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Metabolic shift from glycogen to trehalose promotes
lifespan and healthspan in Caenorhabditis elegans
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As Western diets continue to include an ever-increasing amount of
sugar, there has been a rise in obesity and type 2 diabetes. To avoid
metabolic diseases, the body must maintain proper metabolism, even
on a high-sugar diet. In both humans and Caenorhabditis elegans,
excess sugar (glucose) is stored as glycogen. Here, we find that ani-
mals increased stored glycogen as they aged, whereas even young
adult animals had increased stored glycogen on a high-sugar diet.
Decreasing the amount of glycogen storage by modulating the C
elegans glycogen synthase, gsy-1, a key enzyme in glycogen synthe-
sis, can extend lifespan, prolong healthspan, and limit the detrimental
effects of a high-sugar diet. Importantly, limiting glycogen storage
leads to a metabolic shift whereby glucose is now stored as trehalose.
Two additional means to increase trehalose show similar longevity
extension. Increased trehalose is entirely dependent on a functional
FOXO transcription factor DAF-16 and autophagy to promote lifespan
and healthspan extension. Our results reveal that when glucose is
stored as glycogen, it is detrimental, whereas, when stored as treha-
lose, animals live a longer, healthier life if DAF-16 is functional. Taken
together, these results demonstrate that trehalose modulation may
be an avenue for combatting high-sugar-diet pathology.
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hanges in the human diet, primarily the increasing amount of

added sugar, are contributing to an alarming rise in both
obesity and type 2 diabetes (1-3). According to the US De-
partment of Agriculture, the average individual consumed almost
100 pounds of sugar in 2015, more than double the amount con-
sumed in 1900 (4). The effects of a high-sugar diet can be modeled in
Caenorhabditis elegans, as the addition of glucose to the standard
Escherichia coli diet has been shown to cause glucose toxicity, which
results in a decrease in lifespan (5-8), an increase in triglycerides (7,
8), neuronal defects (9, 10), and a decrease in locomotion (11, 12).
Intracellularly, excess glucose can also lead to a greater incidence of
advanced glycation end products (AGEs) in both humans and C.
elegans (13). AGEs are formed from the nonenzymatic reaction be-
tween reducing sugars and either proteins, nucleic acids, or lipids.
Formed naturally over time, AGEs alter the structure and function
of their substrates and have been implicated as a detrimental
complication of diabetes (14, 15).

C. elegans provide a unique opportunity to dissect the metabolic
and phenotypic effects of added dietary sugars. In most animals,
including both humans and C. elegans, glycogen, a branched polymer
of glucose, is the main form of stored glucose and a primary source
for energy reserves (16). The enzyme, glycogen synthase, is a key
enzyme in the synthesis of glycogen (17). In humans, glycogen is
stored primarily in skeletal muscle and liver, and each of these
tissues has a different isoform of glycogen synthase (16). In con-
trast, C. elegans have a single glycogen synthase encoded by the
gene gsy-1 (18-20). Modulation of glycogen storage is critical, as
there are at least 13 known human glycogen storage diseases, most
notably von Gierke’s disease (21, 22) and Pompe’s disease (23,
24). These diseases are caused by mutations in enzymes that result
in abnormal levels of stored glycogen (22, 24, 25).

In addition to the glucose polymer glycogen, C. elegans can store
sugar in the form of trehalose, a glucose disaccharide (26). Ad-

Www.pnas.org/cgi/doi/10,1073/pnas. 1714178115

dition of trehalose to the standard E. coli diet promotes longevity
(27) in contrast to the toxicity caused by the addition of glucose
(5-8). Furthermore, mutants have been identified that are long
lived and store increased trehalose (27). Therefore, an association
between longevity and trehalose has been established. Mammals do
not store sugar as trehalose but do possess the enzyme trehalase to
breakdown ingested trehalose (28). Further, oral supplementation
of trehalose has been shown to improve glucose tolerance in in-
dividuals at high risk for developing type 2 diabetes (29) and can
improve recovery from traumatic brain injury in mice (30).

In C. elegans, the well-conserved insulin/IGF1 signaling (IIS)
pathway is central for lifespan regulation and responds to a high-
glucose diet (6, 31). Downstream of the DAF-2/IIS receptor is a PI
3-kinase signaling cascade that functions to negatively regulate the
FOXO transcription factor DAF-16 (32). The activity of the pathway
modulates the ability of DAF-16 to enter the nucleus to bind and
activate/represses numerous target genes involved in lifespan regu-
lation, stress response, dauer formation, and metabolism (33-39).

Here, we examine how added dietary glucose modulates sugar
storage, lifespan, and healthspan. We find that either the addi-
tion of dietary glucose to or normal aging on a standard diet
results in increased stored glycogen. Moreover, lowering the
levels of stored glycogen extends lifespan and promotes health-
span, even in the presence of a high-sugar diet. Decreasing
glycogen storage leads to a metabolic shift, resulting in increased
internal trehalose. In addition, two other methods that increase
internal trehalose (a diet high in trehalose as well as mutation in
the enzyme trehalase) also resulted in lifespan extension. The
benefits of the increased internal trehalose are entirely dependent
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on a functional DAF-16 FOXO transcription factor and auto-
phagy which lead to a longer, healthier life.

Results

High-Glucose Diet Decreases Lifespan and Healthspan. The continually
increasing amount of added sugar in the human diet is contrib-
uting to an alarming rise in both obesity and type 2 diabetes (2, 3).
To better understand the metabolic and phenotypic consequences
of this change, we modeled a high-glucose diet in C. elegans. Ad-
dition of glucose to the media decreased lifespan similar to pre-
vious studies (5-8, 12), and higher concentrations of supplemental
glucose resulted in correspondingly shorter lifespans (Fig. 14 and
SI Appendix, Table S1). Importantly, comparable effects were seen
with either live OP50 E. coli (SI Appendix, Fig. S14 and Table S1)
or UV-killed OP50 E. coli (Fig. 14 and SI Appendix, Table S1),
demonstrating that the effects of glucose on C. elegans lifespan are
not due to glucose-induced changes in E. coli metabolism.

