Copyright © 2006 by the Genetics Society of America
DOI: 10.1534/genetics.106.061390

Glyceraldehyde-3-Phosphate Dehydrogenase Mediates Anoxia Response

and Survival in Caenorhabditis elegans

Alexander R. Mendenhall, Bobby LaRue and Pamela A. Padilla’

Department of Biological Sciences, University of North Texas, Denton, Texas 76203

Manuscript received June 17, 2006
Accepted for publication August 22, 2006

ABSTRACT

Oxygen deprivation has a role in the pathology of many human diseases. Thus it is of interest in un-
derstanding the genetic and cellular responses to hypoxia or anoxia in oxygen-deprivation-tolerant
organisms such as Caenorhabditis elegans. In C. elegans the DAF-2/DAF-16 pathway, an IGF-1/insulin-like sig-
naling pathway, is involved with dauer formation, longevity, and stress resistance. In this report we compared
the response of wild-type and daf-2(e1370) animals to anoxia. Unlike wild-type animals, the daf-2(el1370)
animals have an enhanced anoxia-survival phenotype in that they survive long-term anoxia and high-
temperature anoxia, do not accumulate significant tissue damage in either of these conditions, and are
motile after 24 hr of anoxia. RNA interference was used to screen DAF-16-regulated genes that suppress the
daf-2(el1370)enhanced anoxia-survival phenotype. We identified gpd-2 and gpd-3, two nearly identical genes
in an operon that encode the glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase. We found that
not only is the daf-2(el1370)enhanced anoxia phenotype dependent upon gpd-2 and gpd-3, but also the
motility of animals exposed to brief periods of anoxia is prematurely arrested in gpd-2/3(RNAi) and daf-
2(el1370);gpd-2/3(RNAi) animals. These data suggest that gpd-2 and gpd-3 may serve a protective role in tissue

exposed to oxygen deprivation.

XYGEN deprivation is a critical factor in several
medical problems, including myocardial infarc-
tion, pulmonary disease and dysfunction, anemia, blood
loss, suffocation, sleep apnea, stroke, and resistance of
solid tumor cells to radiation and chemotherapy
(SEMENZA 2000). The detrimental effects of oceanic
“dead zone” regions, in which oxygen levels are reduced
or depleted due to natural and/or human activities, are
another concern (Diaz 2001). Thus, health and en-
vironmental issues associated with oxygen deprivation
are economically relevant challenges. Animal model sys-
tems are used to understand the molecular and physio-
logical response that organisms, tissues, and cells have to
oxygen deprivation. Yet, to date, oxygen-deprivation pro-
tective or tissue repair mechanisms are not completely
understood (HoCHACHKA ¢f al. 1997; HERMES-LIMA and
ZENTENO-SAVIN 2002; LAHIRI et al. 2005).

For many vertebrates, including humans, prolonged
exposure to severe oxygen deprivation results in cellular
death. However, the reduction or absence of oxygen is
not always fatal to organisms; some survive days or even
years of hypoxia or anoxia. For example, the harbor seal
(Phoca wvitulina), turtle (Chrysemys picta belli), brine
shrimp (Artemia franciscana), zebrafish (Danio rerio),
fruit fly (Drosophila melanogaster), and nematode (Caeno-
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rhabditis elegans) have adapted to survive oxygen depri-
vation (For and ALBERTS 1985; HOCHACHKA et al. 1993;
HanD 1998; PapiLLA et al. 2002; FusoN et al. 2003).
Thus, it is likely that various oxygen-deprivation protec-
tive mechanisms exist in metazoans.

Identifying the molecular and genetic responses of
oxygen-deprivation-tolerant organisms to hypoxia or an-
oxia has greatly increased our understanding of the mech-
anisms involved with oxygen-deprivation sensing and
survival (HADDAD et al. 1997; HADDAD 1998; WINGROVE
and O’FARRELL 1999; JIANG et al. 2001; GHABRIAL el al.
2003; NYSTUL et al. 2003; GrAY et al. 2004; MORTON
2004). For example, analysis of the hypoxia-inducing
factor 1 (HIF-1) and the HIF-prolyl hydroxylase signal
transduction pathway demonstrated that aspects of
oxygen sensing are conserved between vertebrates and
invertebrates (EPSTEIN ef al. 2001; MAXWELL et al. 2001;
SEMENZA 2001). Studies of the C. elegans hif-1(ia04) mu-
tant demonstrated that g1 is required for embryos and
larvae to survive hypoxia (JIANG et al. 2001; TREININ ef al.
2003). However, the hif-I is not required for the adult
animal to survive hypoxia (1% Os) or for the embryo to
survive anoxia (JIANG et al. 2001; PapILLA et al. 2002;
SHEN and POowELL-CorrmMaN 2003) . Together, these stud-
ies suggest that several genetic pathways are involved
with oxygen-deprivation response and survival and that
these genetic pathways are dependent upon the devel-
opmental state of the organism and the level of available
oxygen.
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Wild-type C. elegans exposed to anoxia (<0.001 kPa Oy)
in laboratory culture and temperature (20°) conditions
enters a reversible state of suspended animation. In the
anoxic environment, embryonic and postembryonic de-
velopment arrests. Furthermore, the postembryonic
animal stops feeding, becomes immobile, and does not
lay eggs. After reexposure to a normoxic environment,
the nematodes proceed with development. C. elegansatall
stages of development survive at least 1 day of anoxia with
a viability of ~90% (VAN VooruIiEs and WARD 2000;
PapiLLA et al. 2002; HAJERTI ef al. 2005). The dauer larvae,
a developmentally arrested larval stage, survive several
days of anoxia, making this stage the most resistant to
anoxia (ANDERSON 1978; PADILLA et al. 2002). The long-
term anoxia survival phenotype of dauer larvae is con-
sistent with its ability to survive stress. Yet, further studies
are needed to understand the molecular mechanism that
the dauer larvae use to survive anoxia.

Given that the dauer larvae have an enhanced anoxia
survival phenotype, itis of interest to investigate the rela-
tionship of anoxia survival and the genetic pathways
involved with dauer formation. One of the dauer reg-
ulatory pathways includes the daf-2 and daf-16 genes,
which encode the insulin/IGF-1 receptor-like protein
and a fork-head transcription factor, respectively
(LARSEN et al. 1995; KiMmURA ef al. 1997; RipDDLE and
ALBERT 1997; GEMS et al. 1998). In the daf-2(e1370) ani-
mal, which has a mutation in the insulin receptor kinase
domain, the DAF-16 protein is translocated to the nu-
cleus. Phenotypes observed in the daf-2(el1370) animal
include constitutive dauer formation at increased tem-
perature, alteration in gene expression, increased long-
evity, resistance to a variety of stresses, and changes in
metabolism (KENYON et al. 1993; VANFLETEREN and DE
VREESE 1996; KIMURA ¢t al. 1997; OGG et al. 1997; GEMS
et al. 1998; LEE et al. 2003; McELWEE et al. 2003, 2004;
Munoz 2003; MurprHY et al. 2003; VAN VoorHIES 2003;
BURNELL et al. 2005). DNA microarray studies deter-
mined that genes involved with stress response and
metabolism are upregulated in the daf-2 mutant. How-
ever, itis not known how gene expression and metabolic
changes are involved with the mechanism by which the
daf-2 mutant animal survives stress.

A study in which researchers screened for genetic
mutants that survive hypoxia at a high temperature
(20 hr of 0.3% Oy, 28°) identified a mutation in the daf-2
gene, thus providing the first direct genetic evidence
that the daf-2/daf-16 insulin-like signaling pathway is
involved with oxygen deprivation survival in C. elegans
(Scort et al. 2002). In this report we compared the
phenotypes of the daf-2(e1370) and wild-type animals
exposed to long-term anoxia (defined here as =3 days
of <0.001 kPa Oy, 20°) as well as to high-temperature
anoxia (defined here as 1 day of <0.001 kPa O at 28°).
We determined that, unlike wild-type animals, the daf
2(e1370) animals survive long-term anoxia and high-
temperature anoxia. To identify genes involved with the

daf-2(e1370) high-temperature anoxia survival pheno-
type, we used RNA interference (RNAi) to decrease the
expression of specific genes upregulated in the daf
2(e1370)strain. We determined that gpd-2 and gpd-3, two
nearly identical genes in an operon that encode the
glycolytic enzyme glyceraldehyde-3-phosphate dehydro-
genase (GAPDH), are required for response to anoxia.
Here, we suggest that gpd-2 and gpd-3 are involved with
cell and tissue protection during anoxia exposure. The
reduction of expression of other glycolytic genes by
RNAi does notresultin phenotypes similar to that of daf
2(e1370);gpd-2/3(RNAi), suggesting that it may not be
the mere flux through glycolysis that is required for
anoxia survival.

