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Abstract The range of antioxidant enzyme systems
available to Haemonchus contortus for detoxification of
hydrogen peroxide was investigated using cDNA clon-
ing of candidate genes. PCR with primers based on
conserved amino acid regions and spliced leader
sequences was used to obtain full-length sequences for
a 2-Cys peroxiredoxin, a catalase, and a selenium-
independent glutathione peroxidase, indicating that
H. contortus expresses a number of antioxidant systems
with the potential to detoxify peroxide (nucleotide
sequence data reported in this paper are available in
the GenBank, EMBL and DDBJ databases under
the accession numbers AY603335, AY603336 and
AY603337). Quantitative PCR analysis comparing
L3-stage larvae with adult worms showed significantly
elevated peroxiredoxin levels in adults, equivalent cat-
alase levels in the two stages, and significantly less
glutathione peroxidase in adults, suggesting a signifi-
cant role for peroxiredoxin in allowing the nematode to
detoxify hydrogen peroxide encountered in the parasitic
environment. Exposure of L4-stage worms to hydrogen
peroxide in vitro (generated using glucose/glucose oxi-
dase) caused no change in mRNA levels for each of the
genes, though the exposed worms showed up to eight-
fold higher catalase activities. The lack of mRNA
changes alongside increased catalase enzyme activity
indicates that transcript level was not predictive of en-
zyme activity, suggesting that activity may be regulated
in response to oxidative stress by a mechanism other
than increased transcription.

Introduction

Parasites encounter harmful reactive oxygen species
(ROS) derived from both endogenous and exogenous
sources. The ROS (including superoxide anion, hydro-
gen peroxide, and the hydroxy radical) are damaging to
parasite lipids, proteins and nucleic acids. Normal
metabolism within the parasite in an aerobic environ-
ment (for example, by the mitochondrial respiratory
chain) will generate ROS as oxygen is reduced to water.
As part of the host’s efforts to expel parasites, the
‘respiratory burst’ of host phagocytes (eosinophils,
neutrophils and macrophages) generates ROS through
the action of the enzyme NADPH oxidase (Smith 1989).
In addition, it is likely that blood-feeding parasites will
need to detoxify ROS derived from ingested oxy-
haemoglobin.

Parasites, in common with all organisms that
encounter ROS, possess a number of antioxidant
enzyme systems that serve as protective mechanisms.
These enzymes include superoxide dismutase (SOD),
catalase, peroxiredoxin, and glutathione peroxidase
(GPX) (Selkirk et al. 1998; Henkle-Duhrsen and
Kampkotter 2001). SOD catalyses the conversion of
superoxide anion to hydrogen peroxide, which may in
turn be detoxified by peroxiredoxin, catalase or GPX.
Whilst catalase activity is limited to hydrogen peroxide
removal, peroxiredoxin and GPX can also catalyse the
reduction of organic hydroperoxides. The mechanism of
hydrogen peroxide detoxification varies amongst differ-
ent parasite species; for example, catalase and GPX are
absent from many parasites (Callahan et al. 1988), and
peroxiredoxin is thought to fulfil the hydrogen peroxide-
detoxification role in some of these species (McGonigle
et al. 1998; Henkle-Duhrsen and Kampkotter 2001). In
addition, cytochrome c peroxidase has been suggested as
a mechanism for removal of hydrogen peroxide in a
number of parasites (e.g. Campos et al. 1999).

Evidence for a role of antioxidant enzymes in parasite
defence against host-generated oxidants comes largely
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from studies in which the susceptibility to oxidants in
different parasite species, or life stages within a species,
is correlated with differences in antioxidant enzyme
activities in the separate species or life stages (Kazura
and Meshnick 1984; Smith and Bryant 1986; Mkoji et al.
1988; Nare et al. 1990; Ou et al. 1995). More recently,
several reports have demonstrated increased levels of
antioxidant enzymes in response to oxidative stress
(Liebau et al. 2000; Ben-Smith et al. 2002). There is some
evidence that catalase plays a role in defence against
hydrogen peroxide in the nematode Haemonchus con-
tortus. Kotze and McClure (2001) showed that inhibi-
tion of H. contortus catalase (using aminotriazole)
rendered the nematode more susceptible to hydrogen
peroxide. A subsequent study (Kotze 2003) demon-
strated that both adult and L4 H. contortus showed in-
duced catalase activities after exposure to low levels of
hydrogen peroxide, and that this increased catalase
activity in adult worms was associated with a greater
ability of the parasite to survive subsequent exposure to
toxic levels of the peroxide (compared to controls with
no pre-exposure).