In addition to a reduction in lifespan, a high-glucose diet affects
multiple measures of healthspan (5-8, 12). We analyzed health-
span in wild type grown on either control (0%) or a high-glucose
(2%) diet at days 1, 5, 10, and 15 of adulthood. One healthspan
metric is locomotion, which can be tested by both movement in
liquid (measured by body bends) also known as thrashing/swimming
and movement on solid media (measured by track length over a
given time) (40). As shown in Fig. 1 B and C, locomotion both in
liquid and on solid media declined with age on both control and
high-glucose diets. By 5 d of age, animals grown on 2% added
glucose declined approximately threefold faster than control for
locomotion both in liquid and on solid media. Interestingly, pre-
vious studies demonstrated that a high-glucose diet decreases lo-
comotion on solid media when animals are middle aged (day 10 or

14 of adulthood) (11, 12). Therefore, these data show that a high-
glucose diet decreases mobility even in young animals.

We also examined the accumulation of AGEs, which have been
suggested to be an indication of the physiological age. AGEs rep-
resent glucose toxicity caused by methylglyoxal, a precursor of AGEs,
and are increased as a result of a high-glucose diet (13, 41, 42).
As shown in Fig. 1D, the high-glucose diet significantly increased
AGESs compared with control diet by day 3 of adulthood.

Alterations of Glycogen Stores by a High-Glucose Diet and Aging. To
understand the metabolic mechanisms that underlie the effects of
a high-glucose diet, we examined whether the high-glucose diet
caused a change in the polysaccharide glycogen, the main form of
stored sugar (25, 43). We measured glycogen storage in whole an-
imals using two different methods: iodine staining (18, 19) and a
total glycogen assay (Biovision). Animals grown on a high-glucose
diet showed an increase in glycogen storage in both assays: Fig. 1E
(iodine staining) and Fig. 1F (total glycogen assay ~30% increase
in glycogen). Therefore, similar to Gusarov et al. (44), these data
reveal that excess dietary glucose is processed and stored via the
glycogen synthesis pathway.

We also examined glycogen storage as the animals aged. We found
that on a standard diet, as animals aged, glycogen storage increased. As
shown in Fig. 1G (iodine staining) and Fig. 1H (total glycogen assay),
aging adult animals (1, 3, 6, 9, and 12 d old) had a ~30-70% increase
in stored glycogen by day 6. After day 6, glycogen levels started to
decrease as animals continued to age. Therefore, together these data
demonstrate that glycogen storage in C. elegans is modulated in a
similar manner in response to both a high-sugar diet and aging.

Disruption of Glycogen Synthesis Extends Lifespan and Promotes
Healthspan. Next, we tested whether reducing glycogen storage
could affect the aging process. Glycogen synthase is a critical enzyme
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Fig. 1. A high-glucose diet decreases lifespan and healthspan and increases glycogen storage. (A) Lifespan of wild type grown on NGM with 0%, 1%, 2%, or

4% glucose, 200 uM FUdR, and UV-killed OP50 E. coli. (B) Locomotion in liquid measured by number of body bends per minute, wild type grown for 1, 5, 10,
and 15 d on NGM with 0% or 2% glucose, 200 pM FUdR, and OP50 E. coli. (C) Locomotion on solid media measured by track length traveled per 30 s, wild type
grown for 1, 5, 10, and 15 d on NGM with 0% or 2% glucose, 200 UM FUdR, and OP50 E. coli. (D) AGEs of wild type grown on NGM with 0% or 2% glucose for
3d, OP50 E. coli. AGEs standardized to protein content. (E and F) Glycogen stores of wild type grown on NGM with 0% or 2% glucose for 1 d, OP50 E. coli. (E)
lodine staining. (F) Total glycogen assay-glycogen content standardized to protein concentration. (G and H) Glycogen stores of aging wild type on NGM at 1,
3, 6, 9, and 12 d of adulthood, OP50 E. coli. (G) lodine staining. (H) Total glycogen assay-glycogen content standardized to protein concentration (*P < 0.05,

**P < 0.01, ***P < 0.001, NS, not significant).
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in the synthesis of glycogen (17). In C. elegans, glycogen synthase
is encoded by the gene gsy-1. We used two methods to test the
effects of reducing levels of gsy-1: wild-type animals grown on gsy-
1 RNAI and gsy-1(tm6196) mutants. We confirmed the effectiveness
of gsy-1 RNAI by qPCR and found that RNAI reduced gsy-/ mRNA
expression by 65% (SI Appendix, Fig. S1B). Iodine staining (Fig. 24
and SI Appendix, Fig. S1C) showed that both gsy-I mutants and
animals grown on gsy-I RNAIi had a dramatic decrease in stored
glycogen similar to Gusarov et al. (44). These results were con-
firmed using a total glycogen assay, which revealed that gsy-/ RNAi
lowered glycogen stores by ~60% (SI Appendix, Fig. S1D).

Next, we tested animals grown on gsy-I RNAIi and gsy-1 mutants
for lifespan. Both animals grown on gsy-I RNAI (44) and gsy-1
mutants showed an ~20% increase in mean lifespan (Fig. 2B and SI
Appendix, Fig. SIE and Table S1) and similar lifespan results were
observed without 5-fluoro-2’-deoxyuridine (FUdR) in the media (S7
Appendix, Fig. S1F and Table S1). We also measured AGEs and
found gsy-I mutants had lower levels of AGEs compared with wild
type (Fig. 2C). Thus, these data demonstrate that decreasing gly-
cogen storage increases mean lifespan and decreases age-associated
AGE:s for animals grown on a standard E. coli diet.

Previous work from the H.A.T. laboratory shows that health-
span, in addition to lifespan, is a key measure for longevity in-
terventions: animals should not simply live longer, but also
display prolonged activity that resembles younger animals (40).
Moreover, our work in C. elegans (40) and studies in mice (45, 46)
have suggested that lifespan and healthspan can be sepa-
rated since long-lived animals do not necessarily show pro-
longed health. Therefore, lifespan and healthspan need to be
examined separately.

Using previously established healthspan assays (40), including lo-
comotion in liquid and on solid media, resistance to heat stress, and
resistance to oxidative stress, we tested whether the long-lived animals
with decreased glycogen stores displayed prolonged healthspan. For

locomotion in liquid media, both gsy-7 mutants and animals grown
on gsy-I RNAI exhibited increased body bends at every age tested
(day 1, 5, 10, and 15) compared with wild type or wild type grown
on vector control, respectively (Fig. 2D and SI Appendix, Fig. S34).
For locomotion on solid media, gsy-/ mutants and animals grown
on gsy-I RNAI increased the distance traveled at 1, 5, 10, and 15 d
compared with wild type or wild type grown on vector control, re-
spectively (Fig. 2E and SI Appendix, Fig. S3B). Although the rates of
decline are similar between gsy-7 mutants and wild type at every age
tested, gsy-/ mutants display greater levels of locomotion. There-
fore, day 5 adult gsy-7 mutants look similar to day 1 wild-type adults,
indicating prolonged healthspan.

