosomes of postreproductive worms leading
to impaired clearance of protein aggregates.

Sterility delays lysosomal alkalinization in the intestine

One interpretation of our findings is that the transition from
reproduction to postreproduction signals lysosomal alkaliniza-
tion in the intestine leading to reduced proteolysis in the soma,
and ultimately senescence. Progeny production in hermaphro-
dites is normally limited by sperm repository, aswell as a decline
in oocyte quality, which, over time, contribute to reproductive
cessation (Hughes et al. 2007; Luo et al. 2010). In this context,
reduced fertilization due to sperm depletion or progressive loss
of oocyte fertilizability could plausibly trigger gonadal signaling
to the soma. If so, disruption of signaling from the gonad
in sterile mutants should result in prolonged maintenance of
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lysosome acidity in the intestine. To test this idea, we examined
the dynamics of pH changes in intestinal lysosomes of three
sterile mutants that either do not produce mature germ cells
(sperm and oocytes), or make viable oocytes but not sperm
(self-sterile). Eliminating GLP-1 activity [using a glp-1(e2141)
mutant] abolishes germ cell proliferation (Hutter and Schnabel
1994), resulting in an “empty gonad” phenotype and extended
lifespan (Arantes-Oliveira et al. 2002). fem-2(b245ts) and spe-
26(hc140ts) worms grown at restrictive conditions produce
fertilizable oocytes, but no (fem-2) or very few (spe-26) self-
fertilized progeny due to feminization of the germline (fem-2)
or impaired spermatogenesis (spe-26) (Pilgrim et al. 1995;
Varkey et al. 1995). We found that, unlike wild-type hermaph-
rodites, glp-1, fem-2, and spe-26 sterilewormsmaintained acidic
lysosomes past day 6 of adulthood (Figure 3A, quantified in
Figure 3B). Moreover, similar to glp-1 (Arantes-Oliveira et al.
2002) and spe-26 (Gems and Riddle 1996), lifespan of fem-2
mutants was also extended, suggesting that prolonged lyso-
some acidity may be one contributing factor to the longevity
phenotype in thesemutants (Figure 3C). Themetabolic require-
ment for oogenesis is among the most resource intensive de-
velopmental undertakings in adult hermaphrodites (Rose and

Kemphues 1998). fem-2 and spe-26 worms, producing a full
complement of oocytes, nevertheless displayed a profile of
cDCFDA staining in postreproductive age indistinguishable
from glp-1 worms (at day 8, P = 0.0560 and P = 0.4406
by theWelch two sample t-test, respectively). The maintenance
of lysosomal acidity in sterile worms therefore cannot be fully
explained by resource reallocation from gamete producing go-
nads to the soma (Kirkwood 1977), andmay instead involve an
impairment in signaling the functional decline of lysosomes in
animals that fail to reproduce.

To further investigate the apparent link between fertiliza-
tion in the gonad and lysosome acidity in the soma, wemated
female fem-2worms with wild-type males to restore progeny
production. Mating has been shown to reduce the average
lifespan of feminized worms independent of receipt or stor-
age of sperm, brood size, or structural damage during copu-
lation (Gems and Riddle 1996; Shi and Murphy 2014). We
found that reinstating progeny production in fem-2 worms
suppressed its long-lived phenotype (Figure 3C), and was
sufficient to accelerate the loss of lysosome acidity with a
cDCFDA staining profile similar (P = 0.0967 by the Welch
two sample t-test) to the age-matched day 8 wild-type

Figure 2 Loss of lysosome acidity in the transition to postreproductive life. (A) cDCFDA imaging of intestinal lysosomes in wild-type reproductive (day 1
and 3) and postreproductive (day 6 and 8) stages. The corresponding quantified average fluorescent values are shown in the bottom. The differences in
signal intensities between day 1 and 3 (reproductive) and day 6 and 8 (postreproductive) were not significant (P = 0.8203 and P = 0.1496, re-
spectively). (B) Schematic representation of the v-ATPase complex assembled on the lysosomal membrane. The subunits mentioned in this work are
indicated. (C) cDCFDA imaging of intestinal lysosomes of worms in reproductive stage (day 2) after control RNAi, vha-2 RNAi, vha-8 RNA or treatment
with 200 mM of chloroquine. The corresponding quantified average fluorescent values are shown in the bottom. The difference between cDCFDA
signals between the RNAi knockdowns of the two protein pumps was not significant (P = 0.5922).
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worms (Figure 3A, quantified in Figure 3B). Taken together,
these observations support a scenario in which lysosomal pH
in the intestine of wild-type worms is temporally coupled to
the reproductive state in the gonad.

