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Summary

The ability to adapt to changing environmental conditions is essential to the fitness of organisms. In
some cases, adaptation of the parent alters the offspring’s phenotype[1-10]. Such parental effects are
adaptive for the offspring if the future environment is similar to the current one, but can be
maladaptive otherwise[11]. One mechanism by which adaptation occurs is altered provisioning of
embryos by the parent[12-16]. Here we show that exposing adult Caenorhabditis elegans to
hyperosmotic conditions protects their offspring from the same, but causes sensitivity to anoxia
exposure. We show that this alteration of survival is correlated to changes in the sugar content of
adults and embryos. In addition, mutations in gene products which alter sugar homeostasis also alter
the ability of embryos to survive in hyperosmotic and anoxic conditions and engage in the adaptive
parental effect. Our results indicate that there is a physiological trade-off between the presence of
glycerol, which protects animals from hyperosmotic conditions, and glycogen, which is consumed
during anoxia. These two metabolites play an essential role in the survival of worms in these adverse
environments, and the adaptive parental effect we describe is mediated by the provisioning of these
metabolites to the embryo.

Results

C. elegans embryos can survive a 24-hour bout of anoxia at 20-23°C with 95% or greater
viability (Table 1) [17,18]. We performed experiments to determine if survival could be altered
by changing the parental environment. We found that exposing wild-type (N2) L4 larvae to
300mM sodium chloride for 24 hours as they progressed to adulthood (hyperosmotic
preconditioning or OPC) reduced survival of their embryos in anoxia to a mean of 42% (Table
1; P<0.001). However, embryos from OPC mothers hatched in normoxia and were resistant to
500mM sodium chloride, a concentration which would kill embryos which did not have
parental OPC (Table 1; P=0.01). This effect persists for at least four hours after the adults are
removed from the high salt environment (Table 1; P<0.001). These results demonstrate that
the parental environment adapts offspring to their probable future environment in an
environment-specific fashion. They also show that the embryos are not generally ‘sick’ as a
result of parental exposure to hyperosmotic conditions, but are actually adapted to the salt in
a way that makes them more sensitive to anoxia.
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We next tested daf-2(e1370) (GI1175410) adult nematodes, which carry a hypomorphic allele
of the C. elegans insulin/IGF receptor, for its ability to engage in OPC, and found that 1370
animals are unable to adapt their embryos to survive in hyperosmotic conditions. No embryos
from OPC 1370 mothers hatched on 500mM salt, while ~30% of wild-type hatched in the
same situation (Table 1). These results suggest that the worm insulin receptor plays a role in
regulating the adaptive parental effect. To further investigate this, we analyzed a downstream
target of daf-2 signalling, the FOXO transcription factor daf-16. We determined that the deficit
in OPC found in 1370 animals was hypostatic to the daf-16 reference allele m26. daf-16
(m26) mutant embryos performed very similarly to wild type, while daf-2(e1370);daf-16
(m26) double mutants performed better than wild-type (Table 1, P<0.001 for improvement of
daf-16/daf-2over N2).

Given the known importance of glycerol and trehalose to osmotic resistance in the nematode
[19-22], and glycogen to the survival of a wide variety of animals in anoxia[23,24] we tested
how OPC alters the sugar homeostasis in C. elegans. We chose to investigate a broad range of
sugars using a gas chromatography-mass spectrometry (GC/MS) technique[25,26]. In wild-
type embryos, glycogen levels fell to approximately 20% of their initial levels after a 24 hour
exposure to anoxia, indicating that fermentative metabolism is continuing in the arrested
embryos (Fig. 1A; P<0.01). This is consistent with work done in mixed stage animals showing
a similar reduction in glycogen stores over a 24-hour period of anoxia[27]. Next, we treated
wild-type and 1370 adults with OPC and looked for alterations in sugar homeostasis in their
embryos using the GC/MS technique. Embryos from OPC adults had 10x the glycerol content,
nearly 2x the trehalose and only 1/3 of the glycogen content of control embryos (Fig. 1B;
P<0.01 for glycerol and glycogen; P<0.05 for trehalose). Glycerol is a non-fermentable sugar
and therefore cannot be used for energy during anoxia. Trehalose has also been implicated in
salt resistance in C. elegans, possibly as a cytoprotectant[22]. daf-2(e1370) embryos from OPC
adults, on the other hand, only have a 4x increase in glycerol levels, no change in their glycogen
content, and a decrease in trehalose levels (Fig. 1B, P<0.01 for trehalose). The deficiency in
either glycerol or trehalose may explain why e1370 embryos are not adapted to their
hyperosmotic environment.

