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Abstract
The nematode Caenorhabditis elegans is an important model organism for the study of such diverse
aspects of animal physiology and behavior as embryonic development, chemoreception, and the
genetic control of lifespan. Yet, even though the entire genome sequence of this organism was
deposited into public databases several years ago, little is known about xenobiotic metabolism in C.
elegans. In part, the paucity of detoxification information may be due to the plush life enjoyed by
nematodes raised in the laboratory. In the wild, however, these animals experience a much greater
array of chemical assaults. Living in the interstitial water of the soil, populations of C. elegans exhibit
a boom and bust lifestyle characterized by prodigious predation of soil microbes punctuated by
periods of dispersal as a non-developing alternative larval stage. During the booming periods of
population expansion, these animals almost indiscriminately consume everything in their
environment including any number of compounds from other animals, microorganisms, plants, and
xenobiotics. Several recent studies have identified many genes encoding sensors and enzymes these
nematodes may use in their xeno-coping strategies. Here, we will discuss these recent advances, as
well as the efforts by our lab and others to utilize the genomic resources of the C. elegans system to
elucidate this nematode’s molecular defenses against toxins.

“Think of a place where any living organisms might survive, then go and look, and you will
probably find nematodes.” (Chitwood and Chitwood, ’74). In fact, nematodes can be found in
almost every environmental niche including the soil, water, and as parasites of plants and
animals. Due to the large economic and health burden of parasitic nematodes, much is known
about the impact of these animals on their hosts and environment. In contrast, little is known
about how these animals cope with the equally diverse chemistry of their diet and habitat.
During the last three decades, Caenorhabditis elegans has emerged as the most popular
nematode for the study of animal behavior, physiology, and molecular biology. Among the
many salient features of C. elegans as a research system is a wealth of genomic resources
including a completely sequenced genome (The C. elegans Sequencing Consortium, ’98), a
readily accessible bioinformatics database (Chen et al., 2005), DNA microarrays (Reinke,
2002), a gene knock-out consortium (http://celeganskoconsortium.omrf.org), and the capacity
for rapid and large-scale loss-of-function experiments via RNA-mediated interference
(Sugimoto, 2004). These resources, along with the recent research interest in xenobiotic
metabolism and the aging process have converged to help us understand how C. elegans, and
perhaps other nematodes and animals, cope with toxic compounds from their environment and
internal biochemistry. These advances also point to the use of C. elegans as a biosensor for
environmental quality and contamination.
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C. ELEGANS NATURAL HISTORY REQUIRES EFFICIENT DETOXIFICATION
In the soil, C. elegans lives within the interstitial water and has evolved a dispersal strategy
utilizing a fast generation time, large brood sizes, and rapid habitat depletion (Riddle, ’97). In
a short period of time, adult hermaphrodites can quickly populate a pocket of rich microbial
food resources eventually exhausting the habitat of nutrients. During these periods of rapid
population expansion, the animals are not only consuming their bacterial prey, they also take
in the surrounding fluid along with any dissolved or suspended substances. One line of defense
against the ingestion of harmful substances is behavioral; C. elegans can sense the presence of
certain chemicals and avoid them (Bargmann and Mori, ’97). C. elegans can also use chemical
cues to avoid pathogenic bacteria (Pujol et al., 2001; Rodger et al., 2004) and have the capability
to associate bacterial odors with pathogenicity to avoid newly encountered dangers (Zhang et
al., 2005). However, nematodes are not completely selective—for instance, the first
descriptions of the fate of ingested particles in C. elegans were obtained by observing ingested
iron particles and mineral oil (Avery and Thomas, ’97). Further, a nematode may live in a
pocket of fluid where the mobility of the animal would be confined to the geographic extent
of the pocket. Studies on bacterial pathogenicity on the worm also demonstrate that C.
elegans will eat deleterious bacteria (Mahajan-Miklos et al., ’99). Thus, during the “boom”
periods of their “boom and bust” lifestyle, detoxification of xenobiotics is critical for efficient
population expansion.

