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The ubiquitous earthworm Enchytraeus buchholzi is provided with a very effective, but still unknown,
mechanism of Cadmium (Cd)-detoxification, a central role in which has been ascribed to the Cd-inducible
crp-gene encoding a novel cysteine-rich, non-metallothionein 25 kDa protein. This study identifies another
Cd-responsive gene by differential screening of a cDNA-library constructed from Cd-exposed E. buchholzi.
The isolated cDNA-clone designated Ebaldh encodes a putative aldehyde dehydrogenase. Northern blot
analysis shows that the Ebaldh-expression is strongly enhanced by Cd, but remains unaffected by other
stressors such as Zn, Hg, and H2O2. This Cd-specificity of Ebaldh suggests that Cd-detoxification in E.
buchholzi requires low intracellular concentrations of aldehydes which are known to target sulfhydryl groups
thus inactivating the Cd-binding capacity of CRP. q 1996 Academic Press, Inc.

The pollution of the environment by Cadmium (Cd) is increasingly realized as a hazard for
plants, animals and even for human health. The worldwide input of Cd into the biosphere is
estimated to about 30 000 tons/year with more than 90 % coming from anthropogenic sources
(1). Moreover, the sustained acidification of the environment due to the acid rain solubilizes
the immobilized Cd and, thus, increases the bioavailability of Cd (2). Nevertheless, some
organisms, as e.g. the earthworm Enchytraeus buchholzi, can survive in acidic soils highly
contaminated with Cd. These small, about 2-15 mm long oligochaetes are highly abundant in
various terrestrial habitats including forrested and cultivated areas (3). Toxicity tests indicate
that they tolerate Cd-concentrations up to 3.6 g/kg dry weight in soil (4) and up to 8 mg/l in
artificial aqueous media, respectively (5). This high Cd-tolerance involves a novel cysteine-
rich, non-metallothionein 25-kDa-protein, designated CRP (6). Remarkably, the gene encoding
CRP is de novo expressed when the worms begin to accumulate Cd (6,7). CRP is obviously
an essential part of a novel detoxification mechanism for Cd. However, it is not unlikely that
this Cd-detoxification process involves other genes and proteins, respectively, not yet identified.
This prompted us to search for other Cd-responsive genes at the mRNA-level by differential
screening of a cDNA-library constructed from Cd-exposed E. buchholzi.

MATERIALS AND METHODS
Animals. Mass cultures of the oligochaete Enchytraeus buchholzi were grown in artificial soil at 207C in darkness.

The experiments were carried out in a fluid medium consisting of 1 g Ca(NO3), 0.25 g MgSO4, 0.25 g KNO3, 0.25
g KH2PO4 and traces of FeSO4 per 1 l H2O at pH 5.0 adjusted with K2HPO4 as detailed recently (6,7).
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The nucleotide sequence reported in this paper has been submitted to the EBI Data Library with accession number

X95396.
Abbreviations: LC50 , median lethal concentration; NOEC, no observed effect concentration; ALDH, aldehyde

dehydrogenase (EC 1.2.1.3).
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FIG. 1. Expression of the Ebaldh-mRNA. The worms were incubated for 6 days in a fluid medium without Cd (0Cd)
and with 3 mg Cd/l (/Cd), respectively, before extracting RNA. (a) Dot blot analysis. Total RNA of the indicated amounts
was denatured with formaldehyde, blotted onto a nylon membrane and hybridized with the Ebaldh-cDNA probe. After
autoradiography, the RNA was rehybridized with a cDNA-probe synthesized from control poly(A)/-RNA by reverse
transcription. (b) Northern blot analysis. Poly(A)/-RNA (5 mg/lane) was denatured with glyoxal, separated on an agarose
gel and blotted onto a nylon membrane before hybridization with the Ebaldh-cDNA probe.

Toxicity tests. The LC50-values and No-Observed-Effect-Concentrations (NOEC) of Cd, Hg, Zn and H2O2 were
determined by exposing at least 20 mature worms of the same size (3-4 mm) to different concentrations of each
stressor for 2 days as described recently (7).

RNA extraction. Total RNA was isolated (8), and poly(A/)-RNA was prepared by standard oligo(dT)-cellulose
chromatography (9).

Differential screening. A cDNA-library in lZAP XR vector (Stratagene, Heidelberg, Germany) was prepared from
worms exposed to the sublethal Cd-concentration of 3 mg/l for 6 days and, then, differentially screened as recently
described in detail (6).

