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Abstract. To determine the genetic basis of the resistance of Schistosoma mansoni to praziquantel
(PZQ) and to understand whether the resistance is dominant or recessive trait, a schistosome cross
was undertaken between a PZQ-susceptible and a PZQ-resistant isolate using infections of the
single-sex cercariae which wereidentified by adirect W1-specific PCR technique. Theresistances
of F, and F, generation to PZQ were evaluated using in vitro egg, miracidial and cercarial tests.
The F, hybrid progeny from crosses between the susceptible and resistant isolates were resistant
to PZQ. The resistant phenotype reappeared in the F, progeny. It can thus be considered that the

PZQ resistance behaves like a dominant trait.

INTRODUCTION

Schistosomiasis still remains a major pub-
lic-health concernin tropical and sub-tropical ar-
eas. Praziquantel (PZQ) is currently the drug of
choice for treatment of human schistosomiasis
(World Health Organization, 1993). However, in
recent yearstheresistance of Schistosomato PZQ
has been found in laboratory studies (Fallon and
Doenhoff, 1994) and in a number of foci in Af-
rica (Gryseels et al, 1994; Fallon et al, 1995;
Stelmaet al, 1995; Ismail et al, 1996; Guisse et
al, 1997). Determining the genetic basis of schis-
tosome resistance to PZQ and understanding
whether resistanceisadominant or recessivetrait
isimportant in predicting the spread of resistance.
Although these are time-consuming experiments,
the results from this type of work may reveal the
genetic basis of the transmission of the PZQ re-
sistant phenotype. If resistance segregates in a
strict Mendelian pattern as arecessive or adomi-
nant trait then these result should reveal a pre-
dictable pattern. Obvioudly, if the allele is not
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constant initsexpression (ie reduced penetrance)
then it may be difficult to determine the genetic
nature of the phenotype. Thisfactor, coupled with
the possibility that the phenotype may be the re-
sult of the expression of morethan one gene, could
produce results that are difficult to interpret. On
the other hand, if a clear Mendelian pattern is
detected then this information would be relevant
for the development a molecular-based assay to
detect PZQ resistance. Finally, the notion that re-
sistance to PZQ is due to a dominant or a reces-
sive gene has important implications for the in-
terpretation of both the mechanism of drug resis-
tance and the mechanism of drug action. In the
present study, aschistosome crosswas undertaken
between a PZQ-susceptible and a PZQ-resistant
isolate of Schistosoma mansoni.

MATERIALSAND METHODS

Par asite isolate

Two isolates of S, mansoni were used: one
was PZQ-susceptible isolate Keneyan-field iso-
late which was collected from an infected snail
in 1994 and had not previously been subjected in
PZQ treatment; the other was PZQ-resistant
Senegal ese-3 isolate which was obtained from an
individual infected with S mansoni, who persisted
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in passing eggs in feces after 3 treatments with
40 mg/kg PZQ. Details for these isolates have
been described previoudly (Liang et al, 20014).
Thedrug-sensitivity/resistance profile of both has
been tested by treating mice with mature parasite
infections with 3 x 200 mg/kg PZQ and the re-
duction inworm burden of the Keneyan-field and
Senegalese-3 was found to be 99% and 67% re-
spectively following treatment (Liang et al,
2001a).

I nfecting snailswith asinglemiracidium of the
two parental isolates

One hundred Biomphalaria glabrata snails
for each isolate were placed in 24-well flat bot-
tom microplates and a single miracidium was
added to each well in three ml of 28°C tap water.
Infection was undertaken under a tungsten light
for two hours. On day 40 post-infection, thesingle
sex cercariae obtained by individually placing
snailsin three ml of tap water in each well of the
microplates for cercarial shedding, and single
cercariae were isolated by successive dilution
stepsin water drops using amicropipette with an
elongated tip.