To test healthspan by examining resistance to oxidative stress, we
aged wild type and gsy-I mutants for 1, 5, 10, and 15 d on a standard
diet and then measured their ability to survive following a 2-h ex-
posure to 250 mM paraquat. Fig. 2F shows that mean survival time
of gsy-1 mutants was significantly increased compared with wild
type at days 5 and 10. Therefore, in middle age, gsy-/ mutants show
increased health in this parameter. To test healthspan by examin-
ing resistance to heat stress, we exposed aged animals to 37 °C and
measured their survival every 2 h. gsy-I mutants displayed strong
resistance to heat stress compared with wild type at day 1, with a
significant increase in survival time (20%) (Fig. 2G). Taken together,
reduction of function in gsy- extends lifespan and prolongs multiple
aspects of healthspan.

Importantly, our data reveal that gsy-I mutants and animals grown
on gsy-I RNAI exhibit similar phenotypes for lifespan, multiple
measures of healthspan, and glycogen storage. Therefore, for fur-
ther analysis, we used gsy-I mutants or animals grown on gsy-/
RNAI interchangeably.

Decreased gsy-1 Attenuates the Negative Effects of High-Glucose Diet
on Longevity. Since decreased glycogen storage leads to increased
lifespan and healthspan on a standard diet (Fig. 2), we examined
whether decreased glycogen storage would affect animals grown
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Fig. 2. Disruption of glycogen synthesis extends lifespan and promotes healthspan. (A) lodine staining of wild type and gsy-1(tm6196) mutants, day 3 adults.
(B) Lifespan of wild type and gsy-7 mutants. (C) AGEs of wild type and gsy-1 mutants, day 3 adults, standardized to protein content. (D) Locomotion measured
by number of body bends per minute in liquid, wild type and gsy-7 mutants grown for 1, 5, 10, and 15 d. (E) Locomotion measured by track length traveled
per 30 s on solid media, wild type and gsy-1 mutants grown for 1, 5, 10, and 15 d. (F) Resistance to oxidative stress, wild type and gsy-7 mutants grown for 1, 5,
10, and 15 d. (G) Resistance to heat stress, wild type and gsy-7 mutants grown for 1, 5, 10, and 15 d (*P < 0.05, **P < 0.01, ***P < 0.001). All animals were

grown on NGM with 200 pM FUdR, OP50 E. coli.
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Fig. 3. Modulating glycogen storage, but not other glucose-processing pathways, attenuates the effects of a high-glucose diet on longevity. (A) Lifespan of
wild type on 0% or 2% glucose, 200 1M FUdR, empty vector or gsy-1 RNAI. (B) AGEs of day 3 adults on 0% or 2% glucose, on empty vector or gsy-7 RNAi. AGEs
results standardized to protein content. (C) Model of glucose metabolic pathways in C. elegans, f6p, fructose-6-phosphate; g1p, glucose-1-phosphate; gép,
glucose-6-phosphate; HP, hexosamine pathway; PPP, pentose phosphate pathway; UDP-G, uridine diphosphate glucose. (D-G) Lifespan of wild type on 0% or
2% glucose, 200 UM FUdR, with either empty vector, gspd-1, gfat-1, gfat-2, or pfk-1.2 RNAI. (H and /) Lifespan of wild type, tre-1(0k327), and tre-3(ok394)
mutants on 0% or 2% glucose, 200 pM FUdR, fed UV-killed OP50 E. coli (**P < 0.01).

on a high-glucose diet. gsy-I mutants grown on a high-glucose diet
had a lifespan similar to wild type without added glucose (SI Ap-
pendix, Fig. S3D and Table S1). Similar results were also seen with
gsy-1 RNAI in accordance with ref. 44 (Fig. 34 and SI Appendix,
Table S1). Therefore, modulating gsy-/ and glycogen storage can
attenuate glucose toxicity.

Similar to Fig. 1D, a high-glucose diet increased the levels of
AGE:s in wild type, and on a 0% glucose diet, animals grown on
gsy-1 RNAI showed lower levels of AGEs compared with wild
type (Fig. 3B). Interestingly, animals grown on gsy-I RNAi on a
high-glucose diet also increased AGEs; however, the levels were
significantly lower than wild type on a high-glucose diet (Fig. 3B).
Therefore, a high-glucose diet increases the level of AGEs de-
pendent on the expression of gsy-1 or the level of glycogen storage.
Taken together, these data suggest that animals could live a wild-
type lifespan, even when grown on a high-sugar diet, if the excess
sugar is not stored as glycogen.

Only Modification of gsy-1 Attenuates Glucose Toxicity. Next, we ex-
amined the possible metabolic alternatives for the excess glucose,
if it cannot be stored as glycogen. As shown in Fig. 3C, glucose
is metabolized by several different pathways, including glycogen
synthesis, pentose phosphate, hexosamine, and phoshofructokinase.
We examined whether decreased metabolic flux through any of these
pathways would protect animals from the harmful effects of a high-
glucose diet similar to the protection seen when glycogen storage is
blocked by loss of function of gsy-1.

We tested the initial enzymes in the pentose phosphate (gspd-1),
hexosamine (gfar-1, gfat-2), and phoshofructokinase (pfk-1.2) path-

E2794 | www.pnas.org/cgi/doi/10.1073/pnas. 1714178115

ways on a standard and high-glucose diet. RNAi of gspd-1, gfat-1,
gfat-2, or pfk-1.2 resulted in lifespans similar to wild type on the
standard diet (Fig. 3 D-G and SI Appendix, Table S1). On a high-
glucose diet, RNAI of gspd-1, gfat-1, gfat-2, or pfk-1.2 resulted in
lifespan similar to wild-type (Fig. 3 D-G and SI Appendix, Table
S1). Therefore, blocking these metabolic pathways failed to
phenocopy blocking glycogen storage (Fig. 34 and SI Appendix,
Table S1). This suggests that modulating glycogen storage, but not
other glucose processing pathways, can attenuate glucose toxicity.