MATERIALS AND METHODS

Strains and growth conditions: The wild-type Bristol strain
(N2) and mutant strains were cultured using NGM plates
seeded with Escherichia coli (OP50) and raised at 20° as
described (SuLsTOoN and HODGKIN 1988). Synchronized pop-
ulations of animals were obtained by allowing embryos,
obtained from hypochlorite-treated adults, to grow to specific
developmental stages. Anatomical markers such as gonad
morphology or the hours after .4 molt were used to determine
the developmental stage of the animal. Wild-type or daf
2(e1370) adult animals were collected at ~21-25 or 17-21 hr
after the L4-to-adulthood molt, respectively. The following
genetic strains were obtained from either the Caenorhabditis
elegans Genetics Center or colleagues: daf-2(el370)II1, daf-
16(m26)I, daf-2(el1370)III, daf-16(mu86)I, daf-16(m26)I, and
PD4792(mls11 IV).

Oxygen-deprivation experiments: For all experiments, the
nematodes were exposed to an anoxic environment using the
BioBag type A environmental chamber as previously described
(Becton and Dickinson, Cockeysville, MD; PADILLA et al.
2002). The anoxia exposure time (1-5 days) and the temper-
ature conditions (20° or 28°) are noted for each experiment.
For the purpose of these studies, we refer to long-term anoxia
as =3 days of <0.001 kPa O, at 20° and high-temperature
anoxia as 1 day of <0.001 kPa Oy at 28°.

Anoxia survival assays: Nematodes either at the L2 larval
stage or at the young adult hermaphrodite stage were assayed
for anoxia survival. The L2 larvae were collected ~24 hr after
newly hatched L1 were placed on seeded plates. Due to dif-
ferent developmental progression rates between the wild-type
and daf-2(e1370) animals, the actual time to reach adulthood
varied between the two strains. Therefore, we collected adult
wild-type and daf-2(e1370) animals ~16.5-25 hr after the L4-to-
adulthood molt. The adult hermaphrodites assayed were at a
developmental stage where their offspring consisted of em-
bryos and newly hatched L1 larvae. Nematodes were exposed
to anoxia as described above and 24-hr postanoxic animals
were examined for survival by visual inspection for movement
or reaction to a platinum wire. To determine if anoxia-exposed
animals had an uncoordinated phenotype, the animals were
inspected for abnormal movement or inability to move along
the agar surface. The data collected for nematode survival and
phenotype analysis included at least three independent ex-
periments consisting of ~50-150 worms/experiment.

RNA interference assays: We used RNAi to inhibit the ex-
pression of several genes, including genes upregulated by
DAF-16 and genes predicted to encode a glycolytic enzyme
(LEE et al. 2003; MURPHY et al. 2003). Briefly, the daf-2(e1370),
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or N2 synchronized L1 larvae, were collected and grown to
adulthood on NGM (200 wg/ml ampicillin, 12.5 wg/ml tetra-
cycline, and 0.5 mg/ml IPTG) seeded with the E. coli strain for
RNAI of a specified gene. The E. colistrains were developed by
the J. Ahringer laboratory and obtained from the MRC
Geneservice (Cambridge, UK) (TIMMONS et al. 2001; KAMATH
et al. 2003). The bacterial clones used for RNAi of gpd-2 and
gpd-3were K10B3.8 or K10B3.7, respectively. Throughout most
of these experiments we used the K10B3.8 clone and refer to
the RNAi experiment as ghd-2/3(RNAi). The long-term anoxia
survival phenotype observed for daf-2(el1370);gpd-2/3(RNA:)
was more pronounced when the bacteria were grown as fol-
lows: Bacteria were plated on LB plates supplemented with 200
pg/ml ampicillin (amp) and 12.5 pg/ml tetracycline (tet).
From this plate a single colony was grown in 1 ml of LB amp/
tet (200 pg/ml ampicillin, 12.5 wg/ml tetracycline) for 6-8 hr
and 15 pl of this culture was used to inoculate 5 ml of LB amp/
tetliquid, which was grown for 4 hr before seeding onto NGM—
IPTG agar plates. These NGM-IPTG plates were placed at 37°
for 24 hr and then transferred to 15° or 20° for 24—48 hr before
L1 larvae were placed onto the plates. L1 larvae were grown on
the RNAi food to adulthood. The adult nematodes were ex-
posed to anoxia and assayed for viability as described above.
The FO1F1.12(RNAi) and F25H5.3(RNAI) results in embryo
lethality or larvae arrest, respectively. Therefore, for these
RNAI experiments, the daf-2(e1370)animals were grown to the
L4 stage on control food for 72 hr and transferred to the ap-
propriate RNAI food for 48 hr, and then these adults were
assayed for high-temperature anoxia survival. As a control, we
grew the L. coli strain, which has no insert in the plasmid, on
identical NGM-IPTG plates to account for any differences
attributable to the vector.

Motility assays of nematodes exposed to anoxia: The wild-
type, gpd-2/3(RNAi), daf-2(e1370), daf-2(el1370);gpd-2/3(RNAi),
daf-16(m26)I, and daf-16(mu86)I adult hermaphrodites were
used to compare and analyze nematode motion in anoxia.
Nematode strains were placed on separate NGM plates in the
same anoxia BioBag chamber to ensure that the samples were
treated equally. To assay animal motility during anoxia ex-
posure, nematodes were observed (through the anoxia Bio-
Bag) over a 4.5-min period at 30-sec intervals every hour for
the time indicated in each experiment. Motility was assayed
and images were obtained using a Zeiss M2Bio stereoscope
and the Openlab software 3.17 imaging software (Improvision,
Lexington, MA). Nematodes were maintained at 20° and were
atonly room temperature during image collection, which took
<20 min for each sampling. For the wild type, gpd-2/3(RNAi),
daf-2(e1370), and daf-2(e1370);gpd-2/3(RNAi) comparisons, a
worm was scored “positive” for movement if the nematode
displayed forward or reverse motion along the agar surface.
Data include at least three independent experiments. For fur-
ther analysis of worm motility during anoxia exposure, nema-
todes were observed as described above except the images
were collected at 5-sec intervals over a 4.5-min period. The
collected images were imported into QuickTime 7 Pro (Apple
Computer) for visualization.

Nomarski microscopy analysis: Nematodes were exposed to
normoxic or anoxic conditions and allowed to recover in air
for the time indicated for each experiment. The animals were
placed on a2.5% agar pad containing 10 mmM sodium azide and
covered with a coverslip. Animals were also analyzed without
the use of sodium azide to verify that this chemical did not
contribute factors to the analysis of the phenotype. For each
experiment at least three independent evaluations were done.
Microscopy was conducted using a motorized Zeiss Axioscope
with a X100 objective lens and imaging Openlab software 3.17.
Images were prepared using Adobe Photoshop CS (Adobe
Systems).

Identification of putative glycolytic genes in C. elegans: We
identified C. elegans genes homologous to mammalian glyco-
lytic genes using BLASTP analysis and Wormbase. Briefly, the
primary sequences of human glycolytic genes were obtained
using the NCBI protein database and the C. elegans ortholog(s)
was identified using the NCBI and Wormbase BLASTP
program.

