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Impact of the age of Biomphalaria alexandrina snails on
Schistosoma mansoni transmission: modulation of the genetic
outcome and the internal defence system of the snail
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Of the approximately 34 identified Biomphalaria species, Biomphalaria alexandrina represents the intermedi-
ate host of Schistosoma mansoni in Egypt. Using parasitological and SODI enzyme assay, this study aimed to
elucidate the impact of the age of B. alexandrina snails on their genetic variability and internal defence against S.
mansoni infection. Susceptible and resistant snails were reared individually for self-reproduction; four subgroups
of their progeny were used in experiment. The young susceptible subgroup showed the highest infection rate, the
shortest pre-patent period, the highest total cercarial production, the highest mortality rate and the lowest SODI
activity. Among the young and adult susceptible subgroups, 8% and 26% were found to be resistant, indicating
the inheritance of resistance alleles from parents. The adult resistant subgroup, however, contained only resistant
snails and showed the highest enzyme activity. The complex interaction between snail age, genetic background
and internal defence resulted in great variability in compatibility patterns, with the highest significant difference
between young susceptible and adult resistant snails. The results demonstrate that resistance alleles function to a
greater degree in adults, with higher SODI activity and provide potential implications for Biomphalaria control.
The identification of the most susceptible snail age enables determination of the best timing for applying mollus-
cicides. Moreover, adult resistant snails could be beneficial in biological snail control.
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Schistosomiasis is recognised as a major neglected
tropical disease, second only to malaria in terms of its
adverse socioeconomic and public health impact in trop-
ical and subtropical third-world developing countries.
The disease affects more than 249 million people world-
wide, with more than 90% of those requiring treatment
residing in Africa (Hotez et al. 2012, WHO 2014). Schis-
tosomiasis has been termed a “silent pandemic” due to
the misery caused and decreased productivity of affected
individuals (Morgan et al. 2001, King et al. 2005).

The worldwide distribution of Schistosoma mansoni,
which causes intestinal schistosomiasis, is promoted
by the broad geographic range of susceptible species
of its intermediate host: pulmonate freshwater snails of
the genus Biomphalaria. These snails serve as obliga-
tory hosts for the larval stage, which infects humans.
Of the more than 34 identified species of Biomphalaria,
Biomphalaria alexandrina represents the intermediate
host of S. mansoni in Egypt (DeJong et al. 2001, Morgan
et al. 2001, El Naga et al. 2011).
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Different snail-specific factors are critical in de-
termining Biomphalaria susceptibility to S. mansoni
(Negrao-Corréa et al. 2007, El Naga et al. 2010). Within
this context, Newton (1952) found that susceptibility of
B. glabrata to S. mansoni infection is a hereditary char-
acter. Moreover, resistance of B. glabrata to S. mansoni
infection was found to vary with age; it is controlled in
juveniles by at least four genes, each with several alleles,
whereas in adulthood, only a single dominant gene deter-
mines this trait (Richards 1977, Richards & Shade, Rich-
ards et al. 1992, Spada et al. 2002, Ittiprasert et al. 2010).
In Biomphalaria tenagophila, two dominant genes deter-
mine resistance (Rosa et al. 2005). Nevertheless, for B.
alexandprina, little is known about the effect of age on ge-
netic modulation and S. mansoni infection compatibility.

Another important factor determining the compat-
ibility of Biomphalaria species to S. mansoni infection
is the snail’s internal defence system (IDS). Different
IDS responses to invading S. mansoni give rise to differ-
ent degrees of susceptibility (El Naga & Radwan 2012).
The Biomphalaria 1IDS is mainly composed of circulat-
ing haemocytes (Negrao-Corréa et al. 2007), which can
inflict significant damage to invading parasites by gen-
erating reactive oxygen species (ROS) through an oxida-
tive respiratory burst. Once generated, the first ROS of
the burst, superoxide anion (O,), can be metabolised to
hydrogen peroxide (H,0,). The cytosolic enzyme Cu/Zn
superoxide dismutase (SODI1) is produced by the snail
haemocytes. SODLI is a ubiquitous metalloenzyme that
catalyses the reduction of highly reactive O,- to H,0,, a