We next examined the larval response to preconditioning by GC/MS. These results largely
reiterate the observations made in embryos, with the exception of the fact that trehalose levels
did not rise in wild-type larvae treated with OPC. Glycerol rose in both wild-type and e1370
after OPC, but only reached half of the wild-type level in the e1370 adult. Glycogen levels
dropped by half in wild-type (P<0.01), but were unchanged in 1370 (Fig. 1C). Glycerol
accumulation in high salt requires the glycerol-3-phosphate dehydrogenase enzymes gpdh-1
(G1173272) and gpdh-2 (G1176399)[21]. In order to better understand the relationship between
glycogen, glycerol, and trehalose, we exposed gpdh-1(ok1558);gpdh-2(kb33) to OPC and
analyzed their sugar profile. As expected, adults treated in this fashion had only a minor
increase in glycerol. However, like wild-type, they still utilized two thirds of their glycogen,
and trehalose abundance increased 2.3-fold over its initial level (Fig. S1).

We next stained animals with iodine in order to further analyze how glycogen contributes to
survival in adverse environments. Adult worms stained with iodine reveal major glycogen
stores just anterior to the posterior bulb of the pharynx, in a region of the tail near the dorso-
rectal ganglion, and in the most proximal two oocytes of the gonad arm (Fig. 2A). lodine
staining largely disappears when glycogen synthase (gsy-1 (G1174924)) is knocked down by
RNAI (Fig. 2B). The small amount of remaining stain may be due to incomplete knockdown
or the presence of a small quantity of another substance that stains with iodine. Embryos from
adults treated with gsy-1 RNAI are sensitive to anoxia exposure, further verifying the
importance of glycogen to survival of embryos in anoxia (Fig. 2C; P<0.01). lodine staining
also disappears upon anoxia or salt exposure, consistent with the decrease in glycogen we
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observed by GC/MS in these situations. daf-2(e1370) adults have more glycogen than wild-
type by iodine staining (Fig. S2C), which is consistent with our GC/MS results and their known
resistance to anoxia[28]. For a more complete description of the appearance and dynamics of
glycogen in the worm, see the supplementary materials.

We wished to extend our understanding of how sugars affect survival in adverse environments
by studying mutants with altered sugar homeostasis. First we tested the mutant osm-7(n1515)
(G1176790). While the molecular function of the osm-7 gene remains obscure, mutant animals
are constitutively adapted to high salt and are known to accumulate glycerol[20]. We found
that osm-7 mutant animals also had low glycogen content and that their embryos were very
sensitive to anoxia exposure (average survival 10%), but resistant to 500mM sodium chloride
(Fig. 3A and 3B). dpy-10(e128) (G1174106) mutant animals, which have a defect in a cuticle
collagen, are also known to be osmotic resistant and to accumulate glycerol[20]. These mutants
were also found to be deficient in glycogen and sensitive to anoxia (Fig. 3A and 3B). The
phenotypes of these mutants reiterate the relationship between glycerol and glycogen as well
as survival in hyperosmotic and anoxic conditions that was previously demonstrated by
environmental manipulation in wild-type. Neither of the mutants had increased trehalose
relative to wild-type, implying that increased glycerol is sufficient for resistance to high salt
in embryos.

We also analyzed strains with defects in glucose metabolism in order to determine how this
affected survival in anoxic and hyperosmotic environments. Three mutants involved in
gluconeogenesis were identified that were sensitive to anoxia and hyperosmotic conditions
(Fig. 3A). One strain has a mutated phosphoenolpyruvate carboxykinase enzyme (PEPCK/
WO05G11.6 (0k2098) (GI175171)). This strain lays embryos that are sensitive to anoxia (average
survival 50%; P<0.01), though with high variability. We could not test the adaptation of
PEPCK mutant embryos to salt because, unlike wild-type, very few 0k2098 L4 animals develop
into egg-laying adults when placed on 300mM NaCl. The other two strains have mutations in
the bifunctional isocitrate lyase/malate synthase enzymes of the worm (gei-7(ok531)
(G1178583); CO8F11.14(0ok457) (G1178328)), key components of the glyoxylate cycle. Each
of the individual glyoxylate cycle mutants has a weaker anoxia sensitivity phenotype (50%
and 85% survival, respectively (DNS)) than the double mutant strain (Fig 4A, 35% survival;
P<0.01). The embryos from glyoxylate cycle double mutants treated with OPC were not
adapted to high salt and were even worse off in anoxia after OPC. No glyoxylate cycle mutant
embryos survived in 500mM salt after OPC and 1.3% survived in anoxia after OPC, compared
to 26% and 42% for wild-type, respectively (P<0.05 for both). While the exact reason that
these mutants are sensitive to both salt and anoxia is not fully elucidated, the sum of the data
from these experiments suggest a strong correlation between the ability to store glycogen and
survival in both anoxia and high salt environments.