Metabolic Shift from Glycogen to Trehalose. Fig. 3C shows that UDP-
glucose is an intermediary for both glycogen synthesis as well as
trehalose synthesis. In addition, C. elegans can store dietary glucose
as both glycogen (a glucose polymer) and trehalose (a glucose—
glucose disaccharide) (26). Previous studies have found that sup-
plementing the C. elegans diet with 5 mM trehalose extends life-
span and enhances thermotolerance (27). Trehalose is also necessary
for desiccation tolerance (47). Opposing the trehalose synthesis
pathway, trehalose is broken down via the enzyme trehalase, to
produce two glucose molecules and C. elegans have five trehalase
genes (tre-1, tre-2, tre-3, tre-4, and tre-5) (48).

Consequently, we tested the possibility that mutation in C. elegans
trehalase could mimic gsy-/ mutants’ attenuation of glucose
toxicity and lifespan extension. Of the five C. elegans trehalase
genes, only tre-1 and tre-3 mutants showed changes in lifespan
and both fre-1 and fre-3 mutants had increased internal trehalose
(81 Appendix, Fig. S3 G and H and Table S1). On a high-glucose
diet, similar to gsy-I mutants, fre-1 and tre-3 mutants exhibited
attenuation of glucose toxicity (Fig. 3 H and I and SI Appendix,
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Table S1). Therefore, either modulation of glycogen storage or
modulation of trehalose storage result in lifespan extension and
protection from a high-glucose diet.

To begin to examine the relationship between glycogen storage,
trehalose storage, lifespan, and a high-glucose diet, we measured
the levels of internal trehalose in the pathways outlined in Fig.
3C, including gspd-1, gfat-1, gfat-2, and pfk-1.2 RNAI, and gsy-1,
tre-1, and tre-3 mutants. As shown in Fig. 44, wild type on a high-
glucose diet had slightly lower levels of trehalose than wild type
on a standard diet. Animals grown on RNAIi of either gspd-1,
gfat-1, gfat-2, or pfk-1.2 had similar levels of trehalose on both
diets. However, gsy-1, tre-1, and tre-3 mutants had higher levels of
internal trehalose on the high-glucose diet (Fig. 44). Although
all of the genetic modulations show a decrease in internal tre-
halose in response to the high-glucose diet, the animals with the
highest level of internal trehalose were most protected from the
glucose toxicity (Figs. 3 A, H, and I and 44). Therefore, the two
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Fig. 4. Animals with increased internal trehalose exhibit lifespan extension.
(A) Internal trehalose levels of wild type on 0% or 2% glucose, with either
empty vector, gspd-1, gfat-1, gfat-2, or pfk-1.2 RNAi; and gsy-1, tre-1, and
tre-3 mutants on 0% or 2% glucose, UV-killed OP50 E. coli. (B) Internal
trehalose levels of day 1 adults, on 0 mM or 5 mM trehalose, UV-killed OP50
E. coli, internal trehalose levels standardized to protein content. (C) RT-gPCR
of trehalose synthesis genes in wild-type day 1 adults and gsy-1 mutants day
1 adults, OP50 E. coli. (D) RT-qPCR of trehalose synthesis genes in wild-type
day 1 adults on 0 mM or 5 mM trehalose, UV-killed OP50 E. coli. (E) RT-gPCR
of trehalose synthesis genes in wild-type, tre-1, and tre-3 mutants day 1 adults,
OP50 E. coli. (F) Lifespan of wild type and gsy-1 mutants, 200 pM FUdR, with
either empty vector or tps-1 RNAI (*P < 0.05, **P < 0.01, ***P < 0.001).
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metabolic modulations that led to lifespan extension and pro-
tection from a high-glucose diet both showed increased levels of
internal trehalose.

Given our results showing an association between the in-
creased internal levels of trehalose and positive life benefits, we
examined another method which may increase internal trehalose:
supplementing the diet with trehalose. As shown in Fig. 4B and
SI Appendix, Fig. S3F, animals fed a diet supplemented with
5 mM trehalose had increased internal trehalose and showed
lifespan extension. Therefore, across three methods: reducing the
levels of gsy-1, reducing the levels of fre-1 or tre-3, and sup-
plementing the diet with trehalose, internal trehalose was in-
creased and lifespan was extended.

In agreement with our finding that gsy-/ mutants store more
trehalose, gsy-1 mutants also had significantly elevated mRNA
expression of genes critical for trehalose synthesis: tps-1, tps-2
(trehalose-6-phosphate synthase 1 and 2), and gob-1 (trehalose-
6-phosphatase) (Fig. 4C). In addition, RT-qPCR of animals fed
5 mM trehalose as well as tre-1 and tre-3 mutants showed a similar
up-regulation of the trehalose synthesis genes (Fig. 4 D and E).

Thus far, it was unclear whether the lifespan extension in the
gsy-1 mutants (or gsy-I RNAIi) was due to either the decrease in
glycogen or the increase in trehalose. Therefore, we next examined
whether blocking trehalose synthesis would eliminate the lifespan
extension observed upon reduction of function of gsy-I using the
tps-1/2 genes which have been shown to regulate the levels of in-
ternal trehalose (49). Similar to previous studies (27), RNAI of #ps-
1 decreased mean lifespan ~15% (Fig. 4F and SI Appendix, Table
S1). In the gsy-I mutant background, RNAI of #ps-I resulted in a
lifespan similar to wild type (Fig. 4F and SI Appendix, Table S1),
suggesting that the increased trehalose stores are responsible for
the lifespan extension when glycogen stores were decreased. This is
unlike daf-2 mutants, which still show extended lifespan when
trehalose is reduced (27, 49).

Through our three methods: gsy-I mutation, exogenous treha-
lose feeding, and trehalase mutants, we observed both an increase
in internal trehalose as well as an up-regulation of the trehalose
synthesis genes. These data demonstrate that a metabolic shift
toward increased internal trehalose, either by blocking glycogen
synthesis, dietary intervention, or inhibited trehalose breakdown,
extends lifespan.