online | memorias.ioc.fiocruz.br



586  Impact of B. alexandrina age * Iman Fathy Abou-El-Naga

cytotoxic component that acts as a defence mechanism
to combat the parasite inside the snail (Hahn et al. 2001,
Bayne 2009, Loker et al. 2010). Various studies have
demonstrated that the H,O, produced by Biomphalaria
snails kills S. mansoni through potential oxidative dam-
age and hence affects the susceptibility of the snails
(Mahmoud & Rizk 2004, Bender et al. 2005). Although
the cytosolic location of snail Cu/Zn-SOD seems incon-
sistent with the need to direct H,0, against a large extra-
cellular parasite, H,O, is stable and can readily diffuse
across cell membranes. This is in contrast to O,-, which
does not readily cross biological membranes, as its reac-
tion with SODI occurs in the compartment where it is
generated (Goodall et al. 2004, Bender et al. 2007).

SODI enzyme activity can be quantitated by mea-
suring its resulting product using enzyme assays
(Todd & Gomez 2001).

With the current interest in eliminating schistoso-
miasis, a considerable variety of control strategies have
been proposed. Nevertheless, total elimination has not
yet been achieved and new cases are continuously di-
agnosed. It is clear that breaking the life cycle of this
parasite will decrease its transmission and this can be
achieved by targeting its intermediate host snail. To rea-
lise this goal, novel intervention tools are needed (Stein-
mann et al. 2006, Knight et al. 2014).

In 1958, Hubendick summarised a control method in-
volving the reduction of a susceptible snail population by
introducing a population that is known to be genetically
resistant to the parasite. This method was later applied
by Coelho et al. (2004) and Marques et al. (2014). Recent
advances in our understanding of the genetics of host-
parasite interactions have increased the interest in direct-
ing resistance genes into susceptible vector populations to
render them resistant or even to exhibit low susceptibility
when challenged by the parasite. Of course, a better long-
term solution would be to generate the field resistant vec-
tor populations or those that are less susceptible to infec-
tion, an ecologically safer way of breaking transmission
cycles (Townson et al. 2005, Bonner et al. 2012).

Studying the physiological and biochemical criteria
that modulate Biomphalaria susceptibility to S. manso-
ni is pivotal to provide new insights into the control of
the targeted mollusc. Indeed, studies concerning the ge-
netic variability of Biomphalaria with different degrees
of susceptibility to S. mansoni infection can add to the
development of control strategies for schistosomiasis
(Oliveira et al. 2010).

Within this context, the current work studied the im-
pact of the age of B. alexandrina snails on alterations
in their genetic outcome and internal defence. This was
achieved by using different parasitological parameters
and an SODI enzyme assay.

MATERIALS AND METHODS

Parasitological study - Laboratory breeding scheme
for snails - The snails used in this study were originally
obtained from water channels running in Alexandria Gov-
ernorate (Egypt) and were maintained for two years in the
Parasitology Department, Faculty of Medicine, Alexan-
dria University, Egypt. The snails were housed in glass

aquaria containing snail-conditioned water and were fed
lettuce leaves, tetramine fish food and calcium carbonate,
under suitable environmental laboratory conditions, using
the method described by Eveland and Haseeb (2011).

Source and maintenance of the parasite - S. mansoni
cercariae were originally harvested from shedding B.
alexandrina snails naturally infected with an Egyptian
strain of S. mansoni and collected from Alexandria wa-
ter channels. Maintenance of the S. mansoni life cycle
was conducted between our laboratory snails and Swiss
strain albino mice (El Naga et al. 2010). Groups of 10
snails were placed in 200 mL beakers containing aged
de-chlorinated tap water (DTW) under direct sunlight
for 2 h. Each cercarial suspension was carefully shaken
to obtain an even mixture and the average number of
cercariac per mL was estimated. Mice were infected
with 100 cercariae/mouse using the paddling tail-im-
mersion technique according to the method described
by Dettman et al. (1989). All work with laboratory ani-
mals was conducted in accordance with the Egyptian
National Animal Welfare Standards and was approved
by the Ethical Committee of the Faculty of Medicine,
Alexandria University. At seven weeks post-infection
(p.1.), mice were sacrificed and their livers were used as
a source of parasite eggs. The eggs were then exposed
to light to stimulate miracidial release. The snails were
exposed individually to eight-10 vigorously swimming
freshly hatched miracidia under direct sunlight for 3-4
h and then were kept in the dark and maintained under
previously described conditions (El Naga et al. 2010,
Eveland & Haseeb 2011, Mostafa & El-Dafrawy 2011).