This lifestyle also presents the challenge of starvation for the progeny of founder animals as
the habitat becomes depleted and crowded. To avoid starvation, C. elegans is capable of
entering diapause as an alternative third larval stage called a dauer. Dauer larvae have a
decreased metabolism, are resistant to desiccation, do not feed, and have behaviors that promote
dispersal. Although presumably not consuming xenobiotics during the dauer stage, it is likely
that many endogenous toxic compounds are still produced from the basal metabolism exhibited
by dauers. In addition to a pause in post-embryonic development, dauers also temporarily
suspend the aging process as passage through dauer has little effect upon the lifespan of post-
dauer adults (Riddle, ’88). The link between aging, dauers, and detoxification has recently been
established by Joshua McElwee and colleagues (McElwee et al., 2004; Gems and McElwee,
2005). By comparing gene expression profiles of delayed and non-aging animals, daf-2 mutants
(which exhibit an increased lifespan) and dauers, they identified several classes of genes that
implicate detoxification as an important mechanism in aging. In addition to known aging
factors, they detected decreased expression of genes linked to nutrient uptake and increased
expression of detoxifying enzymes including all the major enzyme classes of phase 1 and 2
metabolism (see below). In what they call the “green theory of aging”, they have proposed that
in addition to resistance to oxidative stress, dauers and long-lived mutants limit the cellular
aging process primarily through increased detoxification and increased protein repair via the
small heat shock proteins (McElwee et al., 2004; Gems and McElwee, 2005). Although delayed
aging does not provide an evolutionary advantage of increased fitness, the increased expression
of the detoxification network in dauers would increase their longevity thus promoting dispersal
and resumption of the life cycle when conditions improve. Thus, detoxification of either
accumulated xenobiotics or endogenously produced toxicants is also important during the
“bust” and dispersal period of C. elegans natural history.

DETOXIFICATION ENZYMES IN C. ELEGANS
The completion of the C. elegans sequencing project has allowed many researchers to
characterize nematode biology at the level of an entire genome. We wished to catalog the
genomic toolbox available to C. elegans for detoxification. Using iterative BLAST and text
searching, we mined the C. elegans database (www.wormbase.org, release WS142, May 8,
2005) and literature for the major classes of enzymes involved in detoxification including
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cytochromes P450 (CYP), short-chain dehydrogenases (SDR), UDP-glucuronosyl or glycosyl
transferases (UGT), and glutathione S transferases (GST). This catalog is summarized in Table
1. Additionally, C. elegans contains numerous genes encoding other potential detoxification
enzymes such as sulfotranferases, methyltrans-ferases, and acetyltranferases.

Xenobiotic metabolism is divided into two successive phases resulting in the detoxification
and eventual excretion of compounds that could be detrimental to the organism (Fig. 1). Phase
1 metabolism comprises reactions that add functional groups, often hydroxyl groups, onto the
offending compounds. These functional groups are normally, but not always, required for
Phase 2 metabolism. The addition of the Phase 1 functional group typically results in a more
polar molecule, thus making it more excretable and a more reactive substrate for phase 2
enzymes, which catalyze conjugative reactions which further increase solubility. Each phase
of detoxification is catalyzed by specific enzymes, most of which reside in the smooth ER,
which serves as a cellular detoxification center (Gibson and Skett, 2001).

Two classes of enzymes catalyze the reactions that make up phase 1 metabolism and allow for
subsequent detoxification in phase 2: CYPs and SDRs. CYPs are the principal phase 1 enzymes
and comprise a superfamily of heme-containing monoxygenases (Menzel et al., 2001). There
are at least 86 genes in the C. elegans genome that encode CYP proteins; eight of these are
predicted to be pseudogenes. A comprehensive list of known CYPs in C. elegans and many
other species can be found on the Cytochrome P450 Homepage (drnelson.utmem.edu/
CytochromeP450.html). All but two of the 86 CYP genes have documented mRNAs by their
detection in SAGE (Serial Analysis of Gene Expression, Jones et al., 2001; McKay et al.,
2003) and EST (Expressed Sequence Tags, Reboul et al., 2001) projects. Three large-scale
RNAi projects have identified phenotypes for nine CYP genes: embryonic lethality (C01F6.3,
H02I12.8, Y62E10A.15), slow and stunted growth (T10B9.1, Simmer et al., 2003),
uncoordinated movement (Y80D3A.5, T10B9.1), a clear body cavity with sluggish movement
and some embryonic lethality (T10B9.4, Kamath et al., 2003), and reduced fat storage
(K07C6.4, K07C6.5, K09D9.2, Ashrafi et al., 2003). One CYP, DAF-9, was defined
genetically and is well characterized as an important enzyme in the dauer pathway (Gill et al.,
2004; Mak and Ruvkun, 2004).