Trehalose Benefits Are Dependent on DAF-16. DAF-16 is the
downstream target of the IIS pathway and has been shown to
respond to a high-glucose diet (6, 31). Animals fed a 5 mM tre-
halose diet exhibited lifespan extension dependent on DAF-16 sim-
ilar to Honda et al. (27) (Fig. 54 and SI Appendix, Table S1) and
increased expression of DAF-16 target genes (such as sod-3, mtl-1,
hspl2.6, and fat-7) (33, 39, 50) (Fig. 5B). Therefore, next, we ex-
amined whether animals grown on gsy-I RNAI or gsy-I mutants
with increased internal trehalose exhibited similar phenotypes
and gene expression. As shown in Fig. 5C and SI Appendix, Fig.
S7A and Table S1, lifespan extension of either animals grown on
gsy-I RNAI similar to Gusarov et al. (44) or gsy-I mutants was
suppressed by daf-16 (RNAi or mutation). Consistently, DAF-
16 target genes were also up-regulated in wild-type animals grown
on gsy-1 RNAI (Fig. 5D).

In response to a diet of added trehalose, wild type and daf-16
mutants had similar increases in levels of trehalose (Fig. SE). Im-
portantly, despite the increase in internal trehalose storage, daf-16
mutants did not up-regulate trehalose synthesis genes (Fig. 5F).
Therefore, even with the elevated levels of internal trehalose,
lifespan extension benefits require functional daf-16.

DAF-16 has three isoforms (a, b, and d/f), where daf-16a and
daf-16d[f are the isoforms important for longevity (50-54).
Using transgenic strains which bear a complete loss of daf-16
and then a single isoform expressed from a transgene, we
revealed that gsy-1 RNAI resulted in lifespan extension in the
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daf-16d/f background but not daf-16a background (SI Appendix,
Fig. S7B and Table S1). Consistent with this, we found that
genes transcriptionally regulated by DAF-16d/f but not DAF-
16a (such as sod-3, mtl-1, hspl2.6, and fat-7) had increased
expression in both wild-type and daf-16d/f transgenic ani-
mals grown on gsy-I RNAI (Fig. 5D and SI Appendix, Fig. S7 C
and D). These data suggest that the DAF-16d/f, but not the
DAF-16a isoform may be preferential for lifespan extension in
response to the changes in glycogen and trehalose storage
mediated by gsy-1.

High Levels of Trehalose Promote Lifespan Through Up-Regulation of
Autophagy. Previously, trehalose has been shown in mammalian
cell culture to enhance the removal of protein aggregates through
the process of autophagy (55). In addition, increased autophagy can
result in C. elegans lifespan extension (56-61). To test the connec-
tion between trehalose, daf-16, and autophagy, first we examined
the animals with increased internal trehalose, similar to previous C.
elegans autophagy studies (60, 62, 63). Wild-type animals fed 5 mM
trehalose had increased mRNA expression of autophagy-related
genes (Fig. 64). However, dietary trehalose had little effect on ex-
pression of these same genes in a daf-16 mutant background (Fig.
64). In addition, gsy-/ mutants on a standard diet displayed similar
up-regulation of the same autophagy-related genes as well as others
(unc-51, sqst-1, and epg-4) (Fig. 6B). Together, these data revealed
that increased internal trehalose leads to up-regulation of genes
involved in regulation of autophagy but only if animals have a
functional DAF-16.

Next, we investigated whether interfering with autophagy could
abrogate the lifespan extension of gsy-I mutants. Similar to previous
studies (64), RNAI of the autophagy-related gene, pha-4 reduced
wild-type lifespan (S Appendix, Fig. S8 and Table S1). In contrast,
in a gsy-1 mutant background, RNAI of the three autophagy-related
genes tested, eliminated the lifespan extension (Fig. 6C and SI Ap-

pendix, Table S1), suggesting that increasing internal trehalose up-
regulates autophagy and promotes lifespan extension.

To monitor autophagy in a live animal, similar to previous C.
elegans autophagy studies (62, 63), we used sgst-1::GFP transgenics
where puncta represent autophagic vesicles. Animals grown on
5 mM trehalose had a modest 1.4-fold increase in the number of
puncta in the pharynx and upper intestine (Fig. 6D). Furthermore,
gsy-1 RNAI knockdown led to a significant 1.8-fold increase in the
number of puncta (Fig. 6E), supporting the idea that increased
internal trehalose promotes lifespan extension through autophagy.

In summary, our findings suggest that increasing trehalose stor-
age, whether through dietary intervention or through a metabolic
shift that limits either glycogen storage (reduction of function
glycogen synthase) or trehalose breakdown (reduction of function
trehalase), extends lifespan and promotes healthspan in a DAF-
16 and autophagy-dependent manner.

Discussion

The changing human diet, in particular the large amount of added
dietary sugar, has contributed to the increase in diabetes, obesity,
and cardiovascular disease (1-3). Recent studies in mice found
that a high-glucose diet significantly impaired healing following a
tendon injury (65, 66), demonstrating that high-sugar diets have
far-reaching effects. Similar to previous studies (5-8, 10-13) and
data in Fig. 1, we found that addition of glucose to the C. elegans
diet leads to shortened lifespan, diminished healthy aging or
healthspan, and increased AGE:s.

Interestingly, not all high-sugar diets are detrimental. A recent
study reports that addition of 1-2% fructose prolongs C. elegans
lifespan (67). In mammals, fructose is processed differently than
glucose. While glucose is used immediately for energy, or processed
to be stored as glycogen, excess fructose is mainly processed by the
liver and stored as lipids (68). Therefore, the detrimental effects of
excessive sugar diets may be highly dependent on how the sugar is
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Fig. 5. Positive benefits of increased internal trehalose requires functional DAF-16. (A) Lifespan of wild type and daf-16(mgDf50) on 0 mM or 5 mM tre-
halose, 200 1M FUdR, UV-killed OP50 E. coli. (B) RT-gPCR of DAF-16 targets of day 1 adults on 0 mM or 5 mM trehalose, UV-killed OP50 E. coli. (C) Lifespan of
daf-16 mutant with either vector or gsy-7 RNAi, 200 pM FUdR. (D) RT-qPCR of DAF-16 targets in wild-type day 1 adults with either vector or gsy-7 RNA..
(E) Internal trehalose concentration of wild type and daf-76 mutants on 0 mM and 5 mM trehalose, UV-killed OP50 E. coli, day 3 adults, internal trehalose
concentration standardized to protein content. (F) RT-gPCR of trehalose synthesis genes in wild type and daf-16 mutants on 0 mM and 5 mM trehalose, UV-

killed OP50 E. coli, day 3 adults (*P < 0.05, **P < 0.01, ***P < 0.001).
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processed. Interestingly, Lee et al. (69) used a FA/retinol-binding
protein 3 (far-3) promoter (far-3p::GFP) as an in vivo glucose reporter
in a genome-wide RNAI screen to identify genes involved in the
shortening of lifespan by glucose. They found that glucose toxicity
arises due to the accumulation of saturated fat. Up-regulation of C.
elegans SREBP homolog SBP-1 and the transcriptional coregulator
mediator-15 (MDT-15) could prevent the accumulation of satu-
rated fat and thus results in alleviation of glucose toxicity (69). Given
that we have identified the trehalose storage as a beneficial glucose-
processing pathway, it will be interesting to test whether and how
this pathway intersects with the regulation of saturated fat, including
SBP-1/MDT-15.