Identifying the sex of S. mansoni cercariae
from amonomiracidial molluscinfection snail
using PCR

A singlecercariawastransferredinto aPCR
reaction tube, and DNA amplification was per-
formed using a PCR technique with W1-specific
primerswithout DNA extraction (direct PCR pro-
tocol) (Grevelding et al, 1997) with Taq PCR
Master Mix Kit. To determine the gender of cer-
cariae, aprimer (Gasser, 1992) was used that is
directed against the repetitive W1 sequence of S
mansoni (Webster et al, 1989) and synthesized
by Sigma-Genosys Ltd (Cambridgeshire, UK).
The W1 repeated sequence which was isolated
and characterized from female W chromosome
(Webster et al, 1989) was shown to be female-
specificin each stage of thelife cycle of the Puerto
Rican strain (Gasser, 1992). This alows the de-
termination of sex sincethe gender of larvae can-
not be distinguished by phenotype. Amplification
of one W1 repeat unit results in a 473-bp prod-
uct. Dueto therepetitive nature of thetarget DNA,
bands were expected that represented multiples
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of the repeat unit. The details of the primer and
PCR procedure have been described by
Grevelding et al (1997).

Schistosome cr osses

Genetic crosses were performed by infect-
ing mice with the female and male cercariae of
theresistant and susceptibleisolate of S. mansoni.
Each mouse was infected by Standen’s padding
method (Standen, 1949) as modified by
Christensen et al (1979) and Frandsen (1981) with
amixture of 100 female cercariae of Senegal ese-
3isolate and 100 male cercariae of Kenyan-field
isolate. Twenty mice were used in this study. On
day 57 post-infection, eggs were isolated from
the feces of the infected mice and used to pro-
duce miracidia for snail infection (Liang et al,
2001a). Theeggs, miracidiaand the cercariae shed
from these snailsrepresented the F, generation to
be tested for drug sensitivity. The cercariae of F,
were employed to infect mice and to obtain the
F, generation.

Assessment of PZQ resistance

The phenotype of Schistosoma of F, and F,
generationswith respect to PZQ sengitivity/resis-
tance was defined in vitro using the egg, mira-
cidial and cercarial tests described previously
(Liang et al, 2000; 2001a;b). Briefly, about 1,000-
2,000 eggs obtained from each isolate were in-
cubated in 0.9% saline solution containing four
concentrations of PZQ (5x10¢, 10, 5x107 and
107 M) at 28°C inthedark for 24 hours. The eggs
were transferred to fresh tap water under tung-
sten light at 28°C for miracidia hatching, and the
numbers of miracidiawere counted by collecting
thewater containing the miracidiaevery half hour
and adding severa drops of Lugol’siodine. The
miracidial testswere madein 24-well flat bottom
microplates (Iwaki Glass, Japan) using freshly
hatched miracidia of each isolate. In each well,
20-40 miracidiawere observed and morphologi-
cal changes checked by adding adropsof Lugol’s
iodine. Miracidia were examined under the mi-
croscopeat 0, 1 and 5 minutes at 26°C using four
concentrations of PZQ (5x10¢, 10, 5x107 and
107 M). Batches of 100-200 freshly shed cercariae
from snailsinfected with each isolate were trans-
ferred to aglass Petri dish held at a constant tem-
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perature by the circulation of 28°C water under
the dish. PZQ dissolved in dimethyl sulfoxide
(DM SO) was added to cercariae to give a maxi-
mum concentration of 1% DM SO. This concen-
tration of DM SO has no effect on cercarial be-
havior. Observations of tail shedding of cercariae
were made under a dissecting microscope at 20,
40, 60, 80 and 100 minutes after administering
PZQ at four concentrations (104,10, 6x107 and
4x107 M). The PZQ susceptibilities of the two
parental isolates were compared with those of F,
and F, generations.

Statistical analysis

The statistical significance between groups
evaluated using 2 tests. Analysis of varianceand
Dunnet’s t-test were used to test the significance
of difference between groups. P-value of <0.005
was considered significant.