The present study aimed to investigate the range of
potential defences against hydrogen peroxide in H. con-
tortus by examining free-living L3 and parasitic adult
stages for the presence and relative expression levels of
peroxiredoxin, catalase and GPX genes. Given that this
nematode responds to oxidative stress by increasing its
protective catalase activities (Kotze 2003), we also
investigated whether this response was associated with
increased mRNA levels for the antioxidant genes.

Materials and methods

cDNA cloning

Initial experiments to clone antioxidant genes from
H. contortus were performed using RNA prepared from
L3 larvae. Larvae were collected after migration from
faecal cultures and washed several times in large vol-
umes (>1 l) of water. Batches of larvae (approximately
500 mg) were washed several times in water (2 ml) and
50-mg amounts were resuspended in 0.5 ml of a gua-
nadinium isothiocyanate/sodium citrate/sarcosyl/mer-
captoethanol solution (Stratagene Micro RNA Isolation
Kit), snap frozen in liquid nitrogen, and homogenized
using a mortar and pestle held on dry ice. DNA and
protein were removed by partition into an acidic phenol/
chloroform/isoamyl alcohol solution, and the RNA was
precipitated using isopropanol. Double-stranded cDNA
was synthesised using the Clontech SMART PCR
cDNA Synthesis Kit.

Subsequent experiments to clone peroxiredoxin,
catalase and GPX genes utilized a series of PCR steps. In
each case, degenerate primers were designed against
conserved regions in the amino acid sequences of
homologous proteins from other organisms. The prod-
ucts of these initial PCRs were cloned and sequenced to

generate the initial sequence information for the
H. contortus genes. Subsequently, these known se-
quences were extended using PCRs with primers from
within the area of known sequence, further sets of
degenerate primers, spliced leader (SL1 or SL2) primers,
and a poly-T primer. The 5¢ end of the cDNA was ob-
tained using primers with the SL1 sequence (peroxire-
doxin and catalase) or the SL2 sequence (GPX) as the
forward primer. The 3¢ end of each cDNA was obtained
using a poly-T primer as the reverse primer. The PCR
steps and primer sequences are shown in Table 1. These
PCR steps allowed a full sequence to be constructed for
each gene. In order to confirm the identity of these
composites, full-length sequence was obtained by
sequencing of clones for each gene derived from PCRs
using primers from the 5¢ and 3¢ untranslated regions:
peroxiredoxin, F–GGTTTAATTACCCAAGTTTGAG
(=SL1), R–ATAGATTGATACACCGAGAAGAG;
catalase, F–CAATTAATAAGCACGATGCC, R–CTT
TGCTGACATGACAAAAC; glutathione peroxidase,
F–CCAGTTACTCAAGGACCAAAG, R–GAC-
GAAAGGAAAAGGAAAAG. These PCRs were per-
formed using cDNA derived from adult-stage nematode
RNA prepared using the RNeasy Kit (Qiagen), and the
products were cloned using the TOPO TA Cloning kit
(Invitrogen) (as described below).