The short chain dehydrogenase/reductases are found in both the smooth ER and the cytosol
and catalyze the reduction of carbonyl groups in aldehydes and ketones (Gibson and Skett,
2001). At least 68 genes encode SDRs in C. elegans, 63 of which have documented mRNAs.
Four of these genes have documented phenotypes, including defective growth and embryonic
lethality (T02E1.5, Maeda et al., 2001) and slow growth (M03A8.1, C01G12.5, Kamath et al.,
2003; Simmer et al., 2003). One gene, F01G4.2, has multiple phenotypes when disrupted
including sluggish, uncoordinated movement, slow growth (Kamath et al., 2003; Simmer et
al., 2003), sterile progeny, protruding vulva, and larval arrest (Simmer et al., 2003).

Phase 2 metabolism comprises the actual detoxification reactions of xenobiotic metabolism,
employing the UGTs and GSTs as the main enzymatic tools for these reactions. There are at
least 72 genes that code for UGT-like proteins, nine of which are likely pseudogenes (Jim
Thomas, personal communication). All but one UGT have documented mRNAs while only
two genes have been assigned phenotypes from RNAi experiments; T19H12.11, which causes
slow growth when inactivated (Simmer et al., 2003) and C33A12.6, which when disrupted
results in increased fat storage (Ashrafi et al., 2003). GSTs catalyze glutathione conjugation
rendering nontoxic derivatives of poisonous compounds (Gibson and Skett, 2001). Of the 48
GST genes, 46 have documented mRNAs.

Although not detoxifying enzymes, ATP-binding cassette (ABC) transporters are also
important players in xenobiotic metabolism (Staudinger et al., 2003). These transporters make
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up the largest family of transporters in the C. elegans genome, with 60 genes encoding likely
ABC transporters (Sheps et al., 2004). Phenotypes for five of these have been elucidated, four
of which show increased sensitivity to xenobiotics, bacterial toxins, or heavy metals (Broeks
et al., ’95, ’96; Mahajan-Miklos et al., ’99). The fifth, ced-7, has been shown genetically to be
required for proper engulfment of apoptotic cell corpses (Wu and Horvitz, ’98).

TRANSCRIPTIONAL REGULATION OF THE DETOXIFICATION NETWORK
We are primarily interested in the regulation of gene expression in response to changing
environmental conditions. The transcriptional regulation of detoxification genes is an excellent
example of this kind of environment–genome interaction. Rather than constitutive regulation
of the suite of detoxification enzymes, which would be a monumental molecular undertaking
for C. elegans given the number of loci, animals primarily regulate expression of toxin-specific
enzymes via members of the nuclear receptor (NR) superfamily (Fig. 1). In mammals, two
xenosensing NRs, CAR and PXR, act primarily in the liver and are responsible for
detoxification of a number of known toxins that act as transactivating ligands for these
receptors. Additionally, PXR and CAR, along with at least four additional NRs, are implicated
in detoxification of a variety of endogenous hydrophobic compounds (Xie et al.,
2004;Handschin and Meyer, 2005). Sequence comparisons of known NRs have allowed
conserved NRs to be grouped based upon apparent ancestral lineage of this superfamily
(Escriva et al., ’97;Laudet, ’97). Thus far, the xenosensing NRs are all members of the NR1I
subfamily (Handschin and Meyer, 2005). In C. elegans, there are three members of this
subfamily, NHR-8, DAF-12, and NHR-48 (Lindblom et al., 2001;Maglich et al., 2001). (In C.
elegans nomenclature, “NHR” refers to Nuclear Hormone Receptor due to the similarity of
nematode NRs to the vertebrate steroid hormone receptors which are founding members of the
NR superfamily.)