Protein aggregation in muscle cells
increases postreproduction

Widespread protein insolubility leading to formation of pro-
tein aggregates in several tissues underlies aging in C. elegans
(David et al. 2010; Liang et al. 2014). We therefore sought

evidence to show that the impairment in lysosomal function
due to a rise in lysosomal pH in postreproductive worms was
not limited to the intestine. Age-related muscle degeneration
(sarcopenia) leading tomuscle loss and defects in locomotion
is particularly conspicuous in worms. The first signs of muscle
tissue decline are detectable early in postreproductive life, at
day 7 of adulthood (Herndon et al. 2002). Since cDCFDA
does not cross the basal lamina of the intestine, we used in-
stead a transgenic approach to investigate whether the lyso-
somal pH in muscle cells also changes in postreproductive

Figure 3 Delayed loss of lysosomal acidity in sterile worms. (A) cDCFDA staining of intestinal lysosomes in age-matched wild-type, fem-2, spe-26
(sperm-less mutants) and glp-1 (germ-cell-less) and mated (reproducing) fem-2 mutants. (B) Quantification of cDCFDA signal intensity in age-matched
sterile mutants in day 1 (d1), day 6 (d6), and day 8 (d8) of adulthood. Animals that fail to produce germ cells (glp-1mutants) or to fertilize (fem-2, spe-
26 mutants) have a similar cDCFDA signal intensity compared to wild-type worms during the reproductive period (day 1: glp-1 P = 0.1876; fem-2
P = 0.4759, and spe-26 P = 0.0744), but show significantly higher cDCFDA signals past the reproductive age (P , 0.0001). (C) Lifespan analysis of
wild-type animals relative to sterile fem-2, spe-26, glp-1, and mated (progeny producing) fem-2 worms. (P , 0.0001, Mantel-Cox test).
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animals. We produced in vivo pH sensor strains expressing a
fusion between the pH-sensitive GFP-derived superecliptic
pHluorin (SEP) and the pH-insensitive mCherry in muscle
cells (Hughes and Gottschling 2012; Tanida et al. 2014).
The SEP::mCherry cassette was then fused to the N-
terminus of the amino-acid transporter LAAT-1 on the lyso-
somal membrane, facing the acidic lumen (Liu et al. 2012).
With a pKa of 7.6, SEP fluorescence is quenched when the pH
is below 6.5, and only residual signal can be observed in
normally acidic (pH 4.5) lysosomes (Sankaranarayanan
et al. 2000; Tanida et al. 2014). Similar to the reported mor-
phology of muscle lysosomes in C. elegans (Li et al. 2016),
conspicuous mCherry fluorescence was observed in globular
and tubular organelles equally present in cells of young
and old animals. In contrast, day 2 (reproducing) animals
showed only diffuse SEP fluorescence in the cytoplasm, likely
representing SEP::mCherry::LAAT-1 at neutral cytosolic pH
before association to mature lysosomes (Figure 4A, upper
panels, quantified in Figure 4B). In day 10 post-L4, around
the midpoint in the average lifespan of C. elegans and several
days after the end of progeny generation, we noticed a small
(16–24%), but reproducible, proportion of animals withmus-
cle cells in which SEP and mCherry signals colocalized in
lysosome-like structures (Figure 4A, middle panels, quanti-
fied in Figure 4B). The low frequency of SEP-positive cells in
these experiments may be explained by the requirement of
nearly complete deacidification of lysosomes before they can
be captured by SEP fluorescence. Consistent with this, treat-
ment with 200 mM chloroquine, which leads to a substantial
loss in acidity in the intestine of day 2 worms (Figure 2C),
resulted in only �36% of animals with cells showing SEP
signal in lysosomes (Figure 4A, lower panels, quantified in
Figure 4B). We reasoned that SEP-positive organelles in mus-
cle represented the fraction of alkalinizing lysosomes that
had reached pH values above 6 by day 10. In physiological
terms, however, a much less intense rise in pH can have dra-
matic consequences to lysosomal function (Ahlberg et al.
1985; Colacurcio and Nixon 2016). It is possible, therefore,
that lysosomal alkalinization is more widespread in muscle
cells of postreproductive C. elegans than was detected using
the SEP::mCherry sensor.

If lysosomal dysfunction in muscle cells is indeed timed
with the end of reproduction, thismay signal the early signs of
proteolytic impairment in muscle tissue of postreproductive
animals. The role of lysosome-mediated proteolysis in the
regulation of protein aggregation and clearance inmuscle has
been studied in C. elegans using transgenic lines expressing
human a-synuclein (a-syn) (Qiao et al. 2008; Ghavidel et al.
2015; Kim et al. 2016). To determine whether loss of lyso-
somal acidity in muscle cells has functional consequences in
turnover of protein aggregates, we examined the accumula-
tion of a-syn::GFP aggregates resulting from an ectopically
expressed, muscle-directed transgene (Punc-54::a-syn::GFP;
Harrington et al. 2011). Protein aggregation, as detected by
GFP foci formation, was prominent in postreproductive
(day 8)wild-typeworms (Figure 4C). In contrast, age-matched

feminized (grownat 25�), but not self-fertile (grown at 16�) day
6 fem-2 animals displayed a significant reduction (P , 0.001
by theWelch two sample t-test) in the number of in situGFP foci
in the midbody region (Figure 4C, quantified in Figure 4D).
Consistent with improved maintenance of acidic lysosomes in
sterile mutants, the absence of a2syn::GFP aggregation in the
muscle of fem-2 females was accompanied by a2syn::GFP deg-
radation (Figure S2A, quantified in Figure S2B). Finally, the
enhanced clearance of protein aggregates in muscle of fem-2
worms was also conserved in glp-1 and spe-26 sterile mutants
(Figure S2C). Together, these results indicate that loss of acidity
in C. elegans intestinal lysosomes extends to muscle tissue,
where it likely contributes to a global decline in proteostasis
in early adulthood.