RESULTS

I dentifying the sex of S. mansoni cercariaeand
schistosome cross

At 6 weeks post-infection, a cercaria from
each infected snail wasisolated to performaW1-
PCR reaction and 200 cercariae were used to in-
fect a mouse. Two of the 10 cercariae from 10
snailsinfected with Senegal ese-3 isol ate showed
aDNA band (data not shown), and infection and
perfusion of mice showed that these snail infec-
tions were female. Eight of the 10 cercaria left
showed no band, and infection and perfusion of
mice showed that al the snail infections were
male. None of the 12 cercariae from 12 snailsin-
fected with Kenyan-fieldisol ate showed any DNA
band, and infection and perfusion of mice also
showed that al the snail infections were male.
By crossing the female cercariae of Senegal ese-
3isolate with the male cercariae of Kenyan-field
isolate F, generation was obtained. Similarly, by
crossing F, cercariae the F, generation was ob-
tained as well.

Assessment of PZQ resistance of theF, and F,
generation

Egg hatch test. The hatch rates of the eggs of F,
generation were significantly higher (10°M PZQ:
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%?=411.7 p<0.0001; 5x107 M PZQ: %?*=659.79
p< 0.0001) than those of the parental susceptible
(Kenyan-field) isolate, but were as same asthose
of the parental resistant (Senegal ese-3) isolatefol-
lowing the incubation in 5x10°%, 10° and 5x107
M PZQ solutionsfor 24 hours(Table 1). The hatch
rates of the eggs from F, generation were signifi-
cantly higher (10% M PzZQ: x*=1777.34
p<0.0001; 5x107 M PZQ: %?=168.66 p<0.0001)
than that of Kenyan-field isolate, but significantly
lower (10° M PZQ: x2=7.279 p=0.007 and
%2,=60.239 p<0.0001; 5x107 M PZQ: %2=93.496
p< 0.0001 and 2,=149.43 p<0.0001) than those
of Senegalese-3isolate and F, generation follow-
ing the incubation in 10° and 5x107 M PZQ for
24 hours (Table 1). There were no differences
among the parental isolates, F, and F, generations
following the incubation in 107 M PZQ for 24
hours (Table 1).

Miracidial test. Miracidia (14.4%) from the F,
generation exposed to 5x10° M PZQ immediately
changed their shapes. Thiswas|ower than that of
the parental PZQ-susceptible (Kenyan-field) iso-
late, but the same as the parental PZQ-resistant
(Senegalese-3) isolate. The percent change in
shape of miracidiaof F, generation waslower than
that of the Kenyan-field isolate, but was signifi-
cantly higher (t.,= 7.555 p<0.0001; t=4.15
p=0.0032) than those of the Senegalese-3 isolate
and F, generation. When exposed to 10° M PZQ
no miracidia from Senegalese-3 isolate, F, and
F, generation immediately changed their shapes,
whiles 27.4% of miracidiafrom the Kenyan-field
isolate changed their shapes. After 1 minute of
drug exposure only 6.5% of miracidia from F,
generation changed their shapes which was sig-
nificantly lower (t=8.673 p=0.001) than that of
the parental susceptible isolate, but the same
(t=1.642 p=0.3214) as that of the parental resis-
tant isolate. The percent changein shape of mira-
cidia of F, generation was significantly higher
(t=4.938 p=0.0078; t_=5.181 p=0.0035) than
those of the Senegalese-3 isolate and F, genera-
tion, but significantly lower (t=3.78 p=0.054) than
that of the Kenyan-field isolate. After five min-
utes of drug exposure, similar results were
achieved (Table 2).

Cercarial test. When exposed to 10* M PZQ for
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Tablel
The percent hatch rates of eggs of parental, F, and F, generations of Schistosoma mansoni following
incubation in different concentrations of PZQ for 24 hours. One thousand to 2,000 eggs were used in
each PZQ concentration group.

Parasite isolates

Praziquantel concentration (M)

5x10°% 10°® 5x107 107
Kenyan-field 31 27.9 92.7
Senegalese-3 0.3 22.7 69.3 91.3
F, (Kenyan-fieldd x SenegaleseSQ) 54 30.7 72.9 93.6
F (F,d'x Flg) 7.7 18.6 51.8 89.4

Table 2
The percent change in shape of miracidia of parental, F, and F, generations of Schistosoma
mansoni following incubation in PZQ. The results are means (+SD) of five tests using 30-50
miracidia per test.