PCRs were performed using either standard or
touchdown protocols. The standard protocol consisted
of an initial period of 3 min at 94�C, followed by 36
cycles of 94�C for 30 s, an annealing temperature (either
50 or 60�C) for 30 s, and 72�C for 90 s, followed by an
extension for 10 min at 72�C. The touchdown protocol
consisted of an initial period of 2 min at 94�C, followed
by a number of cycles of 94�C for 30 s, an annealing
period of 2 min at a temperature which decreased pro-
gressively by 0.5�C per cycle, and a 90-s extension at
68�C. The annealing-temperature gradient continued for
either 30 cycles or 20 cycles depending on whether it
extended over a 15 or a 10�C range respectively. At the
conclusion of the temperature gradient, the PCR con-
tinued for a further 10 cycles (if the gradient range was
15�C) or 20 cycles (if the gradient range was 10�C) at
94�C for 30 s, at the temperature of the gradient end-
point for 60 s, and an extension at 68�C for 90 s. The
final step was an extension at 68�C for 10 min. Primer
concentrations were 2.5 lM for degenerate primers and
0.5 lM for specific primers. Red Hot DNA Polymerase
(Advanced Biotechnologies) was used for standard
PCRs, and Clontech Advantage cDNA Polymerase Mix
(containing TaqStart Antibody) was used for touch-
down PCRs. PCR products were cut from agarose gels
and cloned using the TOPO TA Cloning kit (Invitro-
gen).

Life-stage patterns

L3 nematodes were collected as they migrated from
sheep faeces, kept for up to 1 month at 10�C, and then
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returned to room temperature for an overnight period
before RNA was extracted. Adult nematodes were
recovered from sheep abomasa approximately
8–10 weeks after infection. The infections were main-
tained by weekly administration of the cortico-steroid
Trimadexil (0.5 ml per sheep each week). Adult nema-
todes were recovered in RPMI-1640-based medium [as
described by Kotze and McClure (2001)], rinsed several
times in this medium, and then snap frozen in liquid
nitrogen, before transfer to �70�C for storage. RNA
was extracted from L3 and adults using the RNeasy kit
(Qiagen) after initial homogenization using a shaped
glass rod as a pestle in an Eppendorf tube. A DNase step
was performed on the RNeasy column as described by
the manufacturer. cDNA was synthesized using Super-
script II (Life Technologies).

Exposure to oxidative stress

L4 worms were cultured in vitro as described previously
(Kotze 2003). In experiment 1, the worms were cultured
in rolling bottles to the L4 stage over a 5-day period,
then transferred to fresh control medium or medium
containing 10 mU/ml glucose oxidase in wells of a
12-well microtitre plate for a period of 48 h (worm
concentration was 5,000 in 2 ml of medium). After this
time, the worms were collected for enzyme activity
assays and RNA determinations as described below. For
experiment 2, L4 worms (after 4 days in the culture
medium) were placed in fresh medium in 12-well plates
and exposed to 10 mU/ml glucose oxidase (or control
medium). At each subsequent 24-h time point, the
worms were collected and control worms were again
placed into control medium, while the GO-treated
worms were placed into medium with increased GO
levels at each 24-h point; that is, 20 mU/ml GO at
24–48 h, 40 mU/ml at 48–72 h, and finally 80 mU/ml
GO at 72–96 h. Worms were then collected and
processed for enzyme or RNA determinations.

Catalase enzyme activity

Worms were homogenized in 50 mM potassium phos-
phate buffer, pH 7.8, containing 0.1 mM EDTA and
1 mM PMSF. The homogenate was centrifuged at
10,000 g for 10 min, and the supernatant was used as the
enzyme solution. Catalase activity was assayed as de-
scribed previously (Kotze and McClure 2001) by moni-
toring (at 240 nm) the disappearance of hydrogen
peroxide over a 30-s period. Protein was measured by
the method of Bradford (1976) using bovine serum
albumin (BSA) as standard.