The best studied of these nematode NRs is DAF-12 (Daf5Dauer Defective) which is a key
regulator in the dauer pathway. DAF-12 integrates signals from insulin-like growth factor and
TGF-β signaling systems to determine the identity of the third larval stage as developing or
dauer (Antebi et al., ’98). Recently, a partially purified mix of methylated sterols called
gramravali was discovered to activate DAF-12, indicating that sterols play an endocrine role
in C. elegans post-embryonic development (Matyash et al., 2004). Although yet to be
biochemically demonstrated, the activation of DAF-12 by such a sterol would be the first
demonstrated ligand for a nematode NR. Of the C. elegans NR1I NRs, NHR-48 is the least
well characterized. Although multiple transcripts for NHR-48 have been detected (Antebi et
al., 2000), no phenotype has been detected or reported from RNAi experiments (Gissendanner
et al., 2004) or from a deletion allele (www.wormbase.org, release WS142, May 8, 2005).

While it appears unlikely that DAF-12 is involved in detoxification and the function of NHR-48
remains unknown, in keeping with the likely ancestral function of the NR1I subfamily, NHR-8
is required for xenobiotic resistance in C. elegans. The nhr-8 locus is expressed in the intestine
beginning in late embryogenesis and continuing throughout larval development. Without
NHR-8, C. elegans is more susceptible to colchicine and chloroquine, two xenobiotic targets
of CYP hydroxylation (Lindblom et al., 2001). This sensitivity is similar to that exhibited by
animals lacking the ABC transporter, PGP-3 (Broeks et al., ’95). Thus, the pgp-3 locus may
be a transcriptional target of NHR-8. However, pgp-3 mutant animals are also more sensitive
to the bacterial toxin phenazine (Mahajan-Miklos et al., ’99) and nhr-8 mutants are not,
indicating that the two proteins share some xenocoping responsibilities but also have distinct
toxin specificities as well (Lindblom et al., 2001). This result also indicates that while NHR-8
may play some role in the transcriptional regulation of pgp-3, it cannot account for the complete
production of PGP-3.
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Conservation of function based upon conservation of sequence was a driving hypothesis for
the characterization of NHR-8 and other C. elegans NRs (Gissendanner and Sluder, 2000;
Lindblom et al., 2001). However, of the astounding number of NRs in C. elegans, 270+, only
15 show conservation with NRs from other phyla (Sluder et al., ’99). Thus, the vast majority
of NRs in worms do not yield clues to their function based upon homology. These divergent
or supplementary NRs can be traced back to a rapid evolutionary expansion from a single NR
ancestor of HNF4. Much of the expansion of the supplementary NRs occurred on chromosome
V (Robinson-Rechavi et al., in press), analogous to the expansion of chemoreceptor genes
(Robertson, 2001). Several authors have indicated that the large number of NRs in C.
elegans could be a mechanism for responding to changing and diverse conditions in their
environment (Sluder et al., ’99; Van Gilst et al., 2002). Evidence to support this hypothesis is
yet to be reported and will likely require creative high-throughput assays for examining the
function of this large superfamily.

In addition to NRs, cytochrome P450 genes are also regulated by the aryl hydrocarbon receptor
(AHR) in mammals in response to xenobiotics (Nebert et al., 2004). C. elegans contains one
AHR gene, ahr-1, as well as a gene encoding an AHR nuclear translocator (ARNT), aha-1
(Powell-Coffman et al., ’98). The mammalian receptor is tethered in the cytoplasm by heat
shock proteins and translocates to the nucleus with ARNT upon activation by ligand binding.
The C. elegans receptor, AHR-1, binds to nematode heat shock proteins and is capable of
binding mammalian xenobiotic response elements in cooperation with AHA-1, but does not
bind to known AHR ligands (Powell-Coffman et al., ’98).