Discussion

We have provided the first evidence that C. elegans adults are capable of preparing their
embryos to survive in a specific environment. APE mediated by hyperosmotic preconditioning
is associated with increased glycerol and decreased glycogen in the adult worm and the same
changes in the embryo. We find it particularly interesting that trehalose levels remain constant
in the OPC adult but rise in the embryo, as this suggests an alteration in embryonic provisioning
that is not merely reflective of parental physiology. Both glycerol and trehalose have previously
been shown to be important for survival in hyperosmotic conditions[19,21,22].

daf-2(e1370) adults are unable to engage APE in response to OPC in a daf-16(m26) dependent
manner. The evidence suggests that daf-2 animals are incapable of correctly provisioning their
embryos with the level of glycerol or trehalose required to survive in high salt environments.
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The metabolic origin of these defects are difficult to hypothesize a priori, as gene expression
analysis and other studies have suggested that daf-2 adults have very different metabolic
activity from wild-type[29-35]. The high level of glycerol accumulated by wild-type animals
upon OPC is correlated with a decrease in glycogen storage, which also did not occur in OPC
€1370 adults. Glycerol accumulation in high salt requires gpdh-1 and gpdh-2; this strongly
suggests that the source of the glycerol is the glycolytic intermediate dihydroxyacetone
phosphate (DHAP) which may be produced from either gluconeogenesis or glycolysis.
Triglyceride catabolism, which produces glycerol without glycerol-3-phosphate
dehydrogenase, is not likely to be an important source for glycerol upon hyperosmotic
exposure. Trehalose was still produced and glycogen consumed when we exposed
gpdh-1;gpdh-2 mutants to OPC, so trehalose production and glycogen consumption are most
likely independent of glycerol production. Among the possible explanations for the lack of
glycerol and trehalose accumulation in daf-2 animals is that these worms have a dampened
environmental response, and as a result do not adequately shunt glycolytic intermediates into
either glycerol or trehalose, thereby avoiding the need to consume their glycogen stores.
Another possibility is that either trehalose or glycerol is produced directly from glycogen and
that this function is deficient in daf-2 animals, though the quantity of glycerol produced seems
to be far in excess of glycogen stores. Metabolic tracer studies will likely be required in order
to successfully disentangle these possibilities. Because daf-2 adults are known to be long-lived
and resistant to a variety of stresses, including hyperosmotic stress and anoxia, we wonder if
the improved stress resistance of the adult may be detrimental to their offspring[22,28,36].

In order to learn more about the relationship between sugars and survival in adverse conditions,
we investigated several mutants with defects in sugar homeostasis. Based upon these studies
and our work in wild-type animals, we suggest that survival in hyperosmotic and anoxic
conditions is antithetical for C. elegans, and that the mechanistic basis for this may be the
apparently obligatory trade-off between the abundance of glycerol and glycogen. RNA. of
gsy-1, which encodes the worm glycogen synthase gene, results in low glycogen and sensitivity
of embryos to anoxia. Mutants that are known to have increased osmotic resistance and to
accumulate glycerol, such as osm-7(n1515) and dpy-10(e128) are also sensitive to anoxia and
low in glycogen. We hypothesize that many strains that accumulate glycerol as a means of
compensating for defects in protein homeostasis or collagen structure will be sensitive to
anoxia. Worms with defects in genes required for gluconeogenesis (glyoxylate cycle genes
gei-7 and CO8F11.14 as well as PEPCK/W05G11.6) have low glycogen content and are
sensitive to both anoxic and hyperosmotic environments, implying that glycogen itself or
functional sugar metabolism in general is required for survival in both situations. These
conclusions are supported by our biochemical analysis of carbohydrate changes upon anoxia
and hyperosmotic stress in wild-type, which show that glycerol is produced and glycogen
consumed as a response to hyperosmotic environments, and that glycogen is consumed in
anoxia.