Quantitative PCR

Quantitative PCR was performed on an ABI Prism
7900HT Sequence Detection System using the primersT
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described in Table 2. PCRs amplifying a region of
H. contortus 18S ribosomal RNA (accession number
L04153) were used as a reference for calculation of rel-
ative expression levels of each of the antioxidant genes.
PCR conditions were as follows: 1 cycle of 95�C for
15 min; 40 cycles of 95�C for 30 s, 62�C for 30 s, 72�C
for 90 s; and for dissociation curve analysis: 1 cycle of
95�C for 15 s, 62�C for 15 s, 95�C for 15 s with a 2%
ramp rate. PCRs were performed using a series of three
or four ten-fold serially diluted cDNA concentrations
(triplicate PCRs at each cDNA level) in order to gen-
erate standard curves for each gene. A number of stan-
dard curves (n=11–15) were performed for each gene,
and the slope of each standard curve was determined
(slope=D CT/D log10 cDNA level, where CT= critical
threshold). The mean slope of the standard curves for
each gene was calculated. ANOVA showed that signifi-
cant differences (P=0.05) existed between the mean
slopes for each gene, thereby necessitating the use of
separate mean slope values for each gene in calculating
expression levels in subsequent analyses.

For the life-stage experiment, cDNA preparations
(n=3 separate preparations for each life stage) were
examined in triplicate PCRs at each of three 10-fold
serially diluted cDNA concentrations. The PCR analysis
was performed twice (that is, 18 PCRs total for each
cDNA preparation for each gene). For each GO-
induction experiment, cDNA was prepared from single
control or GO-treated assays. Each cDNA was exam-
ined in triplicate PCRs at each of three (experiment 1) or
four (experiment 2) ten-fold serially diluted cDNA
concentrations. Q-gene software (Biotechniques; http://
www.biotechniques.com/softlib/qgene.html) was used to
compare CT values for each gene with the CT values
given by PCRs of the 18S gene performed at the same
time, at equivalent cDNA concentrations. The Q-gene
software generated normalized expression values for
each gene with each cDNA preparation.

Significantly, preliminary PCRs showed that each of
the primer pairs shown in Table 2 gave amplification of
a product in PCRs using genomic DNA (prepared
according to standard methods). Therefore, in order to
ensure that expression-level assessments on cDNA
preparations were not affected by possible contamina-
tion with genomic DNA, PCRs were performed on all
cDNA preparations using primers designed from se-

quences within H. contortus alpha-tubulin introns 3 and
4 (forward and reverse primers respectively) (accession
number X80046) (see Table 2). The PCR showed a
product with genomic DNA (partial introns 3 and 4, and
complete exon 4), but no product with cDNA. Absence
of a product in PCRs with cDNA in the present study
would, therefore, indicate an absence of significant
genomic contamination in cDNA preparations.

Results and discussion

cDNA cloning experiments revealed full-length
sequences for a catalase, a peroxiredoxin, and a GPX
gene (submitted to GenBank with accession numbers
AY603335, AY603336, AY603337 respectively). Perox-
iredoxin and GPX full-length sequences were obtained
after two PCR steps, whilst four steps were required to
obtain the catalase sequence (Table 1).

The peroxiredoxin sequence consisted of a spliced
leader (SL1) followed immediately by a start codon and
an open-reading frame of 591 nt, including a stop co-
don. The open-reading frame was predicted to encode a
protein of 196 amino acids with a calculated molecular
mass of 22,000 Da. The peroxiredoxin is a member of
the 2-Cys class of peroxiredoxin proteins (2-Cys PRX)
with conserved cysteine residues at Cys-49 and Cys-170
(Henkle-Duhrsen and Kampkotter 2001). The gene also
shows the presence of the conserved regions surrounding
the two cysteine residues in 2-Cys peroxiredoxins: the
FVCP sequence flanking Cys-49, and the VCP sequence
flanking Cys-170. The sequence is almost identical to
one of the four clusters identified for H. contortus per-
oxiredoxin/peroxiredoxin on the NEMBASE database
(http://www.nematodes.org/) (cluster HCC00319).