DAF-16 upregulates v-ATPAse gene expression in
reproducing worms

Next, we sought to elucidate the mechanistic basis for lyso-
somal alkalinization in postreproductive wild-type worms.
Using qRT-PCR, we observed that the vha-2 and the vha-8
components of the v-ATPase complex displayed reduced tran-
script abundance during the latter days of reproduction
(Figure 2B, Figure 5, A and B, and Figure S3). This reduction
in transcript levels occurred by days 4–5 of adulthood, cor-
responding to the end of progeny production and preceding
the loss of lysosome acidity. In contrast, feminized fem-2
worms maintained high vha mRNA levels throughout the
corresponding period. Similar increases in v-ATPase mRNA
abundance have been previously described in glp-1 mutants
(Lapierre et al. 2013). Moreover, mating fem-2 females was
sufficient to reduce vha transcript abundance with a kinetics
similar to that observed in wild-type hermaphrodites (Figure
5, A and B). To account for the contribution of nonintestinal
v-ATPase gene transcription in the whole animal in vitro anal-
ysis described above, we produced a line expressing a tran-
scriptional reporter for vha-2 (Pvha-2::GFP) and individually
assessed whether intestinal GFP signals in the same animal
changed in the transition between reproductive and postre-
productive periods (Figure S4, A and C). As previously re-
ported (Oka et al. 1997), vha-2 expression was observed in
the H-shaped excretory cells and in the adult intestine
(Figure S4A). While GFP signals in the excretory cell in the
head region appeared equivalent in day 2 and day 6, in 81%
of the worms followed (n = 21) Pvha-2::GFP expression in
the most anterior intestinal cell (int1) was reduced by day 6
(Figure S4, A and C). In summary, these results suggest that
the loss of lysosomal acidity in postreproductive worms fol-
lows the downregulation in vha gene transcription.

The coordinated decline in v-ATPase transcripts could in
theory account for the lumen alkalinization observed in in-
testinal lysosomes. In C. elegans, the transcriptional activity of
DAF-16 in the intestine is modulated by signals from the
gonad (Hsin and Kenyon 1999; Hsu et al. 2003). Notably,
the V0 subunit vha-3, which is predominantly expressed in
the intestine (Oka et al. 1998), was identified as a DAF-16
target gene in a Chromatin Immunoprecipitation (ChIP)

90 K. Baxi et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/207/1/83/5930672 by guest on 25 M

ay 2023

http://www.wormbase.org/db/get?name=WBGene00021546;class=Gene
http://www.wormbase.org/db/get?name=WBGene00001412;class=Gene
http://www.wormbase.org/db/get?name=WBGene00001412;class=Gene
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.204222/-/DC1/FigureS2.tiff
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.204222/-/DC1/FigureS2.tiff
http://www.wormbase.org/db/get?name=WBGene00001412;class=Gene
http://www.wormbase.org/db/get?name=WBGene00001609;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004972;class=Gene
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.204222/-/DC1/FigureS2.tiff
http://www.wormbase.org/db/get?name=WBGene00006911;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006917;class=Gene
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.204222/-/DC1/FigureS3.tiff
http://www.wormbase.org/db/get?name=WBGene00001412;class=Gene
http://www.wormbase.org/db/get?name=WBGene00001609;class=Gene
http://www.wormbase.org/db/get?name=WBGene00001412;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006911;class=Gene
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.204222/-/DC1/FigureS4.tiff
http://www.wormbase.org/db/get?name=WBGene00006911;class=Gene
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.204222/-/DC1/FigureS4.tiff
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.204222/-/DC1/FigureS4.tiff
http://www.wormbase.org/db/get?name=WBGene00000912;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006912;class=Gene
http://www.wormbase.org/db/get?name=WBGene00000912;class=Gene


screen (Oh et al. 2006). To investigate whether DAF-16 me-
diates the lysosomal pH changes that occurred after the tran-
sition to postreproductive period, we first performed an in
silico analysis of the 59-upstream regions of v-ATPase genes in
C. elegans. This analysis identified putative DAF-16 consensus
binding sites (Murphy 2006) in 9 out of 20 vha genes (Figure
S5A). To validate these genes as DAF-16 targets, we devised
a native (noncrosslinking) ChIP protocol to circumvent the
high background often associated with crosslinking used in
conventional ChIP (see File S1). Using this assay, we recov-
ered vha-2, vha-8, and vha-17 among DAF-16 target genes
(Figure 5C). Consistent with a role for DAF-16 as a transcrip-
tional activator of the vha gene family, an RNAi knockdown of
daf-16 (corresponding to a 40% reduction in expression)
resulted in a coordinated downregulation of vha gene tran-

scription (Figure 5D) and a premature loss of lysosome acid-
ity (P , 0.0001 by the Welch two sample t-test) in the
intestine of actively reproducing worms (Figure 5E, quanti-
fied in Figure 5F).