Real time—quantitative PCR assays: Real time—quantitative
PCR assay (RT-qPCR) was used to assay RNAi efficiency as well
as to compare the gpd-2/3 transcript level in daf-2and wild-type
animals. Briefly, animals were placed in pureZOL (Bio-Rad,
Hercules, CA), frozen in liquid nitrogen, and then thawed at
37°. This freeze/thaw process was repeated three times before
RNA was extracted using the Aurum Fatty and Fibrous Tissue
RNA extraction kit (Bio-Rad). RNA quality and quantity were
determined using the Experion system (Bio-Rad). RT-qPCR
was conducted using the iScript One-step RT-PCR kit (Bio-
Rad) of which 10 ng of total RNA was loaded into each reac-
tion. Reactions were normalized against a nonvariable control
gene, F23B2.13 (LINK et al. 2003). The ACr with a reference
gene method was used to calculate fold decrease or increase in
transcript (Real-time PCR Applications Guide, Bio-Rad). All
experiments were from at least four independent experiments
and each experiment was performed in triplicate.

RESULTS

The daf-2(el370) animal survives long-term anoxia
and high-temperature anoxia: Wild-type adulthermaph-
rodites survive 1 day of anoxia at 20°, yet the survival rate
dramatically decreases when the animals are exposed to
long-term anoxia (=3 days, 20°) (VAN VOORHIES and
WARD 2000; PADILLA et al. 2002). When considering the
developmental stage of C. elegans, the dauer larvae have
the highest long-term anoxia (>3 days) survival rate
(ANDERSON 1978; PaDILLA ¢f al. 2002). Unlike wild-type
animals, the daf-2(el370) animals raised to adulthood at
20° and then transferred to high-temperature hypoxia
(0.3% Og, 28°) have a high survival rate (ScoTT et al.
2002). To determine if daf-2(el1370) and wild-type ani-
mals have different anoxia survival rates, both strains
were exposed to anoxia at 20°. Wild-type and daf
2(e1370) animals were collected as L2 larvae or gravid
adults and exposed to 1, 3, 4, or 5 days of anoxia at 20°.
Figure 1 shows that wild-type L2 larvae and adult ani-
mals had a high survival rate when exposed to 1 day of
anoxia; however, the survival rate decreased when ex-
posed to 3 days of anoxia and the animals did not survive
4 or 5 days of anoxia. In comparison, the daf-2(e1370)
larvae and adult animals survived long-term anoxia ex-
posures at a significantly higher rate in comparison to
wild-type animals. The daf-2(e1370) adults survived
5 days of anoxia better than the L2 larvae (P < 0.001).
Given that the DAF-16 transcription factor is translo-
cated to the nucleus in the daf2(e1370) animal, we
wanted to determine if the daf2(e1370) long-term
anoxia phenotype was mediated by DAF-16. The daf
16(m26);daf-2(e1370) adults and larvae animals exposed
to 5 days of anoxia at 20° had an average viability of
1.65 £ 2.71% (n = 353) and 3.32 = 5.04 (n = 458),
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F1GURE 1.—The survival rate of daf-2(e1370) and wild-type
animals exposed to long-term anoxia at 20°. Wild-type L2 lar-
vae, wild-type adults, daf-2(e1370) L2 larvae, and daf-2(e1370)
adults were exposed to 1, 3, 4, and 5 days of anoxia at 20°.
The data shown represent at least three independent experi-
ments with a total of at least 150 animals. Error bars represent
the standard deviations.

respectively, suggesting that DAF-16 mediates the long-
term anoxia survival phenotype.

To determine if an increase in temperature affected
the daf-2(e1370) and wild-type anoxia survival rate, L2
larvae and adult animals were exposed to 1 day of anoxia
at 28°. Figure 2 shows that the wild-type larvae and adults
had a reduced survival rate when exposed to anoxia at
28°, indicating that the combined stress of high tem-
perature and anoxia is detrimental to wild-type animals.
In comparison, the daf-2(e1370)larvae and adults had a
high survival rate when exposed to anoxia at 28°. These
data further support the finding that wild-type animals
but not the daf-2(el1370) animals are sensitive to oxygen
deprivation (hypoxia and anoxia) at increased temper-
atures (ScotT et al. 2002). To determine if DAF-16
mediates high-temperature anoxia survival, the dajf
16(m26);daf-2(e1370) animals were exposed to 1 day of
anoxia at 28°. Figure 2 shows that the daf-16(m26);daf-
2(e1370) animals had a significantly decreased viability
when exposed to high-temperature anoxia, indicating
that DAF-16 mediates the high-temperature anoxia
survival phenotype.

Wild-type animals but not the daf-2(el370) animals ac-
cumulate tissue damage in long-term anoxia and high-
temperature anoxia exposure: To assay for anoxia-
induced tissue damage, the wild-type and daf-2(e1370)
adult animals were exposed to prolonged anoxia or
high-temperature anoxia and examined using DIC
Nomarski microscopy. We focused our analysis on the
tissue at the anterior head region of the nematode
however the entire animal was evaluated. Figure 3 shows

v wild-type L2
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FIGURE 2.—The survival rate of daf-2(e1370), wild-type, and
daf-16(m26); daf-2(e1370); animals exposed to high-tempera-
ture (28°) anoxia. Wild-type L2 larvae, daf-2(e1370) L2 larvae,
daf-16(m26); daf-2(e1370) L2 larvae, wild-type adults, daf
2(e1370) adults, and daf-16(m26); daf-2(e1370) adults were ex-
posed to 1 day of anoxia at 28°. The data shown represent at
least three independent experiments with a total of >150
nematodes. Error bars represent the standard deviations.

that the wild-type and daf-2(e1370) animals exposed to
1 day of anoxia at 20° had no significant tissue damage
in comparison to normoxic controls. However, the few
wild-type animals that survived 3 days of anoxia at 20°
showed notable tissue damage (100%, n = 6). Specifi-
cally, there was an increase in cavities in the tissue sur-
rounding the pharynx, a loss of pharynx structure, and
an overall bent morphology in the head region (Figure
3). In comparison, most (77.8%, n = 18) of the daf
2(e1370) animals exposed to 5 days of anoxia at 20° did
not accumulate such tissue damage (Figure 3). To fur-
ther characterize the morphological defects of wild-type
animals that survive 3 days of anoxia, we used strain
PD4792(mlIs11 IV) in which GFP is expressed in cyto-
plasmic pharyngeal muscle and nuclear gut (multi-
construct array containing myo-2::GFP, pes-10::GFP,
and gut::GFP). Due to their large size, we evaluated gut
cells in the few PD4792 animals that survived 3 days of
anoxia and determined that these cells had abnormal-
ities that included cavities within the cells or cellular loss
(data not shown). Both wild-type and daf-2(e1370) adult
animals survived and had normal pharynx structure
when exposed to 1 day of normoxia at 28°. However, the
majority (83%, n = 6) of the few wild-type animals that
survived anoxia at 28° showed extensive tissue damage,
including multiple cavities, abnormal pharynx struc-
ture, and a bent head, whereas the majority (83.3%, n =
12) of the daf-2(el1370) animals did not display such
tissue abnormalities (Figure 3). These data suggest that
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F1GURE 3.—Tissue morphology of wild-type and daf-2(e1370) animals exposed to long-term anoxia (20°) and high-temperature
anoxia (28°). The anterior head region of wild-type and daf-2(e1370) adult hermaphrodites was examined using DIC microscopy.
(A) The animals were exposed to normoxia; to 1 day, 3 days (wild type) or 1 day, 5 days [daf-2(e1370)] of anoxia at 20°; or to 1 day of
normoxia or anoxia at 28°. Animals exposed to anoxia were allowed to recover in air for 1-4 hr before images were obtained.
Animals representative of each genotype and condition are shown. Bar, 50 wm. (B) Enlarged image of a wild-type adult hermaph-
rodite exposed to 3 days of anoxia. (C) Enlarged image of wild-type adult hermaphrodite exposed to 1 day of anoxia at 28°. In B
and C, the arrow points to a cavity and the open line is drawn along the lumen. Bar, 50 pm.

daf-2(e1370) animals have an altered physiologic state
that either prevents or minimizes the tissue damage
associated with long-term anoxia or high-temperature
anoxia exposure.

