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SUMMARY

TagMan minor groove binder probes were evaluated as to their suitability for the real-time allelic discrimination of the
fB-tubulin codon 200 T'T'C/TAC single nucleotide polymorphism in cyathostomin species. Amplification of titrated cloned
full-length f-tubulin cDNA revealed that the TaqgMan minor groove binder PCR is capable of specifically detecting as few
as 10 copies. Testing of DNA from single adult and larval stages of several different species of cyathostomin allowed
reproducible genotyping of individual worms. Using the real-time PCR approach, the throughput of samples was con-
siderably increased compared with conventional post-PCR readout procedure. Only 7:8% homozygous TAC L3 were
found among 102 L3 which were genotyped from phenotypically BZ-resistant small strongyle populations. The percent-
ages of the homozygous T'T'C and heterozygous T'TC/TAC were 41:3% and 50-9%, respectively. This resulted in a total
TAC-allele percentage of only 33:3%. These findings correspond to data obtained by genotyping of an experimentally
selected BZ-resistant cyathostomin population. It is concluded that the S-tubulin codon 200 polymorphism is not the sole
mechanism involved in the process of BZ resistance in cyathostomins.
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INTRODUCTION

Inhibitors of microtubule assembly are used in a wide
range of diseases for the treatment of microbial infec-
tions as well as in cancer therapy. Inhibition of mi-
crotubule assembly results in numerous destructive
effects within the biochemical processes and struc-
ture of cells and organisms (Lacey, 1988). Benzimi-
dazoles (BZ) act by binding to -tubulin, close to the
a-f subunit interface, thus inhibiting the assembly
of heterodimers to microtubules (Lacey, 1988). Re-
sistance against anti-microtubule drugs has been re-
ported for fungal pathogens (Hide, Hall & Boorer,
1988; Kendall et al. 1994), tumors (Sangrajrang &
Fellous, 2000) and helminth infections (Waller,
1997). In horses, anthelmintic resistance (AR) in
small strongyle (cyathostomin) parasites has been
described for BZ and less often for pyrantel (PYR)
compounds (Chapman et al. 1996; Ihler & Bjorn,
1996 ; Varady, Konigova & Corba, 2000). For fungal
and helminth diseases and for certain cancer cells,
as well, resistance of microtubule inhibitor drugs
has been found to be linked with mutations within
the f-tubulin coding sequences (Kwa et al. 1995;
Wheeler et al. 1995; Giannakakou et al. 1997).

Conventional methods for the detection of resistance
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in helminth as well as in fungal pathogens are either
tedious (Hide et al. 1988) or insensitive (Elard, Caba-
ret & Humbert, 1999) and have been shown to be
only poorly correlated with each other (Craven et al.
1999). Thus, several molecular PCR-based methods
have been described recently which provide quick
and highly sensitive means for the detection of BZ
resistance (Elard, Comes & Humbert, 1996; Mec-
Kay & Cooke, 1997; Elard et al. 1999; Silvestre &
Humbert, 2000). For the molecular analysis of BZ-
resistance related genotype frequencies, f3-tubulin
codon 200 allele-specific polymerase chain reaction
assays have been described for important sheep and
horse nematode species (Elard et al. 1999; Silvestre
& Humbert, 2000; Samson-Himmelstjerna et al.
2002). These assays discriminate between the T'T'C
(phenylalanine)/ TAC(tyrosine) polymorphism at the
fB-tubulin codon 200, which has been shown to be
linked with BZ resistance in trichostrongylid para-
sites of sheep (Kwa et al. 1995; Elard et al. 1996).
Using these methods, the resistance status of para-
site populations can be analysed by testing represen-
tative numbers of individual nematode larvae or
adults. These procedures are based on using con-
ventional agarose gel electrophoresis as the readout
system. This final step is relatively time consuming
and laborious, thus limiting the throughput of sam-
ples in the test.
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Most reports have described the application of the
real-time PCR approach for the detection of Toxo-
plasma gondii stages or malaria parasites (Costa et al.
2000, 2001; Lin et al. 2000; Bruna-Romero et al.
2001 ; Kupferschmidt et al. 2001). These studies were
based on the application of either TagMan (Lin et al.
2000; Bruna-Romero et al. 2001; Kupferschmidt
et al. 2001) or fluorescence resonance energy transfer
hybridization probes (Costa et al. 2000, 2001). Re-
cently, we reported on the use of a modification of the
TagMan probes, namely the TagMan minor groove
binder (MGB) probes (Afonina et al. 1997; Kutya-
vin et al. 2000), for the real-time PCR analysis of
ribosomal DNA sequences in genomic DNA samples
of several trichostrongyle species (Samson-Himmel-
stjerna, Harder & Schnieder, 2002). In the present
study we compared this probe chemistry with another
recently described real-time PCR technology, the
molecular beacon probes (Tyagi & Kramer, 1996).
This technique has been applied successfully in real-
time PCR tests (Kostrikis et al. 1998; Tyagi, Bratu
& Kramer, 1998), including single nucleotide poly-
morphism (SNP) detection (Marras, Kramer &
Tyagi, 1999). Assays based on molecular beacon
probes have been shown to be highly sensitive to
mismatches, presumably due to the general destabil-
izing effect, resulting from the inherent tendency
of molecular beacons to adopt the hairpin-loop con-
formation (Tyagi et al. 1998; Tapp et al. 2000). In
the present study, we describe the evaluation of real-
time PCR tests, based on fluorogenic molecular bea-
cons and TagMan MGB probes, for the real-time
PCR analysis of 8-tubulin codon 200 alleles, of equine
cyathostomins.