Experimental Procedures

Nematode culture

Unless otherwise mentioned, nematodes were grown at 20°C on NGM-lite agar seeded with
OP-50 bacteria using standard protocols[37]. Worms were only used from populations that had
not experienced a starvation event in the last week. The following strains were acquired from
the Caenorhabditis Genetics center: N2 (wild-type var. Bristol); MT3564(osm-7(n1515)111);
CB1370(daf-2(e1370)111); DR26(daf-16(m26)I); DR1309(daf-16(m26)1; daf-2(e1370)111);
CB128(dpy-10(e128)Il); RB1688(W05G11.6(0k2098)111); RB766(gei-7(0k531)V); RB692
(CO8F11.14(ok457)1V). The glyoxylate cycle double mutant (gei-7(ok531)V; C08F11.14
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(0k457)I1V) was a gift from Heather Thieringer and the glycerol-3-phosphate dehydrogenase
double mutant (gpdh-1(ok1588)I;gpdh-2(kb33)111) was a gift from Kevin Strange.

Salt and Anoxia Exposure

Hyperosmotic preconditioning—L4 nematodes were picked from populations
maintained at 20°C on NGM-lite plates and moved to another NGM-lite plate or a plate
supplemented with sodium chloride to a concentration of 300mM. These worms were grown
for 24 hours (to young adulthood) at 20-23°C. To determine if OPC lasted 4 hours after removal
from salt, adult worms preconditioned as described above were moved back to standard NGM-
lite plates for four hours before exposure of embryos to 500mM NaCl as described below.

Anoxia exposure of embryos—Young adult nematodes were moved to a new plate with
a spot of OP50 ringed with palmitic acid and allowed to lay eggs for 1-2 hours. Adults were
then aspirated and the plates were placed in a 350mL airtight bowl which was flushed with
100mL-min-1 of either 100% nitrogen gas (Airgas, Seattle) or with room air. The gas was
hydrated by passage through a 125mL gas washing bottle filled with distilled water. Fresh
water was used for each experiment. The worms were exposed to the gases for 24 hours at 23°
C, after which the percent of embryos hatched on the plates exposed to room air was counted.
The embryos exposed to anoxia were allowed to recover for 24 hours at 23°C before counting
the number of embryos hatched.

gsy-1 knockdown—RNA.:i interference experiments were conducted by feeding worms E.
coli strain HT115 that express double-stranded RNA corresponding to the gsy-1 gene
(GenePairs name Y46G5.kk). The strain was obtained from a commercially available C.
elegans RNAI library (MRC Geneservice, UK). Synchronized worms were grown on gsy-1
RNAI or empty vector control food as described[38] from L1 to young adult at 20°C and their
embryos exposed to anoxia as described above.

Exposure of embryos to 500mM salt—Adult nematodes grown as described above were
picked into a drop of water and cut open with a razor blade. Embryos were quickly mouth-
pipetted onto a NGM plate supplemented with sodium chloride to a concentration of
500mM. The percent of embryos hatched was determined after 24 hours at 23°C.

Statistical analysis—Two-tailed Student’s T-test’s were used to evaluate statistical
differences between treatments. If the data failed to pass a normality test, Mann-Whitney Rank
sum test was used to evaluate statistical differences between treatments.

Sugar biochemistry

Collection of nematodes

Collection of larvae: ~6000 starved L1 larvae hatched overnight from bleached adults were
grown to early L4 or young adult stage at 20°C on 15cm NGM-lite plates. For OPC, early L4
nematodes were split to a fresh NGM-lite plate and a NGM-lite plate supplemented with
sodium chloride to a concentration of 300mM. The worms were grown an additional 12 hours
at 20°C before harvest. gpdh-1/gpdh-2 larvae were only exposed to salt for 7 hours before
harvest because they do not adapt to salt well and we wished to avoid starving them on the
plate due to their inability to move. Worms were washed off in M9, centrifuged at 1500RCF
for 1 min, washed with water and centrifuged again. 350uL of concentrated worms were moved
to a screw-top 1.5ml centrifuge tube (VWR). 35uL of these worms were removed to another
tube for later counting, and the remainder was frozen in liquid nitrogen. In order to improve
accuracy of worm transfer and counting, we used pipette tips with a wide opening that were

Curr Biol. Author manuscript; available in PMC 2010 May 26.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Frazier and Roth

Page 6

blocked with 1% BSA before use. Each sample used for extraction contained 1500-3000 L4
larvae/adults.