During examination of the morphological differ-
ences between wild-type and daf-2(e1370) animals it
was noted that the daf-2(¢1370) animals appeared thin-
ner in comparison to wild type. Results indicate that the
distance across the terminal bulb of the pharynx for the
wild-type and daf-2(e1370) adult animals exposed to nor-
moxia, averaged 56.8 £ 2.04 pm (n = 10) and 51.3 =
1.33 pm (n = 10), respectively (P < 0.001). These data
suggest that the daf-2(e1370) animals are slightly thinner
in comparison to wild-type adults. It is not known if such
anatomical distances between daf-2(el1370) animals and
wild-type animals have a role in anoxia response and
survival.

The daf-2(e1370) animals are motile while exposed to
anoxia at 20°: It was previously shown that wild-type
animals become immobile if exposed to 24 hr of anoxia
at 20°, but after several hours of reexposure to nor-
moxia, the animals proceeded with movement in a
manner indistinguishable from untreated nematodes

(VAN VoorHIESs and WARD 2000; PADILLA et al. 2002).
We hypothesized that if daf-2(e1370) animals have an
altered physiologic state that mediates anoxia survival,
the animals could have additional phenotypes, such as
altered motility when exposed to anoxia. We used time-
lapse microscopy to compare the motility of wild-type
and daf-2(e1370) animals exposed to anoxia for specific
time periods. Briefly, wild-type and daf-2(e1370) adult
animals were placed into anoxia at 20° and visualized
using a stereomicroscope for 4.5 min every hour for
10 hr and again at 16 and 24 hr. An animal’s motility
was scored positive if the animal displayed forward or
reverse motion along the agar surface. Results indicate
that both the wild-type and daf-2(e1370) animals are
motile during the transition time (time 0) from a
normoxic to an anoxic environment (Figure 4; supple-
mental Figures 1 and 2 at http:/www.genetics.org/
supplemental/). However, the motility of wild-type
adults decreased after 2 hr of anoxia exposure and
continued to decrease with time. Approximately 5% of
the wild-type animals are motile after 8 hr of anoxia
exposure and completely arrest after 16 hr of anoxia
exposure. In comparison, the daf-2(el1370) adults
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F1GURE 4.—The motility of wild-type and daf-2(e1370) ani-
mals exposed to anoxia at 20°. Wild-type and daf-2(e1370)
adult hermaphrodites were exposed to 1 day of anoxia at
20° and time-lapse microscopy was used to analyze motility
while exposed to anoxia. Time 0 is when the oxygen sensor
(reazurin) in the anoxia chamber indicated that no oxygen
was detected in the environmental chamber. The data shown
represent six independent experiments. A minimum of 50 an-
imals was used for each experiment, of which a range of 10-44
animals was in the microscope’s field of view during the mo-
tility assay. Error bars represent the standard deviations.
There is a significant difference (P < 0.001) between wild-
type and daf-2(el1370) for the data points time 16 and 24.

exposed to anoxia also display a decrease in motility, yet
the percentage of worms that remain motile is signifi-
cantly higher in comparison to wild-type animals. A
substantial number of the daf-2(el1370) adults were still
moving after 8 hr of anoxia exposure. After 24 hr of
anoxia exposure all of the wild-type animals arrest
motility, yet several of the daf-2(el1370) continue to
remain motile. Quick Time movies further demonstrate
the lack of motility for the wild-type animals and the
presence of motility for the daf-2(el1370) animals ex-
posed to 24 hr of anoxia (supplemental Figures 3 and 4
at http:/www.genetics.org/supplemental/). The daf
2(el1370) animals were motile after 24 hr of anoxia ex-
posure (supplemental Figure 4 at http:/www.genetics.
org/supplemental/), but they appeared to be moving
slower in comparison to the animals that were exposed
to anoxia for less time (supplemental Figure 2 at http://
www.genetics.org/supplemental /).

The gpd-2/3 genes predicted to encode the glycolytic
enzyme glyceraldehyde-3-phosphate dehydrogenase
are required for the daf2(el370) animals’ anoxia
survival phenotypes: The long-term anoxia and high-
temperature anoxia survival phenotypes of daf-2(e1370)
animals were suppressed in daf-16(m26);daf-2(e1370) ani-
mals, providing evidence that DAF-16 regulates a phy-
siologic state advantageous for anoxia survival. The
genes regulated by DAF-16 in early adulthood have
been identified by others using microarrays (LEE et al.
2003; MurpHY et al. 2003). To gain a greater under-

standing of the role that the daf-2/daf-16 pathway plays
with anoxia survival, we used RNAI to screen through
the DAF-16 upregulated genes to identify suppressors of
the daf-2(e1370) high-temperature anoxia survival phe-
notype. This screen led to the identification of the
K10B3.8 clone for gpd-2.

In C. elegans, gpd-2 encodes one of four predicted
GAPDHs and, on the basis of protein homology, is pre-
dicted to reversibly catalyze the following reaction in
glycolysis: glyceraldehyde-3-phosphate + NAD™ + P; «
1,3-bisphosphoglycerate + NADH + H* GPD-2 is ex-
pressed at the highest levels during postembryonic
development, primarily in the actin-containing A and I
zones of body-wall muscle (LEE et al. 1992). The gpd-2
gene is part of an operon including gpd-3 and mai-1,
which, respectively, encode another GAPDH isoform
and a protein with homology to human mitochondrial
ATPase inhibitor (HUANG et al. 1989; BLUMENTHAL and
GLEASON 2003). Predicted protein analysis of GPD-2
and GPD-3, using ClustalW (1.82) multiple alignment
software, indicates that the proteins are 99% identical.
Analysis of the predicted open reading frame sequence
indicates that there is 97% identity between gpd-2 and
gpd-3; therefore, using either the K10B3.8 clone specific
for gpd-2 or the K10B3.7 clone specific for gpd-3 will
likely cause a reduction in both the gpd-2 and the gpd-3
gene product. Throughout most of these experiments
we used the K10B3.8 clone; however, we also used the
K10B3.7 clone to verify results. We refer to the RNAi
experiments as gpd-2/3(RNA).

Figure 5A shows that similar to wild type and unlike
daf-2(e1370), the daf-2(el1370);gpd-2/3(RNAi) adult ani-
mals did not survive 1 day of high-temperature anoxia.
Use of bacterial clone K10B3.7 specific for gpd-3resulted
in similar phenotypes in that the daf-2(e1370);gpd-2/
3(RNAi) animals did not survive high-temperature
anoxia (n = 50). The daf-2(e1370),gpd-2/3(RNAi) ani-
mals had no detectable normoxic phenotype at 28°. The
daf-2(e1370);mai-1(RNAi) animal did not result in a
reduced high-temperature anoxia survival phenotype,
indicating that this gene, which is in the gpd-2/3 operon,
was not involved with anoxia survival (data not shown).
Another gene regulated by DAF-16, lys-7, encodes a
putative enzyme homologous to an antimicrobial lyso-
zyme of the protozoan parasite Entamoeba histolytica.
The daf-2(e1370);lys-7(RNAi) animals survived high-
temperature anoxia (91.3%, n = 240). Together, these
data suggest that ghd-2and gpd-3 are required for the daf
2(e1370) high-temperature anoxia survival phenotype
and that not all genes upregulated by DAF-16 are re-
quired for high-temperature anoxia survival.

Previously, we found that wild-type animals exposed
to 1 day of anoxia at 20° maintained a high survival rate
and resumed normal processes such as movement and
eating after reexposure to normoxia (PADILLA ef al.
2002). Figure 5B shows that gpd-2/3(RNAi) animals
exposed to 24 hr of anoxia at 20°, like wild-type animals,
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FIGUReE 5.—The survival rate of gpd-2/3(RNAi) and daf
2(el370);gpd-2/3(RNAi) adult animals exposed to anoxia. (A)
Wild-type, daf-2(e1370), and daf-2(el370);gpd-2/3(RNAi) adult
hermaphrodites were exposed to 1 day of normoxia or anoxia
at 28°. (B) Wild-type, daf-2(el1370), gpd-2/3(RNAi), and daf
2(el370);gpd-2/3(RNAi) adult hermaphrodites were exposed
to 1 or 5 days of anoxia at 20°. There is a significant difference
between daf-2(e1370)and daf-2(e1370);gpd-2/3(RNAi)adult her-
maphrodites exposed to 5 days of anoxia (P < 0.001). The data
shown represent at least five independent experiments with a
total of ~50 animals for each independent experiment. Error
bars represent the standard deviations.

also survived 1 day of anoxia at 20° (94.6 = 4.1%; n =
146) (Figure 5B). However, unlike wild-type animals,
52 = 3.8% of the gpd-2/3(RNAiI) animals analyzed 24 hr
after anoxia treatment had an uncoordinated pheno-
type in that they did not move along the agar plate
normally or displayed only head movements. The daf
2(e1370);gpd-2/3(RNAi) animals also survived 1 day of
anoxia at 20°, yet, unlike gpd-2/3(RNAi) animals, the daf-
2(el1370);gpd-2/3(RNAi) animals did not show an un-
coordinated phenotype after anoxia exposure. Figure
5B shows that, unlike daf-2(e1370), the survival rate
of daf-2(e1370);gpd-2/3(RNAi) animals exposed to long-
term anoxia was reduced in comparison to daf-2(e1370).