The H. contortus catalase gene consisted of an SL1
sequence, followed by a start codon and an open-read-
ing frame of 1,518 nt including a stop codon. The cDNA
sequence encoded a 505-amino acid protein with a pre-
dicted molecular mass of 58,000 Da. The gene sequence
shows significant similarity (at its 5¢ end) to a cluster
reported for a H. contortus catalase (accession number
BF23075, NEMBASE cluster HCC01357; length 660 nt;
sequence identity of 86% over 530 nt). The H. contortus
catalase lacks the peroxisomal targeting signal (SKL or
its functional variants) found at the C-terminus of most

Table 2 Primers used for
quantitative PCR analyses on
H. contortus DNA

DNA PCR primers (sequence 5¢–3¢) Position

Peroxiredoxin (cDNA) F–CAATACTCCTCGCAAACAC 277–295
R–CTCTTGGCTTTCCTTGAC 592–575

Catalase (cDNA) F–CCGATCAACTGTCCTTTC 1,162–1,180
R–GACATTCTACTCCTCCATTGA 1,285–1,265

GPX (cDNA) F–GGTCGAGAAAATCGGAAAG 444–462
R–CAATGAAGGGCTGAACAAC 607–589

18S (cDNA) F–AATGGTTAAGAGGGACAATTCG 821–842
R–CTTGGCAAATGCTTTCGC 920–903

Tubulin (genomic) F–ACATTTCAATTCGTGCTCAG 321–340
R–CCTTTCACATGTTTACAGGTG 578–558
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proteins that are transported to peroxisomes (Rachu-
binski and Subramani 1995), indicating that it is most
likely located in the cytosol, and suggesting that it plays
a role in defence against exogenous hydrogen peroxide.
Peroxisomal localisation would be more indicative of a
role in detoxification of peroxide generated in normal
metabolism within the nematode. In this regard, the
H. contortus catalase is similar to the cytosolic catalase
in Ascaris suum, which also lacks the peroxisomal tar-
geting signal (Eckelt et al. 1998).

The GPX peroxidase sequence consisted of an SL2
sequence, followed by a start codon and an open-read-
ing frame of 624 nt including a stop codon. The se-
quence encoded a 207-amino acid protein with a
predicted molecular mass of 24,100 Da. The sequence
included a cysteine residue at position 50, identifying the
protein as a selenium-independent GPX. In contrast,
selenium-dependent GPXs show a seleno-cysteine resi-
due encoded by the stop codon TGA at this position.
The sequence was distinct from the H. contortus GPX
described by Hartman et al. (2001) (NEMBASE cluster
HCC01990, accession number AF305967). It is apparent
that H. contortus possesses at least two distinct GPX
enzymes. The previously described protein also shows a
cysteine residue at the active site (position 55) identifying
it as a selenium-independent enzyme. Whilst selenium-
dependent GPXs would be expected to show activity
with hydrogen peroxide as well as with organic hydro-
peroxides, the substrate specificity of selenium-indepen-
dent GPXs is not as clear. Tang et al. (1995) found that a
recombinant selenium-independent GPX from Brugia
phangi (gp29) showed no significant activity against
hydrogen peroxide. The enzyme was active towards a
number of organic hydroperoxides, and was shown to
suppress lipid peroxidation, suggesting that it may play
a role in the repair of oxidatively damaged membranes
(Tang et al. 1996) rather than acting directly as an
antioxidant enzyme. In contrast, several studies have
demonstrated activity of mammalian selenium-indepen-
dent GPX enzymes with hydrogen peroxide (Vernet
et al. 1996; Singh and Shichi 1998). In addition, a sele-
nium-independent GPX from Dirofilaria immitis showed
activity against hydrogen peroxide as well as a range of
hydroperoxide substrates (Tripp et al. 1998). There is
potential, therefore, for the H. contortus GPXs to be
involved in detoxification of hydrogen peroxide; how-
ever, their role remains unclear in the absence of sub-
strate specificity information.

Initial quantitative PCRs showed no significant
amplification of a product using primers designed for the
intron of the tubulin gene (data not shown), indicating
that the cDNA preparations contained no significant
genomic DNA contamination. The relative expression of
each of the antioxidant genes in L3 and adult stages
(relative to 18S expression in each life stage) is shown in
Fig. 1. Peroxiredoxin was expressed at higher levels than
the other two genes in both life stages. The relative
expression in adults compared to L3 was different for
each gene; peroxiredoxin was increased 4.3-fold in adults

compared to L3, catalase was not significantly different
in the two life stages, and GPX showed a significant
decrease of sevenfold in adults compared to L3. These
changes in gene expression patterns would most likely
indicate consequent changes in enzyme activities
between the two life stages.