MATERIALS AND METHODS
DNA preparations

Plasmid DNA preparations containing the complete
cDNA sequence of the -tubulin gene of Cylicocyclus
nassatus were used, as described recently (Samson-
Himmelstjerna et al. 2002). One plasmid contained
the pB-tubulin sequence coding for phenylalanine
(T'TC-plasmid, accession no. AF283765) at codon
200, the other coding for tyrosine ('TTAC-plasmid,
accession no. AY039378). The plasmid DNA was
linearized through digestion with BamHI and then
gel purified. Ten-fold serial dilutions of the plasmid
DNA ranging from calculated copy numbers of 10!
to 107 copies per ul were performed.

Genomic DNA was isolated from single adults of
Cc.nassatus, Cyathostomum catinatum, Cyathostomum
coronatum, Cyathostomum pateratum, Cylicocyclus in-
signe, Cylicocyclus radiatus and Cylicocyclus elongatus.
All worms had been tested previously by the conven-
tional allele-specific PCR (Samson-Himmelstjerna
et al. 2002). Following the exsheathment of small
strongyle 3rd-stage larvae (LL3), genomic DNA was
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isolated from single and pooled L3, using the
NucleoSpin® Tissue kit (Macherey-Nagel, Diiren,
Germany), as described recently (Samson-Himmel-
stjerna et al. 2002). The DNA of L.3 and adults was
eluted in 40 ul and 100 ul of double-distilled water,
respectively. The larvae were isolated from the fae-
ces of horses which, according to the results of a
faecal egg count reduction test (FECR'T) and an egg
hatch test (EH'T'), were diagnosed to harbour highly
BZ-resistant small strongyles (Wirtherle, Schnieder
& Samson-Himmelstjerna, 2003). In parallel, the
DNA from the individual adult worms included in
this study was genotyped by conventional allele-
specific PCR (Samson-Himmelstjerna et al. 2002).

Furthermore, DNA was also isolated from pools
of approximately 1000 cyathostomin L3 using the
NucleoSpin® Tissue kit, according to the standard
protocol. More than 99% of this latter larval popu-
lation consisted of cyathostomin larvae with 8
mid-gut cells. DNA was eluted in 100 ul of double
distilled water. T'wo different larval populations were
used. Population P was obtained by copro-culture
of faeces from an anthelmintic-naive horse infested
with phenotypically BZ-susceptible cyathostomins.
BZ susceptibility was documented by the egg hatch
test (EH'T) with an ED50 value of <0-07 mg thia-
bendazole per ml of culture medium. Population M
was collected from a second horse which shed stron-
gvlid eggs in faeces, despite repeated treatment with
7-5 mg/kg fenbendazole (Panacur™, Intervet, Unter-
schleissheim, Germany). Accordingly, this popu-
lation showed an ED50 of >0-2 mg thiabendazole/
ml in the EHT (unpublished data). Copro-cultures
were carried out 14 days post BZ treatment, such
that only selected adults could contribute to the
larval cultures. All research involving the use of ani-
mals was in compliance with the relevant national
guidelines.