Furthermore, of the daf-2(e1370);gpd-2/3(RNA¢) animals
that survived long-term anoxia, ~16% had an uncoor-
dinated phenotype in that they did not move normally
or were unable to move along the agar surface after the
anoxia treatment. Together these data suggest that ghd-2
and gpd-3have a functional role in anoxia response and
survival.

The gpd-2/3(RNAi) and daf-2(el370);gpd-2/3(RNAi)
animals accumulate tissue damage due to anoxia ex-
posure: Given that gpd-2/3(RNAi) animals display
anoxia-induced uncoordinated phenotypes, we wanted
to determine if tissue damage occurred in the gpd-2/
3(RNAi) or daf-2(e1370);gpd-2/3(RNAZ) animals exposed
to anoxia. We used DIC Nomarski microscopy to
evaluate the animals after anoxia treatment and focused
our tissue evaluation at the anterior head region; how-
ever, the entire animal was also analyzed. Figure 6A
shows that the gpd-2/3(RNAi) animals exposed to nor-
moxic conditions had normal tissue morphology. How-
ever, many (77.8%, n=9) of the gpd-2/3(RNAi) animals
had an abnormal pharynx structure after 1 day of anoxia
exposure (Figure 6, A and C). In comparison, the wild-
type animals, exposed to anoxia for 1 day at 20°, did not
have abnormal pharynx morphology (see Figure 3).

Figure 6B shows daf-2(e1370);gpd-2/3(RNAi) animals
exposed to various anoxia treatments. The daf-2(el1370);
gpd-2/3(RNAi) animals exposed to 1 day of anoxia at 20°
displayed normal tissue structure. The daf-2(e1370);gpd-
2/3(RNAi) animals that survived 5 days of anoxia and
displayed an uncoordinated phenotype had tissue
abnormalities (100%, n = 10) (Figure 6, B and E). Of
the few daf-2(e1370);gpd-2/3(RNAi) animals that survived
anoxia at 28°, the majority (85.7%, n = 14) had ex-
tensive damage to the tissue (Figure 6, B and D). The
enlarged image of the anterior view of a representative
daf-2(e1370);gpd-2/3(RNAi) animal that survived 1 day of
anoxia at 28° demonstrates that it accumulates large
cavities in the pharynx and the tissue surrounding the
pharynx (Figure 6D). These findings further support
the idea that gpd-2 and gpd-3 have a role in anoxia
survival and response.

gpd-2 and gpd-3 are required for motility during brief
periods of anoxia: In this study, we show that both wild-
type and daf-2(e1370) animals remained motile during
the transition from normoxia to anoxia; however, by
24 hr of anoxia exposure the wild-type animals had ar-
rested motility yet a significant percentage of the daf
2(e1370) animals displayed some motility (see Figure 4
and supplemental Figures 1-4 at http:/www.genetics.
org/supplemental/). We wanted to determine if RNAi
of gpd-2 and gpd-3 influenced the motility of the daf
2(e1370)or wild-type animals exposed to anoxia. The ani-
mals were placed into anoxia at 20° and were visualized
over a 4.5-min period every hour for 3 hr and again at 10
and 24 hr. An animal’s motility was scored “positive” if it
displayed forward or reverse motion along the agar
surface. Figure 7 and supplemental Figures 5 and 6 at
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FIGURE 6.—The tissue morphology of the gpd-2/3(RNAi) and daf-2(e1370);gpd-2/3(RNAi) adult animals exposed to long-term
anoxia and high-temperature anoxia. The anterior head region of gpd-2/3(RNAi) and daf-2(e1370);gpd-2/3(RNAi) adult animals
was examined using DIC microscopy. (A) gpd-2/3(RNAz) animals were exposed to normoxia or to 1 day of anoxia at 20° and allowed
to recover in air for 4 or 24 hr (as indicated). (B) daf-2(el1370);gpd-2/3(RNAi) animals were exposed to normoxia (20°), 1 day of
anoxia (20°), 5 days of anoxia (20°), 1 day of normoxia (28°), or 1 day of anoxia (28°). Animals exposed to anoxia were allowed to
recover in air for 4 or 24 hr of anoxia (as indicated) before analysis. (C) An enlarged image of gpd-2/3(RNA:) animals exposed to
1 day of anoxia at 20° is shown. The open line is drawn along the lumen and an arrow points to a region in the isthmus that is
abnormal. (D) An enlarged image of daf-2(e1370),;gpd-2/3(RNAi) animals exposed to 1 day of anoxia at 28°. (E) An enlarged image
of daf-2(el1370);gpd-2/3(RNAi) animals exposed to 5 days of anoxia at 20° and then allowed to recover in normoxia for 36 hr. For C,
the solid arrow points to a bend in the pharynx. For D, the solid arrow points to cavities surrounding the pharynx and the open
arrow points to cavities within the pharynx tissue. For C and E, the open line is drawn along the lumen. Bar, 50 pm.

http://www.genetics.org/supplemental/ show, respec-
tively, that the majority of the gpd-2/3(RNAi) and daf-
2(e1370);gpd-2/3(RNAi) adult animals immediately
arrested motility after the transition time (time 0) from
a normoxic environment to an anoxic environment.
The only detectable movement observed for these ani-
mals was head movement. The gpd-2/3(RNAi) and daf-
2(e1370);gpd-2/3(RNAZ) L1 larvae animals remained mo-
tile (supplemental Figures 5 and 6 at http:/www.genetics.
org/supplemental/). The wild-type and daf-2(e1370) an-
imals fed control bacteria that contain the vector with-
out the gpd-2/3 insert remained motile for several hours
after exposure to anoxia, which is consistent with our
results shown in Figure 4 and supplemental Figures 1
and 2 at http: /www.genetics.org/supplemental/ in which
the animals were fed the OP50 E. coli strain. Unlike dajf-
2(e1370) animals, the majority of daf-2(el370);gpd-2/
3(RNAi) adult animals remained immobile during

exposure to anoxia (Figure 7B). The daf-2(e1370);gpd-
2/3(RNAi) or gpd-2/3(RNAi) animals exposed to nor-
moxic conditions are motile and did not display an
uncoordinated phenotype (supplemental Figures 7 and 8
at http:/www.genetics.org/supplemental/). These find-
ings suggest that gpd-2/3 function is required for adult
animals to remain motile while initially exposed to anoxia.