In this study, we found that when glycogen stores were decreased,
either by RNAI or mutation in the enzyme glycogen synthase
encoded by the gene gsy-1, animals exhibited lifespan extension
and prolonged healthspan (Fig. 2 and SI Appendix, Fig. S2). More-
over, we demonstrate that reduction of function of gsy-1 protects
animals from the toxicity of a high-glucose diet, as shown by life-
span [similar to Gusarov et al. (44)] and AGEs (Fig. 3). Based on
C. elegans physiology and metabolism (70), we suggest that reduction
of gsy-1 leads to high levels of UDP-glucose, which is a substrate for
both gsy-1 (for glycogen) and #ps-1 (for trehalose). Accordingly,
reduction of function of gsy-7 leads to a metabolic shift, where
expression of the trehalose synthesis genes ps-1, tps-2, and gob-1
are up-regulated and levels of stored trehalose increase (Fig. 4).

In contrast to addition of dietary glucose, addition of dietary
trehalose, a disaccharide of two glucose molecules, prolongs life-
span (27) and promotes healthspan in C. elegans. Trehalose is used
as a glucose storage molecule in prokaryotes and metazoans, in-
cluding worms and flies, where its primary role has been associated
with desiccation, heat shock response, cold response, and oxidation
(47, 48, 71). Chemically, trehalose is a stable nonreducing carbo-
hydrate which does not participate in spontaneous nonenzymatic

reactions with proteins or lipids, which may also reduce its potential
to generate AGEs. Accordingly, our data show that the animals
with increased internal trehalose, have decreased AGEs (Fig. 4).

Using three different methods: dietary intervention, a meta-
bolic shift that limited glycogen synthesis (glycogen synthase mod-
ification), or reduced trehalose breakdown (trehalase modification),
we have increased C. elegans internal trehalose levels. In all three
interventions, the increased internal trehalose resulted in an in-
crease in expression of trehalose synthesis genes, #ps-1, tps-2, and
gob-1, as well as lifespan extension (Fig. 4).

A recent publication confirms much of our findings with gsy-1
(44), although this study finds that gsy-/ modification is associ-
ated with increased oxidative stress and altered NADPH. This is
distinct from our results which suggest that the increased internal
trehalose is responsible for the lifespan and healthspan benefits
of blocking glycogen synthase. Interestingly, Penkov et al. (72)
found that increased trehalose synthesis diverts glucose-6-phosphate
from the pentose phosphate pathway, reducing NADPH and in-
creasing dauer formation. Consistently, we find that reduction
of function of gsy-1 leads to an increase in dauer formation and
trehalose synthesis (SI Appendix, Fig. S3 C and E, respectively).
Therefore, it is possible that findings of Gusarov et al. (44) could
be accounted for by increased trehalose.

Our data reveal the requirement of daf-16 in the metabolic
shift by gsy-1. Importantly, our data show that simply increasing
internal trehalose is not beneficial unless DAF-16 is functional
(Fig. 5). Interestingly, very recently, studying the distinct process
of survival during starvation, Hibshman et al. (49) also found a
connection between daf-16 function and trehalose synthesis.

daf-16 has three isoforms (daf-16d/f, daf-16b, and daf-16a),
and daf-16d/f and daf-16a are the isoforms that are involved in
longevity (50, 54, 73). Using multiple assays, including lifespan
and target gene expression, our data suggest the metabolic shift
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Fig. 6. Positive benefits of increased internal trehalose requires autophagy. (A) RT-qPCR of autophagy-related genes in wild type and daf-716 mutants on
0 mM and 5 mM trehalose, UV-killed OP50 E. coli, day 3 adults. (B) RT-qPCR of autophagy-related genes in wild type and gsy-1 mutants, OP50 E. coli, day
1 adults. (C) Lifespan of wild type and gsy-7 mutants, 200 uM FUdR, with either empty vector, pha-4, Igg-1, or bec-1 RNAI. (D) Photographs and quantification
of wild-type control and sqgst-1::GFP on 0 mM or 5 mM trehalose, UV-killed OP50 E. coli, day 3 adult pharynx. Red arrows denote GFP positive puncta, which
were quantified. (E) Photographs and quantification of sqst-1::GFP on either empty vector, gsy-1, or gfp(control) RNAI, day 3 adult pharynx. Red arrows
denote GFP positive puncta, which were quantified (*P < 0.05, **P < 0.01, ***P < 0.001).
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to increased trehalose via gsy-1 is dependent on daf-16d/f. RNAi
knockdown of gsy-I up-regulated several antistress genes, such as
sod-3, mtl-1, hspl2.6, and fat-7, which have been shown to be
specific targets of daf-16d/f, but not daf-16a (SI Appendix, Fig. S7
C and D). Further, this change in gene expression was confirmed
with animals grown on the 5 mM trehalose diet.

In addition to functional DAF-16, autophagy is required for
increased trehalose storage to lead to lifespan extension. Pre-
viously, studies in mammalian cell culture have linked trehalose
to autophagy (55, 74), but this has not been shown in a whole
organism. We observed that increased internal trehalose up-
regulates pha-4, a transcription factor important for autophagy,
as well as genes for phagophore synthesis (Igg-1, bec-1, sqst-1, and
unc-51) and autophagosome maturation (epg-4 and atg-9).
Moreover, interfering with autophagy by RNAi knockdown of
either pha-4, Igg-1, or bec-1 eliminated the beneficial effect of the
increased internal trehalose in gsy-I mutants (Fig. 6). These re-
sults together indicate that the high level of trehalose built up as
a result of limiting glycogen synthesis improves healthy aging
through daf-16 and autophagy.