PCR conditions

Duplicate samples were run with 1 ul of titrated
plasmid DNA and DNA of adult worms and tripli-
cate samples with 1 ul of DNA isolated from pools of
L.3. When DNA isolated from single larvae was used,
only 1 sample per primer/probe combination was run
with 17 ul of DNA in each reaction. Brilliant core
buffer™ reagents (Stratagene, LaJolla, CA, USA)
were used with 5-5 or 5-0 mM magnesium chloride for
the molecular beacon and TaqMan assays, respect-
ively. The primers of the molecular beacon assay and
the TagMan MGB assay flank a region of 128 bp
and 83 bp, respectively, derived from the fourth
exon sequence of the Cc. nassatus f3-tubulin gene
(Pape, Samson-Himmelstjerna & Schnieder, 1999).
For each type of probe, experiments were per-
formed, on the one hand, by using identical forward
or reverse primer concentrations for symmetric PCR
and compared, on the other hand, by using differing
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primer concentrations for asymmetric PCR (Poddar,
2000). For the analysis of the cycle threshold (ct)-
values the normalized baseline corrected fluorescence
(dRn) was applied. The threshold value was calcu-
lated based on the standard deviation of the fluor-
escence recorded for at least 3 cycles during the first
15 cycles multiplied by 10. The adaptive baseline
option was applied. All plasmid DNA, adult and
pooled L3 DNA samples were run in at least 2 in-
dependent experiments. The real-time PCR exper-
iments were carried out on the Mx4000 Multiplex
Quantitative PCR System® (Stratagene).

TagMan assays

The TagMan MGB probe and corresponding primer
sequences were designed with the ABI PRISM™
Primer Express (PE Biosystems, Weiterstadt,
Germany) software. The sequence of the forward
primer ‘btub mgb1 forw’ was 5'>AATGCTACCC-
TATCCGTTCATCA <3, and the reverse primer
‘btub mgb1 rev’ sequence was 5'>CAAATATCA-
TAGAGAGCTTCATTGTCAAT <3'". Three dif-
ferent TagMan MGB probes were tested, 2 of which
were labelled with 6-carboxyfluorescein (FAM). For
the detection of the BZ susceptibility-related T'T'C
codon 200 allele, the probe ‘btub mgb T’ (5>
FAM-AATACAGACGAAACTTTCTG<3") was
used, while ‘btub mgb A’ (5'>FAM-AATACA-
GACGAAACTTACTG <3") corresponded to the
TAC-allele. The latter sequence was also labelled
with the fluorescence dye named VIC™ (PE Bio-
systems, Weiterstadt, Germany). Following a 10 min
activation step at 95 °C, a 2-step temperature profile
with 40 cycles of 15 sec at 95 °C and 60 sec annealing
at temperatures tested between 60 and 64 °C. Primer
concentrations of 5, 10 and 200 nm were tested in
all possible combinations for the forward primer, as
were concentrations of 200 and 300 nm for the re-
verse primer. Probes were analysed at 50, 100, 150,
200, 250, 300 and 600 nMm. The fluorescent label
6-carboxy-x-rhodamine (ROX) was added at a final
concentration of 10 nM.

Molecular beacon assays

Primer sequences for the real-time PCR were de-
signed using the Primerselect program from the
Lasergene package (DNASTAR, Madison, WI,
USA). The forward primer sequence was 5'-CTA-
CCCTATCCGTTCATCAG-3/, the reverse primer
sequence 5'-GATGATTCAGATCTCCATAAG-
TTG-3". Two molecular beacons were designed,
differing only in the T/A nucleotide within the
fB-tubulin codon 200. The alternate nucleotide was
positioned in the middle of the loop sequence of
the beacons. The sequence of the molecular beacon
T was fluorescein-5-CTGCGGACGAAACTT T -
CTGTATTGCGCAG-DABCYL-3’, that of the
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Table 1. Results of standard curve experiments
(n=7) for btub mgb A and T probes, respectively,
with the corresponding homologous template
titration, standard deviation (s.D.) and coeflicient of
variance (CV)