Given that DAF-16 is a regulator of gpd-2/3 expression
(LEE et al. 2003; MURPHY et al. 2003), we wanted deter-
mine how the motility of animals was affected by muta-
tions in daf16. Figure 7A shows that like wild type, and
unlike gpd-2/3(RNAi), the daf-16(m26)and daf-16(mu86)
animals remained motile for the first few hours of an-
oxia exposure. Figure 7B shows that, like daf-2(e1370),
and unlike daf-2(e1370);gpd-2/3(RNAi) animals, the daf
16(m26);daf-2(e1370) remained motile for the first few
hours of anoxia exposure. These data suggest that a
factor in addition to DAF-16 regulates gpd-2/3 expression.
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FiGURE 7.—The motility of gpd-2/3(RNAi) and daf
2(el370);gpd-2/3(RNAi) animals exposed to anoxia at 20°.
(A)Wild-type, gpd-2/3(RNAi), daf-16(mu86), and daf-16(m26)
adult animals were exposed to 1 day of anoxia at 20°. There
is a significant difference in the motility of gpd-2/3(RNAi) and
wild-type animals exposed to =3 hr of anoxia (P < 0.001). (B)
daf-2(e1370), daf-2(e1370);gpd-2/3(RNAi), and daf-16(m26);daf-
2(e1370) adult animals exposed to 1 day of anoxia at 20°.
There is a significant difference between the motility daf-
2(el370);gpd-2/3(RNAP) and daf-2(e1370) animals exposed to
=3 hr of anoxia (P < 0.001) as well as daf-2(e1370) and daf
16(m26);daf-2(e1370) adult animals exposed to 24 hr of anoxia
(P < 0.001). For A and B, time-lapse microscopy is used to
assay animal motility in anoxia. Time 0 is when the anoxia sen-
sor in the anoxia bag indicates that no oxygen is detected.
The data shown represent at least three independent experi-
ments with a minimum of 50 animals for each experiment, of
which a range of 6—43 animals was in the microscope’s field of
view during the motility assay time point. Error bars represent
the standard deviations.

Furthermore, unlike daf-2(e1370), all of the daf-16(m26);
daf-2(e1370) animals had arrested motility after 24 hr of
anoxia exposure, thus indicating that the daf-2(e1370)
animals ability to remain motile after 24 hr of anoxia is
regulated through daf-16.

RNAI of predicted glycolytic genes did not result in a
reduced capacity for the daf-2(el370) animals to sur-
vive high-temperature anoxia: There are several possi-

ble reasons why RNAI of gpd-2 and gpd-3 results in an
anoxia phenotype. For example, it is possible that dis-
ruption of glycolysis leads to a reduction of cellular ATP
or that the lack of GPD-2/3 function leads to a re-
duction of 1,3-bisphosphoglycerate or NADH or to a
buildup of glyceraldehyde-3-phosphate or NAD+. To
further investigate these possibilities, we used RNAi to
reduce the expression of several gene products pre-
dicted to be involved with glycolysis. Glycolysis uses 10
enzymatic reactions to convert glucose into pyruvate,
and in C. elegans there are several genes, on the basis of
homology, that are predicted to be involved with the
glycolytic pathway. We used RNAI to reduce the expres-
sion of specific predicted glycolytic genes in the daf
2(el1370) animal to determine if this resulted in reduced
survival of high-temperature anoxia similar to that seen
in the daf-2(e1370);,gpd-2/3(RNAi) animal. Results in-
dicate that, unlike RNAi of gpd-2/3, RNAIi of predicted
glycolytic genes did not result in a significantly reduced
capacity for the daf-2(e1370) animals to survive high-
temperature anoxia (Table 1).

The majority of the predicted glycolytic enzymes are
encoded by several genes, and therefore it is possible that
redundancy could contribute to the lack of a detectable
anoxia phenotype by RNAi. To further analyze the role
that glycolysis may play in anoxia response and survival, we
focused our phenotype analysis on the RNAi of specific
glycolytic genes that do not contain a paralog in the
genome. BLASTP analysis indicates that the Evalue for
the proteins most similar to glucose phosphate isomerase,
phosphoglycerate kinase, or enolase is 2.9, 2.6, or 4.0,
respectively, indicating that the genes encoding these
glycolytic proteins do not have high homology to another
gene in the genome. Therefore, the genes that encode
glucose phosphate isomerase (gpi-I, Y87G2A.8), phos-
phoglycerate kinase (T03F1.3, henceforth referred to as
pgk-1), and enolase (T21B10.2, henceforth referred to as
enol-1) were further analyzed. We did not include tpi-1
(Y17G7B.7), which does not contain a paralog, in our
analysis because the product of this enzyme, glyceralde-
hyde-3-phosphate, is produced by either TPI-1 or aldolase.

In glycolysis, GPI-1 functions upstream of GPD-2 and
GPD-3, whereas PGK-1 and ENOL-1 function down-
stream of GPD-2 and GPD-3. Further phenotype analysis
of gpi-1(RNAi), pgk-1(RNAi), and enol-1(RNAi) animals
indicates that these animals do not have the anoxia-
induced motility arrest phenotype that gpd-2/3(RNAi)
animals do have (data not shown). To verify the efficiency
of the RNAI experiments, we used RT-qPCR. Table 2
shows the relative reduction of mRNA for gpd-2, gpd-3,
gpi-1, pgk-1, and enol-1. Results indicate that RNAi was
effective in significantly reducing the mRNA for these
specific genes, yet the only strain that showed an anoxia
phenotype was gpd-2/3(RNAi) (Tables 1 and 2). These
data indicate that wild-type levels of gpi-1, pgk-1, and
enol-I mRNA are not required for anoxia response and
survival.
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TABLE 1

High-temperature anoxia phenotype of the daf-2(el370);glycolytic gene(RNAi)

Metabolic enzyme % survival anoxia

(sequence name, gene) at 28° (% *SD) Predicted enzymatic activity

Hexokinase Glucose + ATP — glucose-6-phosphate + ADP
F14B4.2 100.0 = 0
H25P06.1 99.0 * 14
Y77E11A.1 84.0 £ 124

Glucose phosphate isomerase Glucose-6-phosphate — fructose-6-phosphate
Y87G2A.8, gpi-1 100.0 = 0

Phosphofructokinase Fructose-6-phosphate — fructose-1,6-bisphosphate
Y71H10A.1 89.9 + 11.3
C50F4.2 98.0 £ 2.0

Fructose-1,6-bisphosphate aldolase Fructose-1,6-bisphosphate — glyceraldehyde-3-phosphate,
FO1F1.12 99.1 £ 15 dihydroxyacetone phosphate
T05D4.1 93.6 £ 55

Triose phosphate isomerase Dihydroxyacetone phosphate — glyceraldehyde-3-phosphate
Y17G7B.7, tpi-1 99.0 £ 1.2

Glyceraldehyde-3-phosphate dehydrogenase Glyceraldehyde-3-phosphate + NAD + Pi —
TO9F3.3, gpd-1 95.3 + 5.1 1,3-bisphosphoglycerate + NADH
K10B3.8, gpd-2 36.7 = 16.8*
K10B3.7, gpd-3 6.0 = 6.0%
F33H1.2, ghd-4 98.6 £ 1.5

Phosphoglycerate kinase 1,3-Bisphosphoglycerate + ADP — 3-phosphoglycerate + ATP
TO3F1.3, pgk-1 100 £ 0

Phosphoglycerate mutase 3-Phosphoglycerate — 2-phosphoglycerate
F53B6.7 98.7 £ 2.3
R07G3.5 955 £ 5.3
F55A11.11 96.8 * 5.6
TO7F12.1 100 £ 0
F09C12.8 100 £ 0

Enolase 2-Phosphoglycerate — phosphoenolpyruvate + HoO
T21B10.2, enol-1 94.3 £ 6.4

Pyruvate kinase Phosphoenolpyruvate + ADP — pyruvate + ATP
F25H5.3 99.3 £ 1.5
7ZK593.1 98 = 1.6

Control vector 984+ 9

The daf-2(e1370) animal was fed a specific bacterial clone to inhibit the gene expression of interest. For all data sets, three in-
dependent experiments of at least 50 worms were tested. ¥ P < 0.001, as determined by ANOVA or Student’s ttest.

Thus far, our data suggest that gpd-2 and gpd-3 are
specifically required for anoxia response and survival.
To test the hypothesis that an increased rate of anoxia
survival correlates with an increased level of gpd-2/3
transcript, we analyzed the anoxia survival rate and the
gpd-2/3mRNA levels for different daf-2alleles. We found
that the daf2(m579) animal survives high-temperature
anoxia and long-term anoxia, albeit at a reduced rate in
comparison to daf-2(e1370), yet the daf-2(e1371)and daf-
2(m596) animals do not survive anoxia at a significant
level (Table 3). We used RT-qPCR to compare the levels
of gpd-2/3 mRNA in wild type to those of daf-2(e1370),
daf-2(m579), daf-2(el1371), or daf-2(m596) animals. We
determined that daf-2(e1370) had the highest level of
gpd-2/3 transcript increase relative to wild type (Table
3).In comparison, the ghd-2/3 mRNA levels in wild-type,
daf-2(e1371), daf-2(m579), and daf-2(m596) were not
significantly different, as determined by the Mann-

Whitney U-test. The gpd-2/3 mRNA levels in daf-2(m579)
animals averaged a 1.91-fold increase compared to wild
type, yet the range, from four independent experi-
ments, was 0.98-4.23, suggesting that the gpd-2/3 mRNA
level varies in the daf-2(m579) strain. In conclusion, our
data indicate that the daf-2 allele with the highest rate of
anoxia survival, daf-2(e1370), has the highest level of gpd-
2/3 mRNA increase relative to wild type.