Although vertebrates do not store glucose as trehalose and the
trehalose synthesis enzymes have been lost from their genomes,
they can consume trehalose and do express a trehalase enzyme
highly homologous to C. elegans trehalase (48). In addition, a recent
study showed that the mammalian GLUTS receptor transports
trehalose into hepatocytes (75-77). Humans express trehalase and
GLUTS on the intestinal villae and kidney brush border, pre-
sumably to help digest foods high in trehalose such as shrimp, crab,
and mushrooms (78, 79). As shown in Figs. 3/ and 44, fre-3 mutants
showed attenuation to the life-shortening effects of glucose. This
may reveal the possibility that despite our inability to synthesize
trehalose, dietary interventions or trehalase modulation in humans
may provide resistance to a high-glucose diet.

Taken together, these results demonstrate that a metabolic shift
from glycogen to trehalose is beneficial for healthy aging as well as
increased lifespan. These data provide an insight into the possibility to
manipulate carbohydrate metabolism in response to aging, stress, and
a high-sugar diet. Our findings reveal the possible benefit of trehalose
for prolonged health in the face of our high-sugar environment.

Materials and Methods

Strains. All strains were maintained at 15 °C using standard C. elegans tech-
niques except where indicated (80). A standard diet refers to NGM plates
seeded with OP50 E. coli. Strains used in this study: N2, tre-1(0k327) I,
daf-16(mgDf50) I, gsy-1(tm6196) II, daf-2(e1370) Ill, tre-3(0k394) V, and HZ589
[him-5(e1490); bpls151[sqst-1p::sqst-1::GFP + unc-76(+)]]lll. Transgenic strains
HT1883 [daf-16(mgDf50); daf-2(e1370); daf-16d/f::GFP] and HT1881 [daf-16(mgDf50);
daf-2(e1370); daf-16a::GFP] were generated by the H.A.T. laboratory (50).
gsy-1(tm6196) was provided by the T. Mitani laboratory through the Na-
tional BioResource Project of the MEXT, Japan. gsy-1(tm6196) was back-
crossed to wild type five times before use. Wherever possible, mutants were
used for analysis.

Lifespan Assay. All lifespan assays were performed at 20 °C. Strains were
semisynchronized by allowing gravid adults to lay embryos on standard NGM
or RNAI plates overnight, and animals developed for several days until they
reached L4. Then, ~100 L4s were transferred to NGM or RNAi plates con-
taining 200 pM FUdR (Pharma Waldhof GmbH), with/without added sugar and
kept at 20 °C (~33 animals per plate). Animals were scored by gently tapping
with a platinum wire every 2-3 d. Those that did not respond were scored as
dead. Animals that crawled off the plate, bagged, or died from vulva bursting
were censored from the analysis. Each figure shows one trial, with additional
trials shown in S/ Appendix, Table S1. The mean lifespan, SD, and P values were
calculated via two-tailed unpaired t tests. Survival graphs and statistical analyses
were produced using GraphPad Prism 7.00 (GraphPad Software).

Glucose and Trehalose Diet. For addition of glucose and trehalose to the diet, filter-
sterilized water (control), p-(+)-glucose, or p-(+)-trehalose dihydrate (Sigma) was
added to cooled molten NGM to the desired concentration (2% for glucose,
5 mM for trehalose) with 0.1 mg/mL ampicillin (Fisher Scientific) before pouring

E2798 | www.pnas.org/cgi/doi/10.1073/pnas. 1714178115

plates. Plates were seeded with OP50 E. coli grown overnight in LB. After 6 h of
drying, plates were exposed to UV for 4.5 min at 4,000 pW/cm? (power setting:
9,999) using the Stratagene Stratalinker 2400 (Agilent Genomics). OP50 was then
streaked onto an LB agar plate and cultured at 37 °C overnight to confirm lack of
growth. Plates were stored at 4 °C until use.

RNA Interference. All RNAi clones were obtained from the Ahringer RNAI
library (81). RNAIi plates were made by adding filter-sterilized reagents to
cooled molten NGM to a final concentration of 0.1 mg/mL ampicillin (Fisher
Scientific), 1 mM isopropyl-p-p-thiogalactoside (US Biological), and for life-
span assays 200 pM FUdR. The plates were seeded with HT115 E. coli, first
grown overnight from a single colony at 37 °Cin 0.1 mg/mL ampicillin and 12.5
pg/mL tetracycline (Genlantis), then diluted 1/100 in LB, and cultured again in
0.1 mg/mL ampicillin for 6 h at 37 °C. Plates were dried at room temperature
for 24 h and then stored at 4 °C until use. Before use, plates were placed at
room temperature for at least 1 h. Animals were grown on RNAi for two
generations before being used for experiments. When epistasis was per-
formed only with RNAI, a caveat should be noted as this may not be a
complete loss of function.

lodine Staining. L4s grown on NGM at 20 °C were picked onto NGM plates
with 0% or 2% added glucose at 20 °C for 24 h before staining. Aging an-
imals were picked to NGM plates supplemented with 200 pM FUdR and
grown at 20 °C until they reached the desired stage before staining. For
RNAi experiments, L4s grown on vector or gsy-1 RNAi were transferred to
new plates for 24 h before staining. Then, 20 animals were picked onto
unseeded NGM plates and inverted and placed on top of a bottle of iodine
flakes (Fisher Chemical) for 1 min. Animals were then photographed using a
5.0 MP Microscope Digital Camera (AmScope) outfitted onto a dissecting
microscope. Methods were adapted from the M. B. Roth laboratory (19).

AGEs Assay. Approximately 500 L4s grown on NGM at 20 °C were transferred
to plates containing 200 pM FUdR and incubated at 20 °C for 3 d. Animals
were then washed off plates with M9 buffer and subsequently rinsed twice
with M9 buffer. Then 200 pL NET Lysis Solution [150 mM NaCl, 1 mM EDTA
(pH 8.0), 50 mM Tris (pH 7.5), 0.5% CHAPS (adapted from ref. 82)] was added
to each sample. Samples were put on ice, and then sonicated using a
Microson XL2000 Qsonica P-3 at 4 W (Fisher Scientific) for a total of 30 s, with
3 x 10 s bursts. AGEs were determined using the OxiSelect Advanced Gly-
cation End Product Competitive ELISA Kit (Cell Biolabs) according to the
manufacturer’s instructions. The absorbance was measured at 450 nm using
the SpectraMax M5 Microplate Reader (Molecular Devices).