GENOMICS APPLIED TO UNDERSTANDING DETOXIFICATION IN C.
ELEGANS

The advent of genome-wide resources in the C. elegans research system has prompted many
large-scale analyses of genome content, gene expression, and gene function with respect to
several time courses and biological functions. However, only recently have these powerful
tools been applied to understanding xenocoping strategies in C. elegans. One study by Menzel
et al. (Menzel et al., 2001) utilized a variety of genomic approaches to specifically probe the
regulation of phase 1 enzyme expression. Menzel and his colleagues exposed C. elegans
populations to 18 compounds known to induce the expression of CYP genes in other organisms.
They then analyzed the resultant mRNA production with a C. elegans CYP gene filter, semi-
quantitative RTPCR of selected CYP genes, whole genome DNA microarrays, and GFP
reporter constructs. From this analysis, they discovered that 14 of the more than 80 CYP genes
are specifically induced in response to particular CYP substrates. Additionally, they also
recognized upregulated expression of UGT and GST transcription with the whole genome
DNA microarray (Menzel et al., 2001). This study illustrates the responsiveness of the
detoxification network but does not define the mechanism of the response. One obvious
hypothesis is that these and other genes are regulated by ligand activated transcription factors
such as the NRs and AHR-1. We are currently investigating this hypothesis with detoxification
enzyme-specific and whole genome DNA microarrays. Alternatively, these genes could be
regulated by other transcription factors such as SKN-1, which has homology to bZIP and CNC-
group proteins in vertebrates (An and Blackwell, 2003), although a mechanism for ligand
activation is not readily apparent.

Several other studies utilizing genomic tools have also discovered conditions that result in
increased expression of detoxification enzymes. Several of these were aimed at discovering
genes expressed in response to the dauer pathway. As mentioned above, by comparing data
sets from DNA microarray gene expression profiles from dauers and long-lived daf-2 mutants,
McElwee and colleagues revealed upregulated expression of CYP, UGT, and SDR genes in
dauers and daf-2 mutants with the addition of GST genes in the long-lived mutants (McElwee
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et al., 2004). Similarly, Wang and Kim used DNA microarrays to analyze gene expression
throughout the dauer stage while focusing on gene expression during the exit from dauer. Like
the previously mentioned study, these researchers also showed that detoxification enzymes,
specifically CYPs and UGTs, are expressed during dauer with decreasing expression as the
larvae exit the dauer stage to continue post-embryonic development. During the early stages
of dauer exit, a second distinct group of CYPs and UGTs are transiently expressed.
Additionally, transient expression of drug transporters and NRs was also observed during exit
from dauer (Wang and Kim, 2003). From the published data on gene expression and dauers,
it is clear that the dauer stage requires the expression of a number of important components of
the detoxification machinery. Presumably, this confers an increased level of toxin resistance
for cellular health and longevity during diapause. However, several authors have also pointed
out that these enzymes may be involved in the production of dauer inducing and/or exit
hormones (Wang and Kim, 2003; Matyash et al., 2004). Indeed, one CYP, DAF-9, is thought
to be a key metabolic enzyme required for the production of the dauer inducing hormone and
DAF-12 ligand (Gill et al., 2004; Mak and Ruvkun, 2004).

In addition to genome-wide analysis of gene expression, the C. elegans system also offers
genome-wide analysis of gene function using high-through-put RNAi. There are two typical
strategies to approach the functions of large numbers of genes by RNAi—experiments to
inactivate many genes with an unbiased scoring of many phenotypes and screens of large
numbers of genes with a biased scoring of phenotypes to understand particular processes. The
former has resulted in phenotypes for a few of the genes described in this paper and they are
included above in the description of detoxification enzymes in C. elegans. The latter has also
resulted in assigning function to many C. elegans genes including many detoxification genes.
Several detoxification enzyme genes and NRs were shown to be involved in fat metabolism in
a genome-wide RNAi analysis for fat storage and mobilization. Ashrafi et al. (2003) performed
RNAi for almost every gene in C. elegans and examined the resultant RNAi animals for
increased or decreased fat storage which was indicated by staining with a vital dye for fat.
Among the many genes that when perturbed caused a reduction in body fat storage were two
CYPs, an ABC transporter, and two NRs, daf-12 and nhr-88. Included in the genes that increase
body fat content when inactivated are several NRs including nhr-8, the NR gene implicated in
xenobiotic resistance (see above). Although the connection between fat storage and these genes
is currently unknown, this research illustrates how the application of a whole genome approach
is likely to shed light on the connections between typically isolated research objectives,
including detoxification.