DISCUSSION

The use of animal model systems to understand the
response that organisms have to oxygen deprivation is
important for understanding many human health
issues. The objective of this study was to use C. elegans
to gain a greater understanding of oxygen-deprivation
survival mechanisms. In this study, we found that, unlike
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TABLE 2
Efficiency of RNAi experiments determined by RT-qPCR

mRNA Transcript
Strain assayed fold decrease”
daf-2(e1370);gpd-2/3(RNAI) gpd-2/3 9.67
daf-2(e1370);gpi-1(RNA) gpi-1 16.40
daf-2(el1370);enol-1(RNAi) enol-1 12.91
daf-2(el1370);pgk-1(RNAi) pek-1 7.91

For all RNAi experiments, the level of transcript was signif-
icantly reduced in comparison to the control strain (P < 0.05,
as determined by the Mann-Whitney U-test).

“Transcript level was determined relative to the daf-2(e1370)
control strain.

wild type, the daf-2(e1370) animal survives and does not
display tissue damage when exposed to long-term an-
oxia and high-temperature anoxia. The daf2(e1370)
high-temperature anoxia survival phenotype is sup-
pressed by daf-16(m26) and gpd-2/3(RNAi), but not by
RNAi of other glycolytic genes. Furthermore, gpd-2/
3(RNAi)animals are very sensitive to anoxia exposure, as
seen by arrest of movement when exposed to brief per-
iods of anoxia, supporting the idea that glyceraldehyde-
3-phosphate dehydrogenase has a vital role in anoxia
response and survival in adult C. elegans.

Genotypes and anoxia survival phenotypes: Pheno-
type analysis of the daf2(e1370) animal suggests an
altered physiological or metabolic state that contributes
to long-term anoxia and high-temperature anoxia
survival. The factor(s) influencing anoxia survival may
or may not be more prevalent in the daf-2(e1370) adult
than in the daf-2(el1370) L2 larvae. Thus, even though
the daf-2(e1370) adult has a higher survival rate in 5 days
of anoxia in comparison to daf-2(el1370)larvae, this may
be due to the fact that the larvae not only need to
respond to the damage that results from anoxia, butalso
must reinitiate development upon return to normoxia,
whereas the adults do not have to deal with the energy-
requiring process of developmental progression. In
both the daf-2(e1370) L2 larva and the adult, the ability
to survive high-temperature anoxia or long-term anoxia

is dependent on DAF-16, indicating that the genetic
pathway best known for dauer formation and longevity
is also involved with enhanced anoxia response and
survival.

Use of RNAI to screen the genes upregulated via DAF-
16 in the daf-2(e1370) animal identified gpd-2 and gpd-3
as suppressors of the daf2(e1370) high-temperature
anoxia survival phenotype. The gpd-2/3 genes encode
the highly conserved enzyme GAPDH, which catalyzes
the oxidation and phosphorylation of glyceraldehyde-
3-phosphate to 1,3-bisphosphoglycerate in glycolysis
(HUANG et al. 1989; LEE et al. 1992). We determined by
RNAI that 17 other glycolytic genes, including those that
encode phosphoglycerate kinase and pyruvate kinase,
which catalyze reactions that produce ATP, did not
suppress the daf-2(el1370) high-temperature anoxia sur-
vival phenotype. RNAi of glycolytic genes that do not
have paralogs in the genome (gpi-1, enol-1, pgk-1) did not
result in anoxia phenotypes. This suggests that the gpd-
2/3 products are specifically required for the anoxia
survival phenotype observed in daf-2(e1370) animals.

We hypothesize that the increased expression of gpd-2
and gpd-3 in the daf-2(e1370) animal has a role in the
ability to survive anoxia. Theoretically, an increase in
gpd-2/3 expression could result in increased ratios of
1,3-bisphosphoglycerate to glyceraldehyde-3-phosphate;
ATP to ADP, and/or a NADH to NAD". Perhaps an
increase in ATP/ADP ratios provides the necessary en-
ergy for survival of long-term anoxia or high-temper-
ature anoxia. Alternatively, consider that there is
increasing evidence that the accumulation of glycer-
aldehyde-3-phosphate can glycate proteins, which will
lead to deleterious effects within cells (Hipkiss 2006).
Thus, another interpretation as to why daf-2(e1370) ani-
mals survive long-term anoxia or high-temperature an-
oxia is that, in comparison to wild type, there is a lower
concentration of glyceraldehyde-3-phosphate available
to glycate proteins and the lower level of such altered
proteins has a beneficial effect on an organism exposed
to anoxia.

Other daf-2 alleles analyzed indicate that, in addition
to daf-2(e1370), the daf-2(m579) animal survives long-
term anoxia and high-temperature anoxia, albeit at

TABLE 3

Transcript level of gpd-2/3 in daf-2 alleles relative to the control

High-temperature

Long-term Transcript

Strain anoxia survival rate anoxia survival rate fold increase“
daf-2(e1370) 95.2 + 3.3 (n = 150) 91.6 = 9.4 (n = 150) 3.36°
daf-2(el371) 4.5 = 5.3 (n = 200) 0.0 = 0.0 (n = 200) 1.09
daf-2(m596) 0.0 = 0.0 (n = 200) 0.0 = 0.0 (n = 200) 1.05
daf-2(m579) 77.6 £ 17.7 (n = 300) 75.3 = 32.1 (n = 300) 1.91

“Transcript level was determined relative to the wild-type control strain.

*P < 0.005, determined by the Mann—-Whitney U-test.
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a slightly reduced rate. However, the daf-2(e1371) and
daf-2(m596) animals do not survive these anoxic con-
ditions, thus demonstrating that some but not all daf-2
mutants have the enhanced anoxia survival phenotype.
We found by RT-qPCR that the daf-2(e1370) animals
have an increased level of gpd-2/3 mRNA, in comparison
to wild type, indicating that an increased level of gpd-2/3
mRNA correlates with anoxia survival phenotypes.
The levels of gpd-2/3 mRNA in daf-2(m579) animals ap-
peared to have a variable range from similar to wild type
to an increased level in comparison to wild type, which
may explain the large standard deviation observed for
the survival rate of these animals exposed to high-
temperature anoxia.

Others have analyzed the survival rate of high-
temperature hypoxia for various daf-2 alleles and de-
termined that daf2(el1370) and daf-2(m579) animals
survive high-temperature hypoxia, that only about half
of the dajf-2(m596) animals survive, and that the majority
of the daf-2(e1371) animals do not survive (SCOTT et al.
2002). The fact that daf-2(m579) and daf-2(m596) ani-
mals have a higher survival rate when exposed to high-
temperature hypoxia in comparison to high-temperature
anoxia or long-term anoxia supports the idea that there
could be different requirements for surviving anoxia in
comparison to hypoxia.

Anoxia-induced tissue damage: The wild-type animal
has an overall normal tissue structure, moves normally,
and is able to produce offspring after exposure to 1 day
of anoxia at 20°. Some of the gpd-2/3(RNAi) animals
exposed to 1 day of anoxia have tissue damage and an
uncoordinated phenotype, suggesting that gpd-2 and
gpd-3 have a role in maintaining tissue structure and
function when exposed to 1 day of anoxia. Unlike the
gpd-2/3(RNAi) animals, the daf-2(e1370);gpd-2/3(RNAi)
animals exposed to 1 day of anoxia at 20° displayed nor-
mal tissue structure. One interpretation of these results
is that GPD-2/3 may not be the only gene product
involved with tissue structure maintenance within the
dajf-2(el1370) animal.