Plasmid/copies Mean ct-value S.D. CV
TAC/10 35-82 0-97 2:72
TAC/100 33-56 0-75 2:22
TAC/1000 29:66 0-54 1-83
TAC/10000 2685 0-52 1-93
TAC/100000 23-11 066 2-85
TAC/1000000 20-83 0-55 2:66
TTC/10 35-45 1-32 372
TTC/100 31-51 062 1-97
TTC/1000 28-61 0-82 2-88
TTC/10000 25-17 0-81 322
TTC/100000 21-46 0-78 322
TTC/1000000 18-11 0-78 4-29

molecular beacon A was fluorescein-5-CTGCG-
GACGAAACTTACTGTATTGCGCAG-DAB-
CYL-3". The beacons including the corresponding
primers, were supplied by TIBMOLBIOL (Berlin,
Germany). Primer concentrations of 5, 10 and
200 nm were tested for the forward primer in all
possible combinations, as were concentrations of 200
and 300 nMm for the reverse primer. Molecular bea-
cons were added at a final concentration of 600 nMm.
The reference dye used was 75 nm ROX. The ther-
mal profile started with a single-step cycle at 95 °C
for 10 min, followed by 40 x 3-step cycles at 95 °C
for 30 sec, 44 °C for 60 sec and 72 °C for 30 sec.

RESULTS
TagMan assay results

Optimal primer and probe concentrations were found
to be 10 n™m for the forward primer, 300 nm for the
reverse primer and 200 nm for the probes. Table 1
presents the ct-values, and respective inter-assay
standard deviation (s.D.) and coeflicient of variation
(CV) figures for repeated standard curve exper-
iments using 108 to 10 T'T'C and TAC plasmid copy
numbers (Fig. 1). When the primer concentrations
were the same for both primers, the ct increased for
the same copy number for ~3 ct-values (data not
shown). The calculated mean R? values for these
experiments were 0-99 (s.p.£+0-00) and 0-99 (s.n. +
0-01) for the A- and T-MGB probes, respectively.
The slopes of the A- and T-probe standard curves
were 323 (s.D.£0-13) and 3-41 (s.D. £ 0-12), respect-
ively. The inter-assay CVs for the ct-values of the
different plasmid copy number samples ranged be-
tween 1:93% and 4:29%, with a mean of 2:79%
(s.p.£0-75) (Table 1). The specificities of the 2 pri-
mer and probe sets were tested using 107 copies of
cloned f-tubulin cDNA heterologous for the A- and
T-probe, respectively, resulting in no ct-values.
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Fig. 1. Amplification plots of samples of a 10°~10* titration of homologous TAC plasmid and 107 heterologous TTC
plasmid copies with the FAM-labelled btub mgb A-probe. Horizontal line indicates threshold, and marked lines
demonstrate the increase in fluorescence during the experiment given as normalized baseline-corrected fluorescence.

DNA samples from single adults and larvae (Fig. 2)
of each of 7 cyathostomin species tested could be
clearly and reproducibly assigned either to a homo-
zygous or the heterozygous genotype. A total of 53
single adult cyathostomins were tested. For 23 in-
dividual homozygous T'TC worms, mean ct-values
of 33-0 (s.p.+3:6) and 39-6 (s.p.+1-2) were calcu-
lated for the T- and A-probe reactions, respectively.

The respective ct-values of 27 heterozygous TTC/
TAC worms were 290 (s.p.%50) and 29-1 (s.D. +
4-3). The inter-assay reproducibility of the reactions
concerning the ct-values for the 23 homozygous
worms was demonstrated by a mean CV of 1:6%
(s.0.+2-4%) and 7-4% (s.D.+3:5%) for the A- and
T-probe samples, respectively. For the inter-assay
comparison of the data for the 27 heterozygous