The RNA analysis for vha genes suggested a diminished
role for DAF-16-mediated transcription in the intestine dur-
ing the transition to the postreproductive period. To directly
examine this possibility, we followed individual worms
expressing a transcriptional reporter for mtl-2 (Pmtl-2::GFP),
an intestinal metallothionein downregulated by DAF-16 (Bai
et al. 2014). Relative to day 2, Pmtl-2::GFP fluorescence
showed a remarkable increase by day 6, when reproduction
is essentially over (Figure S4, B and C). We conclude that
DAF-16 promotes v-ATPase activity and lysosomal pHby driving
the expression of a subset of vha genes in the intestine (and

Figure 4 Protein aggregation in muscle of postreproductive worms. (A) Alkalinization of lysosomes in muscle cells of day 2 and day 10 wild-type
animals expressing SEP::mCherry::LAAT-1. SEP fluorescence is quenched in acidic environments but detectable at pHs .6.5 (diagram on the right).
Treatment with 200 mM of chloroquine leads to SEP-positive lysosomes in day 2. (B) Quantification of animals with lysosomal SEP signal in muscle cells.
Two experiments (exp) with each of two independently generated transgenic lines (lines 1 and 2) were performed. (C) The in situ steady state of a-syn::
GFP aggregates in muscle cells of wild-type (N2) and reproductively active (16�) or feminized (25�) fem-2(b245ts) day 6 worms. Insets are shown as
grayscale/inverted images to highlight a-synuclein foci in black, denoted by arrowheads. (D) Quantification of a-syn::GFP foci (n = 20).
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likely elsewhere) during progeny production, and that this ac-
tivity is actively inhibited upon the end of reproduction.

In principle, the postreproductive reduction of vha tran-
scripts in wild-type worms could be explained by a corre-
sponding decrease in DAF-16 protein load in aging animals.
We used a commercial polyclonal anti-DAF-16 antibody
raised against its C-terminus to investigate whether native
DAF-16 expression or localization in the intestine changes
relative to the reproductive state. DAF-16 protein levels were
comparable in lysates of days 2 and 10 from wild-type and
fem-2 worms (Figure S5B). However, in fixed intestines, na-
tive DAF-16 signals showed an age-dependent shift from the
nucleus to the cytoplasm. While predominantly nuclear in
reproducing wild-type (Figure 6A, quantified in Figure 6B),
as well as in feminized, worms of the same age (P = 0.9213
by the Welch two sample t-test), DAF-16 was eventually ex-
cluded from the nuclei of wild-type worms transitioning to
postreproductive period (days 6 and 8) while remaining
mostly nuclear in older fem-2 cells (Figure 6B, P , 0.0001

by the Welch two sample t-test). In comparison, no antibody
signal was detected in intestines of daf-16(mu86) null mu-
tants (Lin et al. 1997) (Figure S6A). The nuclear exclusion of
DAF-16, timed with the cessation of progeny production,
could explain the coordinated transcriptional downregula-
tion of v-ATPase genes and the corresponding loss of lyso-
somal acidity in intestinal cells of postreproductive worms.

Studies tracking the dynamic changes in DAF-16 localiza-
tion in live C. elegans, rather than fixed animals, have tradi-
tionally used overexpressed DAF-16 transgenes fused to
fluorescent proteins. To validate the findings above, we iden-
tified a strain (HT1889) carrying an integrated daf-16::gfp
construct with detectable intestinal signal in unstressed
young animals and asked whether DAF-16::GFP subcellular
localization was also subject to reproductive inputs. HT1889
animals express a DAF-16 isoform (DAF-16F) fused to GFP
(lpIs14) that has been shown to respond to TOR signaling
and regulate longevity in worms (Kwon et al. 2010). In live,
young HT1889 adult animals, weak nuclear fluorescence in

Figure 5 DAF-16 is a transcriptional activator of the vha gene family. (A, B) qRT-PCR analyses of vha-2 and vha-8 transcript levels in age-matched wild-
type, feminized unmated, and feminized mated fem-2 worms. RNA samples were analyzed in triplicate (P , 0.0015, two-tailed Student’s t-test). (C)
Binding of DAF-16 to vha gene promoters in day 2 wild-type worms assayed by ChIP. The known DAF-16 target gene sod-3 (Murphy 2006) served as an
experimental control. (D) Relative transcript levels of vha genes after a mild RNAi knockdown of daf-16. Two biological samples were analyzed in
triplicate (P , 0.005, two-tailed Student’s t-test). (E) Premature loss of acidity in intestinal lysosomes in reproductively active (day 2) worms after daf-16
RNAi or in intestines of daf-16(mu86) mutants. Early lysosomal alkalinization is prevented in daf-16 mutants expressing an integrated DAF-16::GFP
transgene (muIs61). (F) Quantification of cDCFDA signal intensities for DAF-16-depleted animals, and in daf-16 mutants expressing a DAF-16::GFP
transgene (muIs61). The difference in signal loss between daf-16 mutants and daf-16 RNAi animals was not significant (P = 0.0085).
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the intestine was observed. Upon exiting the reproductive
period (day 6 and 7), the nuclear DAF-16F::GFP signal in
these cells faded (Figure 6C, quantified in Figure 6D). A sim-
ilar age-dependent process is observed in yeast where the
Forkheads Fkh1 and Fkh2 move out of the nucleus in chro-
nologically aging cell populations (Postnikoff et al. 2012).
The loss of DAF-16F::GFP nuclear signal postreproduction
(day 8) is significant (P , 0.0001 by the Welch two sample
t-test), though less abrupt than the one detected for the na-
tive DAF-16 (Figure 6, B and D). As others have noted, we
did not observe significant accumulation of nuclear GFP
signal in the intestine of live wild-type animals expressing
three other DAF-16::GFP transgenes (muIs61, xrIs87, and
zIs356) (Henderson and Johnson 2001; Lee et al. 2001; Lin
et al. 2001; Wolf et al. 2008). However, it is noteworthy
that, while DAF-16::GFP fluorescence in these strains are
mostly cytoplasmic throughout adulthood in the intestine,
daf-16(mu86); muIs61 (DAF-16::GFP) animals (but not
mu86 worms) displayed a wild-type cDCFDA profile (Figure
5, E and F, P = 0.8989 by theWelch two sample t-test). This
suggests that normally, a subset of intestinal DAF-16::GFP