One of the more intriguing uses of genomics tools to understand C. elegans biology that has
implications for xenobiotic detoxification is an assessment of gene clusters in the worm
genome. Jim Thomas developed and applied an algorithm to the C. elegans genome to look
for clusters of related genes that would indicate sequence duplication and potentially high rates
of evolution. He discovered that genes encoding proteins implicated in environmental response
are enriched in the list of clustered genes. These genes include members of the seven-pass
transmembrane domain proteins responsible for various sensory processes, various gene
families involved in innate immunity, and the four major classes of detoxification enzymes—
CYP, SDR, UGT, and GST families. The nematode-specific NRs are also clustered in a similar
manner. Groups of clustered genes are speculated to participate in a common biological
process; therefore, duplication of a cluster would allow the daughter cluster to evolve to meet
a new environmental challenge (Thomas, 2005). For C. elegans, this is particularly intriguing
given the life history of the animal in the wild. Upon meeting a new xenobiotic challenge,
nematodes with a duplicated “detoxification cluster” would be equipped to evolve the
detoxification machinery to fit the new chemical challenge.
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Given this hypothesis, one would expect broad divergence of drug metabolism capacity when
comparing detoxification enzyme sequences from C. elegans and other nematodes. Brugia
malayi is human parasitic nematode that causes lymphatic filariasis or elephantiasis. B.
malayi passes through an intermediate insect vector for larval development and dispersal
(Blaxter and Bird, ’88). Thus, the chemistry of this nematode’s habitats, while complex,
remains relatively constant compared to free living species such as C. elegans and
Caenorhabditis briggsae. As of May 2005, The Institute for Genomic Research has sequenced
the B. malayi genome to more than eight-fold redundancy is available for BLAST searches on
their website (www.tigr.org). We mined the available genome sequence of B. malayi for
sequences encoding drug metabolizing enzymes and found that compared to the free living C.
elegans and C. briggsae, B. malayi have remarkably few sequences encoding detoxification
enzymes. Compared to C. elegans, B. malayi contains as few as 16% of the total number of
sequences encoding CYP, SDR, UGT, and GST enzymes (manuscript in preparation). We
speculate that the disparity between C. elegans and B. malayi is due to the differences in the
natural history of the two species as free living nematodes are under selective pressure for more
detoxification due to chemical flux of their habitats.

C. ELEGANS AS A BIOSENSOR
While the study of xenobiotic detoxification in C. elegans offers a glimpse into nematode and
perhaps general detoxification strategies, the system has also been tapped as a metazoan
biomonitoring system. Although C. elegans is a multicellular organism, it is simple enough
that cellular activity can easily be monitored. Its short life cycle allows it to be utilized for rapid
toxicity assessment as well as an indicator of the effects that toxicants have on subsequent
generations. It is important for researchers to find test species that are sensitive enough to
xenobiotics so as to provide viable data, while at the same time utilizing an appropriate endpoint
that allows for these data to be readily collected. C. elegans fulfills both of these requirements.

C. elegans as a biosensor offers several endpoints that can serve as markers of cellular stress,
such as lethality, gene expression, and behavioral changes. Lethality of either the exposed
animals (Ura et al., 2002) or lethality in terms of reproductive disruption has been tested for a
variety of xenobiotic compounds such as steroids, phenols, and a variety of xenobiotics
(Tominaga et al., 2002, 2003a,b, 2004). Assessment of lethality has been used to screen a
variety of antihelmintic drugs (Simpkin and Coles, ’81) and to test soil samples for availability
of metal ions to resident nematodes (Boyd and Williams, 2003a).