Dot- and northern-blot analysis. For dot blots, total RNA was denatured with formaldehyde and formamide before
blotting onto a Nylon-membrane (Nytran, Schleicher and Schuell, Dassel, Germany) as described by Sambrook et al.
(10). For northern blots, total RNA or poly(A/)-RNA were denatured with glyoxal and separated in 1% agarose gels
(11) and blotted onto nylon membrane filter. Dot- and northern blots were hybridized at 657C for 16 h in 61 SSC,
0.5% SDS, and 100 mg/ml salmon sperm DNA with [32P]-labeled DNA probes synthesized by random priming from
the appropriate cDNA. After washing in 0.21 SSC, 0.1% SDS for 1 h at 657C, the filters were exposed to Kodak X-
Omat films. After autoradiography, the dot blots were washed in 1 mM Tris, 1 mM EDTA at 757C for 3 h and
rehybridized using a cDNA-probe synthesized from poly(A/)-RNA of untreated worms.

DNA sequencing. E. buchholzi cDNA cloned in the pBluescript SK vector was sequenced on both strands by the
didesoxynucleotide chain termination method (12) using the T7 sequencing kit (Pharmacia, Freiburg, Germany).
Sequence specific oligonucleotides (Birsner and Grob, Denzlingen, Germany) were used as primers for sequencing
of the total cDNA-insert. Sequence data were analyzed with the PC/Gene software (Version 6.85, Intelligenetics,
Mountain View, CA, U.S.A.). EMBL databases were used to compare DNA and deduced protein sequences.

In vitro transcription and translation. Approximately 2 mg of the appropriate cDNA was transcribed in vitro according
to the Ambion MaxiScript protocol (Ambion, Austin, U.S.A.) using T3 RNA polymerase. The RNA was extracted with
phenol/chloroform and then in vitro translated using the Promega rabbit reticulocyte lysate system (Promega, Heidelberg,
Germany) and the ICN translabel mixture containing [35S]methionine and [35S]cysteine (ú1000 Ci/mmol, ICN). About 10
% of the [35S]-labeled translation products were separated by 12% SDS-PAGE (13) and then fluorographed (14).

RESULTS
The cDNA-library constructed from worms exposed to 3 mg Cd/l for 6 days was differen-

tially screened using Cd-induced and control first strand cDNA-probes. Screening of approxi-
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FIG. 2. Full-length sequence of the Ebaldh-cDNA and deduced amino acid sequence. The polyadenylation signal
at position 2007 is underlined.
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FIG. 3. In vitro translation products of the Ebaldh-cDNA. The Ebaldh-cDNA was first transcribed in vitro and the
resulting RNA was then translated in a rabbit reticulocyte lysate using [35S]methionine and [35S]cysteine. The translation
products were separated on a 12% SDS-polyacrylamide gel and detected by fluorography. Lane 1: Control with
luciferase RNA; lane 2: Control without RNA; lane 3: Translation products of a Ebaldh-cDNA.

mately 3 1 105 recombinants of the amplified library resulted in the identification of a Cd-
induced cDNA-clone, designated Ebaldh. The differential expression of Ebaldh-mRNA was
verified by dot blot analysis of total RNA prepared from Cd-exposed and control worms (Fig.
1a). This analysis revealed that the Ebaldh-gene is constitutively expressed, but its expression
is strongly enhanced in Cd-exposed worms. This conclusion is further substantiated by northern
blot analysis using poly(A)/-RNA (Fig. 1b).

The complete sequence of Ebaldh-cDNA has a length of 2048 bp (Fig. 2). It represents
very likely the full-length copy of the Ebaldh-mRNA since its corresponding mRNA is also
about 2 kb in size (Fig. 1b). The Ebaldh-cDNA contains an open reading frame of 1493 bp
beginning with the first ATG-codon at position 101. The polyadenylation signal is located 16
bp upstream from the poly(A)-tail. There is a 64 % identity of the Ebaldh-nucleotide sequence
with the cDNA of the cytosolic human aldehyde dehydrogenase (ALDH) without any gaps
inserted in both sequences.