Of the few wild-type animals that survive long-term
anoxia or high-temperature anoxia, the majority accu-
mulates extensive tissue damage, including pharynx
abnormalities and cavities within tissue. In comparison,
the daf-2(e1370) animal has an enhanced ability to main-
tain tissue structure and function when exposed to long-
term and high-temperature anoxia. One possible rea-
son for the phenotypic difference between the daf
2(e1370)and the wild-type animal is that the daf-2(e1370)
animal has the necessary physiological or metabolic state
to maintain cell and tissue homeostasis (HOCHACHKA
2000). For example, perhaps the energy-requiring pro-
cesses involved with tissue/cell viability and function are
maintained in the daf-2(e1370) animal during longer
periods of anoxia exposure time or when exposed to two
stresses (high temperature and anoxia). Second, it is also
plausible that the wild-type animals accumulate products

detrimental to tissue in anoxia in comparison to the daf
2(e1370) animals. Third, it is possible that reperfusion of
oxygen to the animals that did not die during anoxia
causes damage and that the daf-2(e1370) animals are
better able than wild-type animals to respond to this type
of damage.

The mechanism of anoxia-induced tissue damage is
not understood at this time but we hypothesize that gpd-
2/3 function is involved. This idea is supported by the
fact that some of the gpd-2/3(RNAi) animals become
uncoordinated and accumulate some tissue damage
after 24 hr of anoxia and that the daf-2(e1370);gpd-2/
3(RNAi) animal accumulates tissue damage after expo-
sure to long-term or high-temperature anoxia. The dis-
ruption of gpd-2/3 function could result in several
metabolic changes. The question is, which change(s)
in the gpd-2/3(RNAi), daf-2(el1370);gpd-2/3, and daf-
2(e1370) animals leads to the anoxia response observed
in these studies?

Anoxia-induced motility arrest: We show that the
wild-type animal has the ability to move during the first
few hours of anoxia exposure, yet in longer anoxia ex-
posures (=10 hr) the animal will arrest motility. This
response to anoxia may be an important adaptive mech-
anism because it allows the animal to move, when
initially exposed to a stressful environment (anoxia),
to a less stressful environment (normoxia or hypoxia);
yet if the animal is unable to move from the stressful
environment, energy-requiring processes such as motil-
ity are arrested. We found that a significant number of
the daf-2(e1370) animals in a population did not com-
pletely arrest motility even after being exposed to 24 hr
of anoxia. This result supports the idea that the daf
2(e1370)animal has the physiological or metabolic state
to maintain energy-requiring processes in anoxia.

The daf-2(e1370) prolonged motility in anoxia phe-
notype was suppressed by daf16(m26), in that these
animals responded to anoxia similarly to wild type. The
daf-2(e1370);gpd-2/3(RNAi) animals had a somewhat
different phenotype in that they completely arrested
motility upon exposure to anoxia. The gpd-2/3(RNAi)
animals, but not the daf-16(m26) or daf-16(mu86) ani-
mals, also arrested motility when initially exposed to
anoxia. Together, these data suggest that the prolonged
motility in anoxia phenotype is regulated in a daf-16
manner, but motility during brief exposures to anoxia
is dependent on gpd-2 and gpd-3. Thus, it is likely that
an additional factor(s) or mechanisms, other than
daf-16, regulates gpd-2 and gpd-3 and thus motility in
anoxia.

The loss of motility in gpd-2/3(RNA¢) animals exposed
to brief periods of anoxia is a phenotype that has not
been observed previously. This phenotype could be a
direct result of decreased GAPDH activity. In wild-type
adult C. elegans, there is a correlation between the
anoxia-induced arrest of motility with constant levels
of protein-bound NADH and an increase in free NADH
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(PauL et al. 2000). Thus, it would be of interest to
determine and compare the levels of free NADH and
protein-bound NADH in the daf-2(e1370), wild-type, gpd-
2(RNAi), and daf-2(el1370);gpd-2(RNAi) animals exposed
to anoxia. Such experiments would allow us to de-
termine if the gpd-2/3(RNAi) animals have reduced
levels of NADH due to a reduction of GPD-2/3 activity.
It is interesting to note that others have found that the
sperm-specific glyceraldehyde-3-phosphate dehydroge-
nase is required for sperm motility (MIxk1 et al. 2004),
suggesting that this isoform may have a role in motility
in different cellular types or in different environmental
conditions.

Glyceraldehyde-3-phosphate dehydrogenase and an-
oxia: In mammals, several glycolytic enzymes, including
GAPDH, are induced under hypoxic conditions, which
could allow maintenance of ATP levels by increasing
anaerobic glycolysis (DuncaN and STOREY 1992;
GRAVEN et al. 1994, 2003). Analyses of the gpd-1(RNAi)
and gpd-4(RNAi) animals indicate that gpd-1 and gpd-4
are not required for the adult to respond to and to
survive anoxia and others have shown that these genes
are required for embryo viability, thus suggesting alter-
nate functional roles between the GPD-2/3 and GPD-
1/4 isoforms (KAMATH et al. 2003). In this study, we did
not identify the requirement of other putative glycolytic
genes for the daf-2(e1370) high-temperature anoxia
phenotype. Furthermore, unlike gpd-2/3(RNAi) ani-
mals, the gpi-1(RNAi), pgk-1(RNAi), or enol-1(RNA:) ani-
mals did not exhibit an immediate arrest of motility in
response to anoxia. These data suggest either that there
are compensatory systems in place for many of the gly-
colytic enzymes, with the exception of gpd-2 and gpd-3,
or that it is not the mere flux through glycolysis that
is required for enhanced anoxia survival in the daf
2(e1370). It is also possible that GPD-2 and GPD-3 could
have an anoxia-induced cellular function not related to
glycolysis and not yet understood. For example, con-
sider that in mice brain-cell lines exposed to hypoxia,
there is an increased expression and localization of a
specific GAPDH in nuclear fractions suggesting that
some of the GAPDH isoforms may have an alternate
functional role in addition to glycolysis (SIROVER 1999;
YamaJ1 et al. 2003; SIROVER 2005).

Our RNAI analysis of gpd-2and gpd-3in both wild-type
and daf-2(e1370) animals indicates that gpd-2 and gpd-3
are required for anoxia response and survival in the
adult nematode. The analysis of daf-2 alleles indicates
that the gpd-2/3 mRNA level was highest in daf-2(e1370)
animals in comparison to wildtype. These data suggest
that decreased levels of gpd-2 and gpd-3 correlate with
inadequate anoxia response and survival and that the
increased level of gpd-2/3 mRNA correlates with anoxia
survival. Together, these data provide additional evi-
dence that gpd-2and gpd-3have arole in the daf-2(e1370)
animal’s ability to survive long-term or high-temperature
anoxia.

To date, in C. elegans there is not a genetic mutation
that causes a dramatic reduction in anoxia viability in
adult hermaphrodites. However, there are RNAi experi-
ments or genetic mutations that reduce the viability of
embryos exposed to either anoxia or hypoxia [mdf-
2(RNAi) and san-1(RNAi) or (hif-1(ia04), respectively]
(JIANG et al. 2001; NysTUL et al. 2003). Thus, the re-
sponse to oxygen deprivation is likely to be dependent
on several genetic pathways, the developmental stage of
the animal, and oxygen tension. In this report, we found
that a reduction in gpd-2/3 function by RNAi will not
reduce the survival rate of wild-type adult hermaphro-
dites exposed to 1 day of anoxia; however, the motility
and tissue structure is affected in these animals, suggest-
ing that gpd-2/3 function could be important for the
maintenance and recovery of tissues exposed to anoxia.
Studies conducted by others indicate that GAPDH has a
role in oxygen-deprivation responses in vertebrates and
our studies presented here suggest that this is also the
case in C. elegans, thus providing further evidence that
there are conserved oxygen-deprivation response mech-
anisms between vertebrates and invertebrates. In con-
clusion, we suggest that GAPDH expression serves a
protective role in animals exposed to oxygen depriva-
tion. The ability to study oxygen deprivation in a genetic
model system such as C. elegans will lead to the iden-
tification and to a greater understanding of oxygen-
deprivation protective mechanisms.
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