Measurement of sugars in wild-type embryos during anoxia exposure: Synchronized
young adult worms grown on peptone-enriched plates seeded with NA22 bacteria were washed
off of the plates with M9, washed with water and chopped with razor blades before filtering
through 43uM and 15uM nytex filters to collect embryos. Chopping and filtering was employed
because wild-type embryos will not survive anoxia after being bleached as is described in the
next section. Embryos were aliquoted in 250uL M9 onto a small unseeded plate and exposed
to anoxia as described in the preceding section; however the temperature was kept at 20°C.
For each time point, 400uL water was added to the plates and the embryos collected with the
aid of a rubber policeman. The volume of embryos suspension obtained was determined and
10% removed for counting of embryos, after which the remained was frozen in liquid nitrogen.
Each sample used for sugar profiling contained 30,000-60,000 embryos.

Measurement of sugars in mutant embryos: Synchronized young adult worms grown on
peptone-enriched plates seeded with NA22 bacteria were washed off of the plates, washed once
in M9 and bleached in alkaline hypochlorite according to standard procedures[37]. Bleached
embryos were washed once with M9, once with water and collected as described for L4 larvae.
Each sample used for extraction contained 50,000-100,000 embryos.

Measurement of sugars in embryos after OPC: These experiments were carried out like the
L4-larvae preconditioning experiments described above, but with 10x as many adult worms,
by growing these animals on peptone-enriched plates seeded with NA22. Preconditioned
animals were bleached and their embryos collected as in the procedure for mutant embryos
immediately preceding.

Extraction and derivatization

This extraction procedure was adapted from Pellerone et al. (2003)[25]. Frozen samples were
brought to 400ul of 20% ethanol spiked with 2ug (10ul of 0.2mg/ml) each of the standards:
butanetriol, mannose and sucrose. The sample was then heated to 110°C for 1 hour. The
samples were centrifuged 2 min at 14,000RCF and the supernatant containing the free sugars
removed to a glass screw-top tube for derivatization. 300ul of 30% sodium hydroxide was
added to the pellet and heated for an additional hour at 110°C. After centrifugation the
supernatant was moved to a new tube and 900pL ice-cold ethanol was added to precipitate the
glycogen. The tubes were centrifuged and the supernatant aspirated. 400ul of 5% HCI with
4ug mannose was added and the samples heated to 110°C for an additional half-hour before
being moved to a glass tube for derivatization. The derivatization protocol was adapted from
Medeiros and Simoneit (2007)[26]. Supernatants from previous steps were evaporated under
a stream of nitrogen followed by addition of 200ul of BSFTA +1% TMS and 80ul pyridine
(Sigma). These samples were heated to 70°C for two hours. Following heating, the reaction
mixture was evaporated by a nitrogen stream and 200ul of hexane was added to dissolve the
TMS-derivatives from the free sugars. 400ul of hexane was added to dissolve the TMS-
derivatives in the glycogen sample. This was washed once with 1ImL water and analyzed via
GC/MS.

GC/MS analysis

GC/MS settings were adapted from Medeiros and Simoneit (2007)[26]. 1uL of sample was
injected in splitless mode into an Agilent 6890N gas chromatograph operated with a HP-5MS
column coupled to an Agilent 5975 mass spectrometer. The injector temperature was set to
280°C, the source to 230°C with a helium flow of 1.3mL-min"1. The oven was programmed to
rest at 65°C for two minutes, followed by an increase of 6°C per minute to 300°C. This
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temperature was held for 15 minutes. The mass spectrometer was operated in scan mode with
arange of 50-650 Daltons and 1.27 scans-s~1. A single ion representing each sugar was extracted
and quantified from the GC/MS spectra using the program Metaquant[39]. The retention time
and m/z of each of the species verified by a purchased standard was as follows: TMS-Glycerol
(12.72; 205); TMS-Butanetriol (14.68; 219); TMS-a-D(+)-Mannose (23.58; 204); TMS-p-D
(+)-Mannose (25.21; 204); TMS-a-D(+)-Glucose (25.01; 204); TMS-B-D(+)-Glucose (26.50;
204); TMS-D-Sorbitol (25.81; 205); TMS-D(+)-Sucrose (35.89; 361); TMS-D(+)-Trehalose
(37.12; 361). The mass of each sugar present was then determined based upon a standard curve,
adjusted for losses during processing to the appropriate internal standard (butanetriol for
glycerol, sucrose for trehalose, mannose for glucose), and represented as a ratio of that sugar
to the quantity of glucose in the sample. For mannose, only the a peak was quantified because
the B peak overlaps with an unidentified sugar in the worm samples. The o peak value was
divided by 0.69 to determine the total quantity of mannose in the sample, assuming the o and
3 anomers are in equilibrium. While the quantity of sugars in the sample can be expressed per
worm based upon the counting we did before extraction, we found that the trends were the
same when normalized to free glucose, and that the normalization to free glucose eliminated
error in counting animals and did not introduce error due to worms being different sizes. The
values from multiple replicates evaluated for statistical significance using two-tailed, unpaired,
Student’s t-test.