produced in these cells traffics to the nucleus at the peak of
progeny production to sustain normal lysosomal pH in the
intestine. Indeed, immunostaining of intestines from daf-
16(mu86); muIs61 [but not daf-16(mu86)] day 2 worms
using the anti-DAF-16 antibody revealed nuclear staining in
35% (n = 17) of dissected animals (Figure S6B). Together,
these results indicate that DAF-16 subcellular localization in
the intestine is dynamically regulated during the transition
from reproductive to postreproductive periods.

Several converging pathways regulate DAF-16 nuclear
shuttling in response to metabolic and stress signals
(Landis and Murphy 2010). Remarkably, a transient heat
shock or nutritional deprivation restored DAF-16 nuclear
localization in postreproductive animals (Figure 6A). The
HSF-1-mediated heat stress response (Hsu et al. 2003), or
the IGF-1-induced nutritional stress pathway (Lin et al.
2001) exert their effects in part by signaling DAF-16 nuclear
localization. Induction of either pathway over-rides the
effect of gonadal signaling on intestinal DAF-16 in postre-
productive animals. These observations reveal the func-
tional plasticity of DAF-16 in the intestine, and provide

Figure 6 Exclusion of DAF-16 from the intestinal nuclei in postreproductive worms. (A) Immunostaining of dissected intestines of age-matched wild-
type and sterile fem-2 worms using a polyclonal anti-DAF-16 antibody. Worms were synchronized and processed for imaging in parallel. Nuclei are
denoted by arrowheads. In parallel, we assayed DAF-16 nuclear localization in day 10 worms after a transient 40 min heat shock at 35�, or following an
overnight growth on plates not supplemented with OP50. (B) Nuclear:cytoplasmic DAF-16 fluorescence signal ratios in intestinal cells of wild-type and
fem-2 worms. Mean6 SEM were scored for a minimum of 22 worms for each time point. (C) Representative images of in vivo intestinal cells expressing
DAF-16F::GFP (lpIs14), showing progressive loss of nuclear signal in day 6 and day 8 post-L4 animals. Nuclei are surrounded by dashed lines for
visualization. (D) Quantification of nuclear:cytoplasmic ratios of DAF-16F::GFP signal intensity values. Measurements were taking using ImageJ from at
least 10 different images each day.
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further evidence of its nuclear recruitment via converging
pathways.

Steroid signaling is required for acidic pH in
intestinal lysosomes

In germ cell proliferation mutants, a signaling pathway com-
posed in part of the nuclear hormone receptorDAF-12 (Antebi
et al. 2000) and DAF-9/cytochrome P450, which catalyzes
the synthesis of the lipophilic DAF-12-activating ligand D4

-dafachronic acid (DA) (Gerisch et al. 2001), augments the
transcription of longevity genes by potentiating DAF-16 nu-
clear localization via the activity of KRI-1 (Berman and
Kenyon 2006; Shen et al. 2012). The increase in lifespan
triggered by loss of the germ cells requires the somatic gonad
and intact steroid hormone signaling as mutations in daf-12
or daf-9 suppress the long-lived phenotype of germ cell pro-
liferation mutants (Hsin and Kenyon 1999; Gerisch et al.
2001; Yamawaki et al. 2010). Furthermore, dietary supple-
mentation with DA is sufficient to restore the expression of
DAF-12 target genes in animals lacking the entire gonad
(Gerisch et al. 2007; Yamawaki et al. 2010). DAF-9-mediated
hormonal signaling is therefore required to delay somatic
aging in animals lacking germ cells.

We examined a potential role for daf-9/daf-12 signaling in
regulating lysosomal pH. Similar to daf-16 RNAi, a knock-
down of daf-12 also led to premature loss of lysosome acidity
in the intestine of reproducingworms (Figure S7A, quantified
in Figure S7B, P , 0.0001 by the Welch two sample t-test).
Consistent with a role for hormonal signaling in sustaining
somatic homeostasis, a daf-9mutation (rh50) accelerated the
rise in pH in reproducing worms (Figure 7A). The removal of
DAF-9-dependent signaling caused a similar premature alka-
linization in lysosomes of young feminized (fem-2) worms
(quantified in Figure 7B) mirrored by a significant increase
(P , 0.0001 by the Welch two sample t-test) in the nuclear
exclusion of DAF-16 in the intestine of these animals (Figure
7C, quantified in Figure 7D). The genetic requirement of daf-
9 for lysosomal acidification in fem-2worms can be bypassed
by directly supplementing animals with DA (Figure 7E, quan-
tified in Figure 7F). When daf-9 or fem-2;daf-9 worms were
fed DA for 24 hr in early adulthood (day 1), levels of DAF-16
signal in the nuclei of intestinal cells significantly increased
(Figure 7G, quantified in Figure 7H, P , 0.0001 by the
Welch two sample t-test). These findings support a role for
DAF-9-mediated hormonal signaling in the maintenance of
lysosomal pH in the intestine via sustained nuclear DAF-16
localization.