The sheep from which the adult nematodes were
recovered in the present study had been treated weekly
with a steroid (Trimadexil) to suppress the host’s
immune system in order to reduce the likelihood of
parasite expulsion and guarantee the supply of nema-
todes as experimental samples. Whilst this approach has
been useful in routinely providing adult H. contortus
nematodes for study and has allowed detection of each
of the antioxidant genes in the present study, it will be of
more-relevant interest to examine expression patterns of
the antioxidant genes in parasites exposed to the ‘nor-
mal’ host immune response, and to the response of sheep
with heightened innate or acquired immunity. Therefore,

Fig. 1 Expression (relative to ribosomal RNA expression levels) of
peroxiredoxin, catalase and glutathione peroxidase in L3 and adult
cDNA preparations from H. contortus. Data are shown as
means±SE, n=3 separate RNA preparations. Each RNA was
converted into a single cDNA preparation, and assayed in triplicate
PCRs on two separate occasions at each of three different cDNA
concentrations; that is, 18 PCRs were used to generate normalized
expression results for each gene with each cDNA preparation. For
statistical analyses, data were log-transformed and analysed using
one-way ANOVA, and differences between means were examined
using least significant difference values (P=0.05). Columns labelled
with identical letters were not significantly different
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with regard to the present study, the gene expression
changes noted in adults compared to L3 should be
viewed as indicating the relative levels of each of the
antioxidant genes in the adult stage in the presence of a
reduced host immune response. However, the significant
increase in peroxiredoxin gene expression levels (along-
side equivalent catalase and decreasing GPX) in com-
paring the parasitic adult to the free-living L3 suggests
that peroxiredoxin may be significant in allowing the
nematode to survive in the parasitic environment. The
adult nematodes examined in this study would have been

exposed as ‘normal’ to ROS derived from ingested oxy-
haemoglobin.

Exposure of L4 larvae to hydrogen peroxide (gen-
erated using GO) caused induction of catalase activities
of approximately fivefold and eightfold (on a per-mg-
protein basis), in experiments 1 and 2 respectively (data
not shown), similar to the induction effects reported
earlier by Kotze (2003). However, this increased
enzyme activity was not associated with any increase in
transcript levels for each of the antioxidant genes
(Fig. 2).

While Fig. 2 shows elevated peroxiredoxin levels
compared to the other two genes, as in Fig. 1, it is
apparent that expression levels for each of the antioxi-
dant genes were much lower in L4 compared to L3 and
adult worms. This apparent down-regulation may be a
consequence of in vitro maintenance of this parasitic
worm stage, rather than an actual measure of relative
gene expression across the three life stages. Hence, the
actual gene expression levels shown by such experiments
may not reflect the significance of particular genes in L4
stage worms in vivo under ‘normal’ parasitic environ-
ment conditions. However, despite this suggested ‘arti-
ficial’ nature of gene expression levels in L4 worms
cultured in vitro, the clear ability of these larvae to re-
spond to oxidative stress [catalase activity in this study
and Kotze (2003)] suggests that this experimental system
is useful for examining the relationship between gene
expression and protein activity in response to stimuli.

Although changes in gene expression are often used
as a measure to indicate the biological significance of
particular proteins, data on the non-predictive correla-
tion between mRNA and protein levels (Futcher et al.
1999; Gygi et al. 1999) indicate that the two measures
are not linked in many cases, with increased protein
activity/expression not always associated with increased
transcription. In the present study, an increased catalase
activity in worms following oxidative stress was not
associated with any increased catalase gene expression
or increased expression of the other two antioxidant
genes, suggesting that the induction response to oxida-
tive stress is not associated with increased transcription
of the three genes. Antioxidant enzyme systems in dif-
ferent organisms are known to be regulated by a variety
of mechanisms, including post-transcriptionally (e.g.
Reimer et al. 1994; Clerch 2000). The mechanism of
regulation of H. contortus antioxidant systems warrants
further investigation.
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