Praziquantel concentrations (M)

Parasite isolate Incubation time
(minute) 5x10® 10°® 5x107 107
Kenyan-field 0 100 274 = 9.2 0 0
1 100 64.2£14.3 0 0
5 100 88.3£21.5 148 £+ 54 0
Senegalese-3 0 155 + 2.1 0 0 0
1 100 84 + 3.2 0 0
5 100 139 =+ 9.9 0 0
F, (Kenyan-fieldd x Senegalese39) 0 144 + 1.2 0 0 0
1 100 65 = 41 0 0
5 100 136 = 8.1 0 0
F, (F,dx Flg) 0 199 + 11 0 0 0
1 88.0+17.2 33.7+11.0 58 + 2.7 0
5 100 41.4+14.1 7.8 = 3.2 0

40, 60, 80 and 100 minutes, the cercariae of F,
generation gave significantly lower (t,=3.866
p=0.0181; t =4.227 p=0.0083; t,=8.709
p<0.0001; t, =11.762 p<0.0001) tail shedding
rates than those of the parental PZQ-susceptible
(Kenyan-field) isolate, but there were no differ-
ences of tail shedding rates between the F, gen-
eration and the parental PZQ-resistant
(Senegalese-3) isolate (t,,=1.127 p=0.2925;
t,,=1.227 p=0.2547; t , =1.402 p=0.1986) except
for the 60 minute exposure (t=4.535 p=0.0019)
(Table 3). When exposed to 10° M PZQ for 40,
60, 80 and 100 minutes, the cercariae of F, gen-
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eration also gave significantly lower (t,=4.417
p=0.0022; t,,=14.329 p<0.0001; t,=9.571
p<0.0001; t, =8.799 p<0.0001) tail shedding
rates than those of the parental susceptible
(Kenyan-field) isolate, but there were no differ-
ences of tail shedding rates between the F, gen-
eration and the parental resistant (Senegalese-3)
isolate (t,,=1.586 p=0.1515; t,=0.9745 p=

' 780

0.3584; tloo-l 498 p=0.1726) except for 60 min-
utes (t=3.023 p=0.0165) (Table 3). When exposed
to 6x107 M PZQ for 20-100 minutes, none of the
cercariae from the F, generation had shed their

tails (Table 3).
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DISCUSSION

The results from egg, miracidial and cer-
carial tests showed that the F, generation was as
resistant to PZQ as the parental PZQ-resistant
Senegalese-3 isolate. The F, generation was also
resistant, but the level of resistance was some-
what lower than those of F, generation and
Senegal ese-3 isolate with aproportion of the off-
spring from the phenotypically resistant hybrid
parents behaving as susceptible individuals.

These results were in agreement with the
pattern of Mendelian genetics. It also suggested
that starting populations, ie the parental suscep-
tibleand resistant isolates, being ‘ stabilized” with
respect to PZQ sensitivity or resistance, were ho-
mozygous. The present results show that the F,
hybrids obtained by crossing resistant schisto-
some with susceptible ones displayed a resistant
phenotype, and this resistant phenotype also re-
appeared in F, generation. The simplest way to
interpret these data is to assume that PZQ resis-
tance in Schistosoma mansoni isdetermined by a
single or a group dominant gene(s). The results
also imply that resistance will spread fast in a
setting such as Senegal. Thisisapreliminary ex-

periment and the results and hypothesis require
confirmation by further experiments on crosses
of the four possible sexual combinations, aswell
as backcrosses and mouse chemotherapies.

The mode of action of PZQ is unknown.
Understanding the genetics of PZQ resistance
may provideimportant insightsinto the biochemi-
cal mechanisms of resistanceto thedrug and into
the mode of action of PZQ itself aswell. In some
biological systems, drug resistance results from
the acquisition of a new activity in resistant or-
ganisms (eg the ability to degrade or inactivate
the drug), while in other systems resistance re-
sults from the loss of a pre-existing activity (eg,
the loss of drug-activating mechanisms)(Cioli et
al, 1993). Thedatafrom the recent research work
suggested that in Schistosoma a possible target
for PZQ actionistheinteraction between the Ca?*
-channel pore-forming o, subunitsand f subunits
which were cloned and expressed in Schistosoma
and can confer PZQ sensitivity to an otherwise
PZQ-insensitive mammalian Ca2*-channel. (Kohn
et al, 2001). Coexpression of the PZQ-insensi-
tive o, subunits with  subunits resulted in an
expressed channel that is sensitive to PZQ, indi-
cating that § subunits, in combination with par-

Table 3
The percent tail shedding of cercariae of the parental and F, generations of Schistosoma
mansoni following incubation in PZQ. The results are the means (+SD) of five tests using 100-200

cercariae.