Our results suggest that a hormonal signal is transduced to
the intestine in a transient manner as a response to reproduc-
tive inputs from the gonad to maintain optimal lysosomal
function during the period of maximal progeny production.
Sterile mutants that fail to initiate fertilization in early adult-
hood escape early signs of somatic decay, presumably because
of a defect in gonad to soma signaling. Reintroducing the
ability to fertilize in thesemutants, either bymating or growth
at the permissive temperature, restores the normal rate of

cellular deterioration in the soma as evidenced by changes in
lysosomal pH (Figure 3A) and protein aggregation (Figure
4C), whichmay contribute to their shortened lifespan (Figure
3C). If the onset of protein aggregation in the soma of post-
reproductive worms is influenced by reduced hormonal sig-
naling, DA supplementation alone should substitute for the
lack of reproductive inputs at this life stage to delay lyso-
somal alkalinization. Indeed, worms fed DA continuously
from L4 stage onwards displayed an acidic lysosomal profile
(Figure 8A, quantified in Figure 8B, P = 0.2218) and DAF-16
nuclear localization at postreproductive stages that is more
reminiscent of reproducing worms (Figure 8C, quantified in
Figure 8D, P = 0.259 by the Welch two sample t-test).

Improved proteolysis in the soma leads to an extended
period of sustained health (healthspan) during adult life by
delaying the toxic effects of protein aggregation (Hahm et al.
2015). DA supplementation was associated with improved
motility rates in postreproductive worms (Figure 8E), indi-
cating that the overall impact of the gonad to soma signaling
can be systemic. Similarly, we find that feminized fem-2 mu-
tants that also displayed a delay in lysosomal alkalinization in
the intestine (Figure 3A) and less protein aggregation in
muscle (Figure 4C), are notably more motile at older age
than wild-type animals (File S2 and File S3), presumably
because of sustained steroid hormone signaling. Taken to-
gether, these results decouple reproduction and lysosomal
pH, and demonstrate that the pathway behind the gonad to
soma signaling can be reactivated after the end of progeny
production.

Discussion

A multitude of cellular and molecular changes permeate
aging, responding to genetic and stochastic factors. Life his-
tory traits, such as reproduction, are important modulators of
aging rates as seen by the evolutionary correspondence of
different reproductive strategies in short- and long-lived spe-
cies. In this context, decline in fertility is generally predictive
of a rise in mortality rates (Jones et al. 2014). The current
interpretation suggests that reproduction accelerates aging
by depleting limited resources that otherwise could be used
by the soma (Kirkwood and Austad 2000). To achieve the
optimal balance between longevity and reproduction, the re-
productive capacity in the gonad must be somehow relayed
to the rest of the organism through signaling pathways reach-
ing across tissues. Evidence from C. elegans mutants with
disrupted germ cell proliferation indicates that active signal-
ing from the gonad to the soma depends on the DAF-9/DAF-
12 steroid hormone signaling pathway that converges on
DAF-16 activity (Kenyon 2010a). Our results suggest that
steroid signaling also controls homeostasis in the soma of
reproducing worms. An in silico analysis revealed a marked
downregulation of daf-9 mRNA coincident with the end of
reproduction in wild-type hermaphrodites (Figure S8) (Lund
et al. 2002). Unlike daf-9, many of the genes intrinsic to or
preferentially expressed in germ cells, including a family of
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piwi-related genes that regulate germ cell proliferation and
development (Reinke et al. 2000; Lund et al. 2002) main-
tained or displayed increased expression immediately past
the reproductive period (days 6–11). Cessation of reproduc-
tion in worms, therefore, does not appear to be accompanied
with a general decline of the gonadal transcriptional net-
work—an observation corroborated by the capacity to
cross-fertilize hermaphrodites long after sperm depletion
(Hodgkin and Barnes 1991). We propose that, as in germ-
cell-depleted worms (Hsin and Kenyon 1999; Antebi et al.
2000; Gerisch et al. 2001; Shen et al. 2012), this signaling
pathway co-opts sterol compound biosynthesis in order to
transduce the reproductive cues from the gonads to the soma
(Figure 9). Two important aspects concerning the mechanis-
tic induction of this pathway remain to be elucidated. First,
does a shut off of daf-9 expression in the gonads after repro-
duction translate to reduced daf-12/daf-16 signaling? And
second, how do worms signal the end of reproduction?

Our results show thatmutants that fail to reproduce, either
due to a lack of germ cell proliferation or sperm production,
show a youthful profile of lysosomal acidity at older age and
improved protein clearance. Normal alkalinization of intesti-
nal lysosomes requires, therefore, passage through the re-
productive cycle. In this interpretation, the decrease in
progeny generation that marks the end of reproductive life
must be perceived by the gonad to inhibit the synthesis of
steroid ligands. This shut offmechanism is prevented in young
reproducing worms via a signal originated from sperm or
fertilized oocyte. As the supply of sperm cells is exhausted
and fertilization dwindles, diminished signaling from the
gonad would eventually release steroid synthesis inhibition,
resulting in reduced DAF-16 activation in the intestine. In our
model (Figure 9), this coincides with the short window of
time in late reproductive life when loss of acidity is first ob-
served in lysosomes. We propose that sterile animals that
fail to enter the reproductive cycle somehow bypass the