The deduced amino acid sequence of EbALDH comprises 497 amino acids (Fig. 2). The
predicted molecular mass of 54 kDa fits that determined experimentally by in vitro translation
of in vitro transcribed Ebaldh-cDNA. SDS-PAGE of the translation products revealed a domi-
nant band at about 54 kDa (Fig. 3). Additionally, some minor bands appeared at lower molecular
masses, which may arise from endogenous mRNAs of the reticulocyte lysate and internal
ATG-codons of the Ebaldh-mRNA, respectively. The EbALDH amino acid sequence reveals
a 61 % identity to the human cytosolic ALDH (Fig. 4). Moreover, the EbALDH contains all
the sequence motifs which are highly conserved in the ALDHs known to date. These are the
FINNE-motif near the N-terminus, the VTLELGGKSP-motif around the glutamic acid active
site and the EEIFGPV-motif near the C-terminus (15). Furthermore, a glutamic acid is located
at position 266 and a cysteine at position 300 of the EbALDH, which both are part of the
active site of ALDHs (16,17).

We also investigated other stressors such as Hg, Zn and H2O2 for their capacity to enhance
the expression of the Ebaldh-mRNA. The effect of the different stressors was determined by
northern blot analysis of total RNA extracted from worms which were exposed to NOEC of
each stressor for 2 days (Fig. 5). Surprisingly, the expression of Ebaldh is only increased after
exposure of the worms to Cd, whereas Hg, Zn, and H2O2 did not alter Ebaldh-gene expression
at all.

DISCUSSION
This study shows that exposure of the earthworm E. buchholzi to subtoxic Cd-concentra-

tions results in a strongly enhanced expression of a gene designated Ebaldh. This encodes
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FIG. 5. Expression of Ebaldh-mRNA after exposure of E. buchholzi to different stressors. The worms were exposed
for 2 days at NOEC of each stressor and without stressor as a control (contr.). Northern blot analysis was done using
20 mg total RNA/lane and the Ebaldh-cDNA as hybridization probe.

a 54 kDa protein which reveals over 61 % sequence identity with cytosolic human ALDH
(19,20). As the latter, EbALDH does not possess a signal sequence, in contrast to human
mitochondrial ALDH (Fig. 4). In other metazoan invertebrates, sequence data of ALDHs
are not available to date. The only exception is the omega-crystallin which is the major
structural protein of eye lenses of squids and octopi (20). The omega-crystallins are closely
related to the mammalian ALDHs as revealed by sequence comparisons (Fig. 4), but have
lost their enzymatic activities. ALDHs catalyze the irreversible oxidation of aldehydes to
their corresponding acids.

Many mammalian aldh-genes are known to be inducible by a variety of stressors (15).
To our knowledge, however, aldhs have not yet been described to be inducible by Cd.
Surprisingly, the Ebaldh is specifically stimulated by Cd. Other heavy metals such as Hg
and Zn as well as the reactive oxygen species H2O2 did not affect Ebaldh expression at
all. This specific effect of Cd on Ebaldh expression does therefore not reflect a general
stress response, but rather suggests a specific role of Ebaldh in the peculiar Cd-detoxifica-
tion process in E. buchholzi. This view is also supported by the fact that the Ebaldh
expression correlates with the Cd-inducible expression of the crp-gene. Indeed, the Cd-
induced increase in Ebaldh expression occurs at that time when maximal expression of
crp is induced by Cd (6,7).

The crp-gene encodes a novel cysteine-rich, non-metallothionein protein which is essen-
tial for the detoxification of Cd in E. buchholzi (6,7). The CRP-protein consists mainly
of 8 repeats arranged tandemly, each composed of 31 amino acids. These repeats are very
similar to the heavy metal binding domains of mammalian metallothioneins, which have
about the same number and arrangement of cysteine residues (21). The sulfhydryl groups
of cysteines presumably detoxify Cd via thiolate bonds. In this context, it is noteworthy
(i) that Cd per se generates aldehydes, for example, via lipid peroxidation (22), and (ii)
that aldehydes are toxic due to preferably targeting sulhydryl groups. It is therefore an
attractive speculation that the effective Cd-detoxification in E. buchholzi requires

FIG. 4. Comparison of EbALDH amino acid sequence with sequences of human cytosolic (HCytALDH) and
mitochondrial ALDHs (HMitALDH) and the omegacrystallin (OMCRYST) of the squid Ommastrephes sloanei. The
sequence motifs which are conserved in all known ALDHs are written in boldface. The glutamic acid residue and
the cysteine residue at the active site are written in italics (pos. 266 and pos. 300 of EbALDH). The mitochondrial
signal peptide is underlined. Asterisks indicate amino acid residues which are perfectly conserved in all sequences.
Points indicate the identity of an EbALDH amino acid residue with at least one of the amino acid residues of the
other sequences.
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EbALDH to lower intracellular concentrations of aldehydes, thus protecting the Cd-bind-
ing capacity of sulfhydryl groups of CRP.
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