Selection of susceptible and resistant snail stocks
- Separation of resistant and susceptible isolates was
achieved according to Zanotti-Magalhaes (1997). For the
selection of resistant individuals, snails that remained
uninfected after exposure to infection were isolated (F))
and reared singly for self-reproduction. Their progeny
were selected as the experimental resistant group. Sus-
ceptible individuals were selected by isolation of snail
progeny that yielded high infection frequencies (F))
and were then reared singly for self-reproduction; these
progeny were selected as the experimental susceptible
group (Zanotti-Magalhées et al. 1997).

Experimental design - Two groups (F,) were used in
our experiments: 400 susceptible snails (group I) and
400 resistant snails (group II). Each group was further
subdivided equally into two subgroups: 200 young sus-
ceptible (subgroup Ia) and 200 young resistant (subgroup
ITa) snails were infected at the age of two months (before
egg laying was initiated), at the size of 3-4 mm in diame-
ter. Another 200 adult susceptible (subgroup Ib) and 200
adult resistant (subgroup IIb) snails were infected at the
age of four months (after egg laying was initiated), at the
size of 8-10 mm in diameter. Afterwards, the infected
snails of each subgroup were returned to separate plastic
aquaria and kept in darkness.

Two weeks later, 100 snails from each experimental
subgroup were subjected to enzyme assay testing. The
other 100 snails in each subgroup were used for the de-
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termination of parasitological parameters, starting from
the 28th day post-exposure, twice weekly for three weeks.
The experimental design used is illustrated in Figs 1, 2.

Determination of susceptibility and resistance of
individual snails of the four subgroups - At four weeks
post-exposure to the parasite, the snails from each experi-
mental subgroup were individually checked for cercarial
shedding twice weekly, repeatedly for three weeks. The
susceptible and nonshedding snails of each subgroup were
separated and returned to different containers. On the first
day of detecting cercariae, the susceptible snails in each
subgroup were isolated individually in small transparent
plastic containers, each in 100 mL of aged DTW, and were
kept in darkness throughout the shedding period. Each of
the containers contained only one susceptible snail and
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Fig. 1: a scheme showing the followed experimental design
with regards to the parasitological parameters.
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was labelled with the experimental subgroup, the snail
number, the pre-patent period (PPP) and the number of
shed cercariae at each shedding assessment (Zanotti-
Magalhaes et al. 1997, Yousif et al. 1998).

Nonshedding individuals from each subgroup were
returned together into a separate aquarium and were
tested twice weekly for cercarial shedding until the 49th
day p.i. At the end of the three weeks dedicated to shed-
ding, nonshedding snails were examined under the dis-
secting microscope to make sure there are no arrested
developmental stages present. Moreover, if any snail
died during the PPP, it was squeesed between two slides,
entirely dissected and inspected under a stereo-dissect-
ing microscope to detect developing sporocysts, which
appear as opaque discrete masses within the snail tissue
(Corréa & Paraense 1971, Niemann & Lewis 1990).

Each shedding snail in all experimental subgroups was
investigated for the following parasitological parameters.

PPP - PPP is defined as the period from the day of
snail exposure to miracidia to the day immediately be-
fore the first shedding of cercariae (Haroun 1996, Yousif
etal. 1998). Starting from the 28th day post-exposure, all
subgroups were examined twice weekly until the 49th
day post-exposure; each snail was tested individually.
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Fig. 2: a scheme showing the followed experimental design
with regards to cytosolic superoxide dismutase enzyme assay.
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Infection rate (IR) - The snail IR was calculated by
dividing the number of shedding and positive crushed
snails by the number of exposed snails. The percentage
of susceptible and resistant snails in each subgroup was
then determined (Frandsen 1979, Yousif et al. 1998). The
snail IR was calculated at the end of the experiment us-
ing the following equation:

number of shedding and positive

crushed snails in each subgroup

IR % = x 100

number of exposed snails
in each subgroup

Mean cercarial output (MCO) - On the first day of
cercariae detection, positive snails were separated indi-
vidually and placed in plastic cups. The cercariae shed
from each susceptible snail were counted under a ste-
reomicroscope twice weekly for three successive weeks
(Chu & Dawood 1970, Frandsen 1979).