Glycogen Staining

Live nematodes on 3% agarose pads were inverted over the opening in a 100g bottle of iodine
crystals (Sigma) and allowed to sit for 40-60 seconds before viewing. For the photographs
presented here, worms were stained simultaneously and manipulated on the pad for DIC
microscopy. Photographs were taken with a Zeiss MRc color camera. For staining with Best’s
carmine, worms were fixed in 70% ethanol; 20% glacial acetic acid and 10% concentrated
formalin for 90 minutes before proceeding with Best’s carmine staining as described in
Humason (1979)[40]. Worms were mounted in glycerol for microscopy and photography.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Wild-type (N2) embryos exposed to anoxia
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The graphs display the mass of each of the sugars relative to the mass of glucose in the sample,
as described in the materials and methods section. The values represented are the mean of 3-6

replicates, +/- SD.
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(A) Young embryos were collected and placed into anoxia, with samples taken for sugar
analysis at T=0; 12 and 24 hours. Over the 24 hour incubation, glycogen levels fall to 1/5 of
their initial level (P<0.01).
(B) Wild-type (N2) Embryos from OPC adults have much more glycerol, near twice the amount
of trehalose, and 1/3 of the glycogen of control animals (P<0.01 for glycerol and glycogen;
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P<0.05 for trehalose). daf-2 embryos only accumulate % of the glycerol of wild-type after OPC,
have decreased trehalose levels and no change in glycogen storage (P<0.01 for trehalose).
(C) Changes in larval sugar levels largely reiterate the observation in embryos, with the
exception of the fact that trehalose levels do not increase in wild-type larvae treated with OPC.
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Survival of gsy-1 RNAi embryos in anoxia

100% A —
mmm Normoxia
B & 3 Anoxia
2 £ 80% A
vector 3
&
T 60%
k-]
2
]
2 40%
H
2
-2
5 20% A
0% -
Vector gsy-1 RNAi

Figure 2.

lodine staining reveals glycogen storage in C. elegans.

(A) Wild-type (N2) adult animal stained with iodine vapor. Arrows denote the primary sites
of glycogen deposition. From left to right they are: anterior to the posterior bulb of the pharynx,
the proximal oocytes; embryos in utero and the tail hypodermis.

(B) A wild-type (N2) animal fed with empty vector RNAI control food (top) stained with iodine
simultaneously with an N2 animal treated with glycogen synthase RNAi (bottom).

(C) gsy-1 RNAi renders embryos sensitive to 24hrs of anoxia at 23°C. Values are mean survival
rate from 14 trials, +SD.
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Figure 3.

Mutations that alter sugar homeostasis affect the survival of embryos in adverse environments.
(A) This graph displays the mean percent of embryos hatching 24 hours after the treatments
described, with error bars representing the standard deviation from the mean (N=number of
embryos assayed).

N2 embryos survive 24hrs of anoxia, but die when exposed to 500mM NaCl (P<0.01).
Glyoxylate cycle double mutant (GCM, gei-7(0k531); CO8F11.14(ok457) embryos are
sensitive to anoxia (N=277 normoxia; N= 1026 anoxia, P<0.01). W05G11.6 (0k2098) embryos
are sensitive to anoxia (N=150 normoxia; N=299 anoxia, P<0.01). osm-7 embryos are sensitive
to anoxia (N=572 normoxia; N=600 anoxia, P<0.01). osm-7 embryos are resistant to 500mM
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NaCl compared to wild-type (N=252 500mM NacCl, P<0.01). dpy-10(e128) animals are
sensitive to anoxia (N=83 normoxia; N=100 anoxia, P<0.01).

(B) Embryos from each of the strains that has decreased survival in anoxia also has decreased
glycogen storage compared to wild-type (N2) embryos (P<0.01 for all comparisons) Both
osm-7 and dpy-10 embryos accumulate glycerol, as well as being deficient in glycogen.
Glycerol accumulation is associated with resistance to hyperosmotic conditions. Values are
the mean of three replicates, +/- SD.
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