Praziquantel Parasite isolate Incubation time (minutes)

concentration

(M) 20 40 60 80 100

10+ Kenyan-field 0 12.9+5.8 30.3:6.2 67.2:9.8  84.8+4.9
Senegalese-3 0 3.5£1.2 23.6£1.7 30.2+8.8  48.3+6.9
F, (Kenyan-fieldd' 0 2.8+£0.7 17.8+2.3 24.7£4.8  42.4+6.4
X Senegalese-3Q)

10°% Kenyan-field 48+1.1 41.1+9.2 71.1+4.8 82.3+8.4  88.2+8.7
Senegalese-3 0.6+0.2 24.5:6.4 36.9£3.7 46.7+2.7  53.6+4.7
F, (Kenyan-fieldd 0 17.4+7.7 27.6+5.8 41.1+4.7  49.1+4.8
X Senegalese-3Q)

6x107 Kenyan-field 0 0.8+0.3 14.1+7.9 22424  37.5+£1.7
Senegalese-3 0 0 1.4+0.3 6.7+1.9 11.1+2.9
F, (Kenyan-fieldd' 0 0 0 0 0

X Senegalesesg)
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ticular o, subunits, may be important molecular
target of PZQ action (Kohn et al, 2001). If the
demonstration that homozygous schistosomes are
phenotypically PZQ-susceptible is confirmed, it
indicatesthat the sensitive allele need not be com-
pletely absent for resistance to appear. The sim-
plest model to account for such a behavior is to
assume that the sensitive gene codes for a bio-
logical function (eg, f subunits or o, subunits)
which isnecessary for PZQ activity. The concept
that resistanceis associated with thelack of some
activity can also beeasily reconciled with thewell
known intrinsic resistance of immature schisto-
somes (Jansma et al, 1977; Cioli and Knopf,
1980), sincejuvenile stages of the parasite would
have not yet switched on those biotransforming
activitieswhich are present in the adult PAQ-sen-
Sitive stage.

Theclassical technique previously employed
to perform genetic crosses of schistosomes
(Jansma et al, 1977) consists of the following
series of operations: infecting snailswithasingle
miracidium of the two parental strains; obtaining
snails shedding single-sex cercariae (usually a
small percentage of theinfected snails); determin-
ing through mouseinfectionsthe sex of cercariae
shed by each individual snail; infecting micewith
cercariae of opposite sex from the two parental
populations, and finally, obtaining F, hybrid eggs
from the mature infections. It is tedious and
lengthy procedure. In genetic analysis of
hycanthone resistance in Schistosoma mansoni
Ciali and Pica-Mattoccia (1984) and Ciali et al
(1992, 1993) devel oped aworm transfer technique
(one parental 25- to 27- day-old male worm and
one parental female worm of the same age were
transferred into the mesenteric veins of mice)
which considerably reduced the length of time
and complexity of the operations generally in-
volvedin performing schistosome genetic crosses.
In the present study, asimple PCR technique that
allowsrapid determination of the sex of individual
cercaria (Gasser, 1992) was used, although the
effectiveness of this PCR method for identifying
femalecercariag, expressed in percentage of posi-
tive female cercariag, is 81.9% (Boissier et al,
2001). However, in our experiment 2 cercaria
from separate monomiracidial mollusc infection
showed a DNA band, and infection and perfu-
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sion of mice confirmed that both of the snail in-
fections were female; 12 cercariae showed no
band, and infection and perfusion of mice con-
firmed all the snail infection were males. This
PCR protocol permitted a rapid method for sex
determination and allowed crosses shortly after
snails started shedding cercariae.
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