Glycogen Storage. Approximately 500 L4s grown on NGM at 20 °C were
transferred to 0% or 2% glucose plates for 24 h before the assay. Aging
animals were picked to NGM plates supplemented with 200 pM FUdR and
grown at 20 °C until they reached the desired stage before lysis. Then, aged
animals were washed off plates using ddH,O and subsequently rinsed twice
with ddH,0 and put on ice. Samples were then sonicated using a Microson
XL2000 Qsonica P-3 at 4 W (Fisher Scientific) for 30 s with 3 x 10 s bursts. The
lysates were then boiled for 10 min and then centrifuged at 15,800 x g for
10 min at 4 °C. Supernatants were then collected and total glycogen was
measured using the Glycogen Colorimetric/Fluorometric Assay Kit (BioVision)
and a SpectraMax M5 Microplate Spectrophotometer (Molecular Devices).
Glycogen levels were normalized to protein content measured with Pierce
Coomassie Plus (Bradford) Assay Kit (Thermo Scientific).

Trehalose Storage. Approximately 500 L4s grown on NGM at 20 °C were
transferred to NGM, 2% glucose, 5 mM trehalose, or RNAI plates for 24 h
before assaying. Animals were then washed off plates using M9 and sub-
sequently rinsed twice with M9 to 100 pL. Next, 200 pL of NET Lysis Solution
[150 mM NacCl, 1 mM EDTA (pH 8.0), 50 mM Tris (pH 7.5)], and 0.5% CHAPS
was added to each strain. The samples were then put on ice and sonicated
using a Microson XL2000 Qsonica P-3 at 4 W (Fisher Scientific) for a total of
30 s, with 3 x 10 s bursts. The lysates were then centrifuged at 15,800 x g for
13 min at 4 °C. Supernatants were collected and trehalose was measured
using the Trehalose Assay Kit (Megazyme) and a SpectraMax M5 Microplate
Spectrophotometer (Molecular Devices). Trehalose levels were normalized
to protein content measured with Pierce Coomassie Plus (Bradford) Assay Kit
(Thermo Scientific). Methods were adapted from Miersch et al. (82).

RNA Isolation and Real-Time PCR. Approximately 200 synchronous animals de-

veloped on experimental condition plates at 20 °C until they reached day 1 of
adulthood before RNA extraction. Animals were washed off the plates with
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M9 buffer and then rinsed twice with DEPC-treated water. Total RNA was
isolated using TRIzol Reagent with the Direct-zol RNA MiniPrep (Zymo Re-
search). After RNA isolation, first-strand cDNA was synthesized from 1.0 pg of
total RNA using dNTPs, Oligo(dT);,_1g and SuperScript Il Reverse Transcriptase
(Invitrogen). Quantitative PCR was done with an Applied Biosystems StepOne
Plus Real-Time PCR system with Power SYBR Green PCR Master Mix (Applied
Biosystems) per the manufacturer’s instructions, with triplicates done for each
of three biological replicates, and actin-1 used as the endogenous control for
data normalization. Sequences of primers can be found in S/ Appendix, Table
S2. Specificity of PCR amplification was determined by the melting curve for
each reaction. The threshold cycle (Cy) for each primer set was automatically
determined by the StepOne Software 2.1 (Applied Biosystems). Relative fold
changes of gene expression were calculated by using the 2-24 method. The
RQ values were then used to graph relative gene expression over at least three
replicate experiments using GraphPad Prism 7.00 (GraphPad Software).

Healthspan: Track Length/Movement on Solid Media/Locomotion. L4s grown on
NGM at 20 °C were transferred to NGM plates containing 200 pM FUdR and
incubated at 20 °C for 1, 5, 10, or 15 d. On the experimental day, 10 animals were
picked onto unseeded NGM plates and each worm was recorded for 30 s using a
mounted DMK 21AF04 Camera (The Imaging Source) outfitted onto a dissecting
microscope. The average distance was calculated by measuring the tracks formed
from each individual worm using WormLab software (MBF Bioscience) and then
graphed using GraphPad Prism 7.00 (GraphPad Software).

Healthspan: Body Bends/Movement in Liquid Media. L4s grown on NGM at 20 °C
were transferred to plates containing 200 pM FUdR and incubated at 20 °C for
1,5, 10, or 15 d. On the experimental day, individual animals were picked onto
unseeded NGM plates, then 100 pL of M9 buffer was pipetted onto each
animal. After 5 s, the number of body bends was recorded per 60 s using a
mounted DMK 21AF04 camera (The Imaging Source) outfitted onto a dis-
secting microscope. At least 20 animals were recorded per strain or treatment
and the average body bends per minute for each of the samples was calcu-
lated and graphed using GraphPad Prism 7.00 (GraphPad Software).

Healthspan: Resistance to Heat Stress. Thirty L4s grown on NGM at 20 °C were
transferred to four separate plates containing 200 uM FUdR and incubated at
20 °C for 1, 5, 10, or 15 d. On the experimental day, an individual plate was
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transferred to 37 °C and scored for survival every 2 h. Animals were touched
with a platinum wire, and animals that did not respond to the stimulus were
scored as dead. Two independent replicates of the experiment were per-
formed and the percentage and mean survival were calculated using Graph-
Pad Prism 7.00 (GraphPad Software).

Healthspan: Resistance to Oxidative Stress. Thirty L4s grown on NGM at 20 °C
were transferred to four separate plates containing 200 pM FUdR and in-
cubated at 20 °C for 1, 5, 10, or 15 d. On the experimental day, animals were
transferred to the paraquat plates at 20 °C and then scored daily for survival.
Animals were touched with a platinum wire, and those that did not respond
were scored as dead. Two independent replicates were performed and the
percentage and mean survival were calculated using GraphPad Prism 7.00
(GraphPad Software). Paraquat plates were made by adding 1 mL of 250 mM
paraquat solution to unseeded NGM plates. Then plates were put on a
shaker for 1 h, followed by 1.5 h in a laminar flow hood to ensure plates
were dry with the paraquat evenly distributed.

Fluorescence Quantification. Approximately 30 HZ589 [sqst-1::GFP] animals
were grown either on NGM plates supplemented with trehalose or RNAi
plates at 20 °C from egg to day 3 adults. These animals were then picked
onto glass slides with 2% agarose and immobilized with 100 mM NaNs.
Fluorescence imaging of GFP was done using a Zeiss Axioskop 2 plus fitted
with a Hamamatsu ORCA-ER camera. Quantification of the sqst-1::GFP pos-
itive puncta from the head of the animal to the start of the intestine was
performed by three investigators independently.
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