While lethality is certainly an indicator of cellular stress, the more subtle expression of
transgenes in response to stressors allows for a more sensitive detection of toxic irritation.
Several studies have utilized reporter constructs to analyze gene expression in response to
xenobiotics. Most of these studies have utilized the LacZ reporter gene driven by the promoter
for an endogenous heat shock protein gene. In response to stressors including xenobiotics and
heat shock, they demonstrate the expression of the transgene as an indicator of overall cellular
stress (Jones et al., ’96; Guven et al., ’99; Easton et al., 2001). This system was used to test an
English river system for contaminating heavy metals (Mutwakil et al., ’97), to detect non-
thermal stress from microwaves (de Pomerai et al., 2000), and evaluate the toxicity of several
kinase inhibitors (Dengg and van Meel, 2004). A variation on this theme, one that does not
require histochemical staining following exposure, is the use of the heat shock promoter driving
expression of green fluorescent protein (Link et al., ’99; de Pomerai et al., 2000). One study
utilized a constitutive promoter to drive expression of the bioluminescent firefly luciferase and
assayed a loss of luminescence in response to temperature, metal ions, and xenobiotics (Lagido
et al., 2001), although it appears that the assay itself is toxic to C. elegans (Hollis et al.,
2001).
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A particularly sensitive approach to using C. elegans as a biosensor has been developed that
uses computer-assisted videotracking of nematodes in the presence of various toxicants. This
assay has been used to distinguish metals, pesticides, and solvents that are thought to be
neurotoxins from those that are toxic but non-neuronally targeted (Anderson et al., 2001). One
study used this system to concurrently test survival, reproduction, movement, and feeding
behavior in C. elegans exposed to copper (Boyd and Williams, 2003b). As a test for
neurotoxicity of 15 different xenobiotic compounds including many insecticides, this system
was used to rank toxicity of the compounds for comparison with known values in mice and
rats. The researchers found significant correlation between the ranked order of toxicity on C.
elegans, rats, and mice indicating the suitability of this system for analysis of potential
neurotoxicity in mammals (Cole et al., 2004).

In a similar way to its impact on general biological knowledge, whole genome approaches are
also likely to dramatically impact the power of C. elegans as a biosensor. Custodia and
colleagues demonstrated this nicely when they examined global changes in gene expression in
response to vertebrate steroids. The same laboratory had previously determined that
contaminating endocrine disrupters were likely responsible for the reductions in a freshwater
turtle population and sought to test C. elegans as a possible biosensor for these xenobiotics.
What distinguishes this study from those mentioned above is the utilization of changes in global
gene expression as an endpoint. In addition to a Western analysis of changes in vitellogenin
production, a known indicator of vertebrate endocrine disruption, they probed DNA
microarrays with RNA purified from nematodes exposed to progesterone and estrogen. They
found significant changes in gene expression for vitellogenin, metallothionein, GST, CYP, and
heat shock genes. Importantly, the changes in expression, either up- or down-regulated, were
specific to each hormone (Custodia et al., 2001) indicating that this test could distinguish the
vertebrate steroids. Although yet to be fully realized, the use of genome-wide tools as endpoints
could therefore not only be used to test the toxicity of environmental samples but may also
provide a mechanism for the identification of the chemical source of the toxicity. Additionally,
such a system, once fully characterized, would allow the prescreening of pharmacological
compounds for potential toxicity in vertebrates.

CONCLUSION
Compared to many cellular processes, our knowledge of the molecular mechanisms of
detoxification in C. elegans has lagged behind. However, as the genomics resources for this
model organism have become available, the knowledge of this important aspect of nematode
biology has likewise increased. Nematodes are a major component of the biosphere inhabiting
almost every niche, including plant and animal hosts. As we uncover the mechanisms of
detoxification, we gain insight into ways to fight parasitic nematodes, the use of free living
nematodes as environmental and pharmacological sensors, aging in nematodes and perhaps
animals in general, and the biochemistry of toxin metabolism.
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Fig. 1.
A model for activation of the detoxification network in C. elegans. We propose that ligand
activated transcription factors, such as the Nuclear Receptors (NR) and the aryl hydrocarbon
receptor (AHR) activate the expression of specific detoxification enzymes for phase 1 and 2
metabolism. Phase 1 enzymes, such as the cytochromes P450 (CYP) and short chain
dehydrogenases (SDR) prepare the toxic compounds for phase 2 detoxification by the UDP-
glucuronosyl transferases (UGT) and glutathione S transferases (GST). Export of the modified
toxins from the cell is accomplished by the ATP-binding cassette transporters (ABC).
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TABLE 1
C. elegans contains a large number of genes encoding the four major classes of detoxification enzymes

Enzyme class # genes in
C. elegans

# with documented
mRNAs

# with documented
phenotypes

CYP 86 84 9

SDR 68 63 4

UGT 72 71 2

GST 48 46 1

We mined the C. elegans database (www.wormbase.org, release WS142, May 8, 2005) with text and iterative BLASTP searches to find genes and predicted
genes that encode likely Cytochrome P450 (CYP), short chain dehydrogenase (SDR), UDP-glucuronosyltransferase (UGT), and glutathione S transferase
(GST) enzymes.
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