Figure 7 DAF-9 mediates the delay in pH alkalinization in fem-2 mutants. (A) Premature loss of acidity in intestinal lysosomes of young (day 2) daf-9
(rh50) and feminized fem-2;daf-9 mutants. (B) Quantification of cDCFDA signal intensities in day 2 wild-type, daf-9, fem-2 and fem-2;daf-9 worms. (C)
Immunostaining of DAF-16 in intestines of day 2 of wild-type, daf-9, fem-2, and fem-2;daf-9 worms. (D) Nuclear:cytoplasmic DAF-16 fluorescence
signal ratios in intestinal cells of day 2 of wild-type, daf-9, fem-2, and fem-2;daf-9. Depletion of daf-9 in a feminized fem-2 background results in
premature loss of DAF-16 nuclear signal to daf-9 mutant levels (P value , 0.0001 by the Welch two sample t-test). (E) Supplementation with 10 mM
DA rescues the defects in lysosomal acidification in daf-9 mutants. (F) Quantification of cDCFDA signal intensities in day 2 of daf-9 and fem-2;daf-9
animals with and without 10 mM DA supplementation. (G) Immunostaining of DAF-16 in intestines of day 2 daf-9 and fem-2;daf-9 worms with and
without 10 mM DA supplementation. DA significantly increases DAF-16 nuclear signal levels in daf-9 and fem-2;daf-9 animals (P , 0.0001 by the
Welch two sample t-test). (H) Nuclear:cytoplasmic DAF-16 fluorescence signal ratios in intestinal cells of day 2 of daf-9 and fem-2;daf-9 animals with
and without 10 mM DA supplementation.
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inhibition of steroid ligand production thereby avoiding the
normal wave of lysosomal alkalinization. Under this interpre-
tation, gonads signal the transition between fertile and non-
fertile periods to delineate the temporal boundaries of
progeny generation to nonreproductive tissues.

Mechanistically, enhanced lysosomal function via theupre-
gulation of v-ATPase transcription has been previously shown
to contribute to the lifespan extension observed in glp-1
worms (Lapierre et al. 2013). Similar to glp-1 (Lin et al.
2001), self-sterile mutants such as fog-2, fem-1;rrf-3
(Miyata et al. 2008), and fem-2 (this study) also display nu-
clear DAF-16 during adulthood. In fog-2 animals, nuclear
DAF-16 in the intestine is licensed by the lack of an inhibitory
signal normally coming from the early embryo leading to a

DAF-16-dependent pathogen-resistant phenotype (Miyata
et al. 2008). Abrogating reproduction in fem-1 animals results
in a marked reduction in the expression of vitellogenins (vit
genes). Vitellogenin gene transcription is required for yolk
synthesis in the intestine, a process with an associated higher
energetic cost for the animal and normally inhibited by DAF-
16 (DePina et al. 2011). Suppression of vitellogenesis, on the
other hand, has been linked to increases in lifespan through
DAF-16 activation (Murphy et al. 2003; Kenyon 2010b). As
with lysosomal pH (this study), reinstating reproduction in
self-sterile mutants through mating prevents the drop in vit
transcription (Miyata et al. 2008), and suppresses resistance
to P. aeruginosa infection (DePina et al. 2011), presumably as
a result of DAF-16 nuclear exclusion. These studies point to a

Figure 8 DA supplementation is sufficient to sustain acidic lysosomes in postreproductive worms. Comparison of reproductive (day 2) and postrepro-
ductive (day 7) wild-type worms that have been supplemented with different concentration of DA or just the vehicle (ethanol). (A) cDCFDA profiles. (B)
Quantification of cDCFDA signal intensities. (C) Immunostaining of intestinal DAF-16 in controls or animals fed DA. (D) Nuclear:cytoplasmic DAF-16
fluorescence signal ratios in intestines. Constitutive DA feeding significantly increases nuclear DAF-16 levels in postreproductive wild-type worms when
compared non-DA fed controls (P , 0.0001 by the Welch two sample t-test). (E) The effect of DA supplementation in the motility of reproducing and
postreproductive worms. One minute movies of three worms for each treatment were recorded in a worm tracker system (MBF Bioscience), and the
movement of worms on an agar plate tracked using WormLab. P values were calculated using the Welch two sample t-test.
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general increase in DAF-16 activity in sterile backgrounds,
with and without germ cells, and suggest that lifespan could
be impacted as a consequence. Indeed, we find that as report-
ed for glp-1 and spe-26 animals (Gems and Riddle 1996;
Arantes-Oliveira et al. 2002), fem-2 mutants also live longer
than the wild type (Figure 3C). However, other self-sterile
mutants including fem-1 and fog-2 have been shown to have
normal longevity, despite their DAF-16 nuclear localization
(Arantes-Oliveira et al. 2002; Miyata et al. 2008). Consider-
ing the complexity in transcriptional outcomes resulted from
DAF-16 activation (Libina et al. 2003), it will be important to
determine if other feminized mutants also show prolonged
lysosomal acidification. New approaches to evaluate the
global impact of mutations in aging-related processes take
advantages of changes in healthspan, which focuses on spe-
cific functional declines, such as diminished movement. Mu-
tations that improve how animals age do not necessarily alter
lifespan in isolation, though mutants that show increased
lifespan often do so by affecting multiple healthspan vari-
ables (Tissenbaum 2012). We found that fem-2 females,

which showed reduced age-dependent protein aggregation
in muscle cells (Figure 4C and Figure S2C), were also more
active in later life stages than their age matched wild-type
counterpart, an effect that could be phenocopied in postre-
productive wild-type worms by supplementation with DA
(Figure 8E, File S2, and File S3). To determine how broadly
reproduction affects fitness, it will be necessary to test other
self-sterile mutants with wild-type lifespan for changes in
healthspan.