Fig. 2. Amplification plots of allele-specific real-time PCR using the FAM-labelled btub mgb T- (cross-marked line) and
A-probe (square-marked line) in separate reactions with DNA of single 3rd-stage larvae. (A) Homozygous T'TC; (B)
heterozygous T'T'C/TAC; (C) homozygous TAC. Threshold value is given as unmarked line.
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Fig. 2. For legend see opposite.
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worms, mean respective CVs of 11:1% (s.p.+£17-4)
and 11-2% (s.D.+16-6) were calculated. Finally, 1
homozygous TAC worm showed mean ct-values
of 32-58 (5.0.£0-08) and 40-00 (s.p.£0-0) for the
A- and T-probe, respectively. The results of the
real-time PCR corresponded with those of the con-
ventional PCR. DNA samples from 2 worms did not
result in significant increase of fluorescence. Geno-
mic DNA was also isolated from pools of approxi-
mately 1000 L3 of a BZ-susceptible population ‘P’
and a BZ-resistant population ‘M’. At least 3 inde-
pendent preparations of each population were used,
and 1 ul of genomic DNA sample tested within the
T- and A-probe PCR. The mean ct-values for the
P and M population were 30-8 (s.n.+1-4) and 276
(s.p.+1-5) for the T-probe reactions, and 32-0
(s.p.£1-1) and 281 (s.D.+06) for the A-probe re-
action, respectively. The ct-value data obtained for
the individual larval preparation during these exper-
iments were highly reproducible, as is demonstrated
by a mean CV of 2:6% (s.D.+0:7%). The calculated
mean T'T'C-copy numbers for the P and M popu-
lation samples were 3155 (s.D.+335-9) and 30726
(s.D.£4160-4), whereas the respective TAC-copy
numbers were 2755 (s.D.+ 184-3) and 32986 (s.D. +
1728:6). The resultant CV values were all >50%.

The frequencies of the 3 different genotypes were
also analysed for a field population which was ident-
ified as being BZ-resistant according to the FECRT
and EHT. The FECR for this population was
46:6%, and the EHT ED50 value was 0-16 ug thia-
bendazole/ml (unpublished data). From 102 L3, 42
(41-3%) were categorized as homozygous T'TC, with
a mean ct-value of 34-7 (s.p. +2-8). Furthermore, 52
(50-9%) were found to be heterozygous with mean
T-probe and A-probe ct-values of 31-5 (s.n.+2:6)
and 32-3 (s.pD. =+ 3:0), respectively. Eight L3 (7-:8%)
were characterized as homozygous TAC, with a mean
ct-value of 32-0 (s.nD. +1:0). The resultant T'T'C- and
TAC-allele-frequencies were 66°7% and 33:3%,
respectively.

Results using the molecular beacon assay

The molecular beacon assays using the probes de-
scribed above allowed the specific detection of the
respective homologous target, whereas the heter-
ologous target was not detected. However, for re-
peated experiments, the reproducibility of results, as
expressed by standard deviation (s.D.) and coeflicient
of variation (CV), was insufficient. For example, the
CV obtained by repeated testing of quadruplicate
samples of larval genomic DNA was >50% for all
4 probe and template combinations. During the
evaluation of the PCR, other dyes were also tested for
the same sequence as described above for beacon
A. However, probes labelled with VIC™ HEX or
6-carboxy-4,5-dichloro-2,7-dimethoxy-fluoresceine
(JOE) gave insufficient fluorescence signals and
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greatly reduced sensitivities under the experimental
conditions described above. Probes with 22 bp loop
sequences were also tested, but showed reduced
specificities (data not shown).

DISCUSSION

The diagnosis of AR in nematode parasites is a key
issue for efforts directed towards a sustained and
scientifically sound use of available anthelmintics.
Only when AR is detected at an early stage can ro-
tational programs between anthelmintics of differ-
ent chemical classes provide a successful approach
against the further development of AR (Roos, Kwa
& Grant, 1995; Elard et al. 1999). A molecular tool
for the detection of AR and for the species-specific
differentiation of L.3 was recently described for the
3 most important gastrointestinal nematode species
of small ruminants (Silvestre & Humbert, 2000).
Species-specific pathogenicity among the more than
50 small strongyle species in horses has not yet been
examined, as is the case for the gastrointestinal nema-
todes of small ruminants (Schnieder, 2000). There-
fore, a molecular test for AR in cyathostomins should
aim to detect resistance in as many different species
as possible (Samson-Himmelstjerna et al. 2002). The
assessment of BZ resistance in any larval population
of small strongyles requires the simultaneous testing
of a representative number of L.3. Two different
kinds of fluorogenic DNA probes were compared for
their suitability to discriminate the 3-tubulin codon
200 TTC/TAC polymorphism in genomic DNA
derived from several cyathostomin species.