We have implicated nuclear shuttling of DAF-16 in main-
taining the acidity of intestinal lysosomes during the progeny
producing period via the upregulation of v-ATPase transcrip-
tion. Transactivation of v-ATPase genes in specialized epithe-
lia of mouse also requires a Forkhead transcription factor
(Foxi1) to promote lumen acidification in the inner ear, epi-
didymis and kidney (Vidarsson et al. 2009). We find that, in
C. elegans, the end of progeny generation is accompanied by a
reduction of nuclear DAF-16 signals in the intestine at a time
when age-related tissue decline is observed. Downregulation of
DAF-16-mediated transcription correlates with age-dependent

Figure 9 A hormonal signaling pathway that functionally couples the soma to the gonad in progeny producing worms. A signaling pathway that
couples somatic homeostasis to the reproduction state in the gonads. In reproducing worms, biosynthesis of the sterol ligand DA by DAF-9 transduces a
longevity signal from the gonads to the soma by activating the nuclear hormone receptor DAF-12, which, in turn, augments the transcriptional induction
of longevity-promoting genes by potentiating DAF-16 nuclear localization.
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nuclear exclusion of DAF-16 and contributes to normal
aging in C. elegans (Tepper et al. 2013). In our analysis,
the drop in nuclear DAF-16 signals corresponded with a
reduction in v-ATPase gene expression that anticipated a loss
of lysosomal acidity in the intestine of postreproductive C.
elegans (Figure 2A, Figure 5, A and B, and Figure S4, A and
C). An age-dependent decrease in vha-6 transcripts in the C.
elegans intestine, and a global loss of v-ATPase in aged human
cortex have been previously reported (Lu et al. 2004; Adamla
and Ignatova 2015). Furthermore, the alkalinization in vacu-
oles of aging fission yeast cells can be prevented by overex-
pressing the v-ATPase subunit vma1, while depletion of
v-ATPase leads to a shortening in chronological lifespan
(Stephan et al. 2013). Thus, loss of v-ATPase activity appears
to be a common signature of aging cells across different spe-
cies. In a complementary study, we describe the involvement
of S. cerevisae Forkhead proteins in regulating the expression
of v-ATPase (vma) genes (A.G. et al., unpublished data). In
young yeast cells, the Fox protein Hcm1 upregulates Fkh1
and Fkh2 transcription, which, in turn mediate expression
of several vma gene family members. Upon the end of repli-
cative life, Hcm1 is relocalized to the cytoplasm, and Fkh1
and Fkh2 expression reduced as a consequence. Loss of Fkh
proteins, as with DAF-16 nuclear exclusion, negatively im-
pacts v-ATPase production leading to vacuolar alkalinization
in old yeast cells. Similar to worms, this is temporally marked
by the increase in protein aggregation, and followed by se-
nescence. These results reveal that the recruitment of Fork-
heads to actively regulate proteostasis through maintenance
of lysosomal pH is an evolutionary conserved and ancient
pathway that precedes multicellularity and the consequent
rise of the germ-soma conflict for limited resources. We pro-
pose that loss of lysosomal acidity may serve as a new bio-
marker of aging in worms, and offer a testable model for how
cessation of reproduction may be coupled to somatic break-
down. Significantly, our studies suggest that the rise in lyso-
somal pH is not a stochastic consequence of aging, but rather,
it is sensitive to the reproductive cycle. In mutants in which
reproduction is abrogated, acidified lysosomes persisted in
adult life, delaying the formation of protein aggregation. A
key prediction of these findings is that restoring the repro-
ductive cycle in these mutants should trigger lysosomal alka-
linization. In line with this idea, mating suppressed the
extended lysosomal acidification phenotype in feminized an-
imals (Figure 3A). In this model, prolonged expression and
activity of Forkhead proteins promotes homeostasis through
the maintenance of lysosomal acidification.

How does lysosomal alkalinization contribute to aging? A
ubiquitous feature of eukaryotic aging is the progressive
formation of misfolded and irreversibly modified proteins
in old cells (Yin 1996; Brunk and Terman 2002b; Arrasate
et al. 2004; Gerland et al. 2004; Poon et al. 2006; Erjavec et al.
2007). Aggregation-prone proteins accumulate in the lyso-
somal lumen of old worms. This cytological feature is similar
to the appearance of lipofuscin, a heterogeneous mix of oxi-
dized/cross linked proteins, in the lysosomes of late passage

mammalian cultured cells (Yin 1996; Gerland et al. 2004).
Lysosomes represent the biological end point of the cellular
catabolic machinery. The continuous influx of proteins into
alkalinized lysosomes may result in the functional collapse of
these organelles, loss of cellular catabolism in the soma, and,
ultimately, senescence. Alternatively, deterioration of lyso-
somal function could also impact aging by disrupting signal-
ing pathways that require passage through the lysosome. For
instance, lysosomes in C. elegans have recently been shown to
promote longevity by enabling the activation of the nuclear
receptors NHR-49 and NHR-80, required for normal lifespan
(Folick et al. 2015).
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