The reliable discrimination of single-base mis-
matches represents a highly demanding task for
any hybridization assay and requires highly specific
binding (Tapp et al. 2000). Recent applications of
the TagMan MGB chemistry have demonstrated its
capacity to discriminate between several types of mis-
matches such as G/C, G/T, G/A or C/A (Kutyavin
et al. 2000; de Kok et al. 2002). In the present study
we describe an application of TagMan MGB probe
PCR assays for A/T discrimination. We tested the
allele-specific TagMan MGB PCR assays for 7 cy-
athostomin species and showed the real-time PCRs
to be suitable for testing DNA of all these species.
Genotyping by the allele-specific real-time PCR as-
says described in this study was possible with DNA
isolated from individual larval and adult small stron-
gyle stages. The real-time PCR based on TagMan
MGB probes described herein showed reproduci-
bility, sensitivity and specificity similar to those of
a conventional allele-specific PCR described re-
cently (Samson-Himmelstjerna et al. 2002). How-
ever, the results using real-time PCR employing
molecular beacon probes were not reproducible.
One explanation for this finding could be related to
the sequence characteristics of the molecular beacons
and adjacent primers. Due to the high A/T content
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of the f-tubulin sequence flanking the codon 200,
it was not possible to select molecular beacon se-
quences which provided high annealing tempera-
tures. Several nucleotide positions flanking codon
200 differ between the currently known cyatho-
stomin f-tubulin sequences (Pape, Schnieder &
Samson-Himmelstjerna, 2002). In order to provide
probes suitable for the assessment of the BZ resist-
ance status of a wide spectrum of species, primers
and probes need to be delineated only from con-
served sequence regions, which restricts possible
probe sequence optimization. The CVs calculated
from the standard curve samples were found to be
< 5%, similar to those found during the evaluation
of other real-time PCR assays (Bustin, 2000; Lever-
koehne et al. 2002 ; Samson-Himmelstjerna, Harder
& Schnieder, 2002). The deviations observed be-
tween the standard curve samples cumulated with
those found for the replicates of DNA samples iso-
lated from pooled larvae contributing to the range
of variation of the calculated T'T'C- and TAC-copy
numbers. The degree of variation calculated allows
for a 2 to 10-fold under- or over-estimation of the
copy numbers actually present in the individual sam-
ples. It was shown that a similar 10-fold excess of the
TTC-allele exists in BZ-susceptible cyathostomin
populations (Pape et al. 2003). Therefore, the use of
the real-time PCR described here for the quantitat-
ive analysis of allele frequencies in DNA samples
isolated from pooled worms or larvae is not suitable.

The genotype frequencies determinded for the
BZ-resistant field population corresponded to those
recorded for one population which was experimen-
tally selected for BZ resistance (Pape et al. 2003).
Adults of this latter, highly BZ-resistant population
were shown to contain 29-:8 % T AC-alleles, whereas
the percentage calculated in the present investi-
gation was 33-:3%. These findings indicate that in
the cyathostomin populations investigated thus far,
the T'TC/TAC polymorphism in the f3-tubulin co-
don 200 is only one among other genes under selec-
tion during the development of BZ resistance. For
the sheep parasite Haemonchus contortus, high fre-
quencies of resistance-associated genotypes have
been shown in susceptible populations to have ad-
ditional sites of polymorphism in the S-tubulin gene
and, thus further mechanisms of BZ resistance may
operate (Roos, 1990 ; Beech, Prichard & Scott, 1994;
Prichard, 2001). Recently, a second polymorphism
at codon 167 was described for several cyathostomin
species (Pape et al. 2002). The significance of this
polymorphism in the development of BZ resistance
is yet to be investigated.

The TagMan MGB real-time PCR tests described
in this publication represent a high throughput
PCR test for the evaluation of -tubulin codon 200
TTC/TAC genotype frequencies in cyathostomin
populations, which may also prove to be applicable
to other parasitic nematodes.
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