sum of shed cercariae

at all shedding times

MCO = x 100

number of shedding times

Mortality rate (MR) - The number of dead snails for
each subgroup was counted starting from the day of ex-
posure to the parasite until the 49th day p.i. The num-
ber of dead snails in the breeding aquaria was recorded
twice weekly. According to Yousif et al. (1998), the MR
was calculated using the following equation:

the number of dead snails

in each subgroup

MR % = x 100

the total number of exposed
snails in each subgroup

SODI enzyme assay - One hundred snails from each
experimental subgroup were used for the enzyme assay.
The assay was performed two weeks post-exposure to
infection. Each snail was cleaned gently, dissected and
examined under a stereomicroscope to detect develop-
ing sporocysts. Snails that did not show any sporocysts
under the microscope were considered to be resistant.

Two control groups were used in the biochemical
study: uninfected young snails and uninfected adult
snails. Eight snails were included in each control group.

The soft tissue of the dissected snail was perfused
with normal saline, blotted on tissue paper and weighed.
The tissue was homogenised with phosphate-buffered
saline (pH 7.2) by sonication for 2 min in a glass test
tube; to prevent temperature elevation to protect the en-
zymes present, the tube was placed in a beaker contain-
ing ice. The homogenised tissue was centrifuged at 500
g for 4 min and the supernatant containing the proteins
was stored in aliquots at -20°C until use. This was re-
peated for each snail separately. The collected superna-
tants were used for an SOD1 enzyme assay.

The protein concentration for each homogenate su-
pernatant was determined using Lowry’s method (Sapan
et al. 1999). The SODI activity was determined by add-
ing the substrate of the enzyme to the snail tissue homo-

genate and measuring the increase in absorbance over
time during the reaction with a spectrophotometer ac-
cording to Todd and Gomez (2001). A SODI enzyme as-
say kit, purchased from Biodiagnostic (Egypt), was used
and relies on the ability of SODI to inhibit the phenazine
methosulphate-mediated reduction of nitroblue tetrazo-
lium. The kit was stored and prepared according to the
manufacturer’s instructions. Calculation:

A A control - A A sample
% 100

percent inhibition =
A A control

where A A control =the change in absorbance at 560 nm
over 5 min following the addition of 5-methylphenazin-
ium methyl sulfate (PMS) (R4) to the reaction mixture
in the absence of the sample, A A sample = the change
in absorbance at 560 nm over 5 min following the ad-
dition of PMS to the reaction mixture in the presence
of the sample.

SODI activity: U/g tissues used = % inhibition x 3.75 x x 100

gram
tissues used

Statistical analysis - Data were analysed using the
IBM SPSS software package v.20.0 (Kirkpatrick &
Feeney 2013). Qualitative data are described using a num-
ber and percent and quantitative data are described using
the range (minimum and maximum), mean, standard de-
viation and median. Comparisons between the different
studied subgroups were tested using the chi-square test.
When more than 20% of the cells showed an expected
count of less than 5, correction for chi-square was per-
formed using Monte Carlo correction. The distributions of
quantitative variables were tested for normality using the
Kolmogorov-Smirnov test, the Shapiro-Wilk test and the
D’Agstino test. Moreover, histogram and QQ plots were
used for vision testing. When a normal data distribution
was revealed, parametric tests were applied; if the data
were abnormally distributed, nonparametric tests were
used. For normally distributed data, comparisons between
the different studied subgroups were analysed using the F-
test (ANOVA) and the post-hoc test (Scheffe) for pairwise
comparisons. A significant test results are reported as
two-tailed probabilities. The significance of the obtained
results was judged at the 5% level (Kotz et al. 20006).

Ethics - All work with laboratory animals was con-
ducted in accordance with the Egyptian National Animal
Welfare Standards and was approved by the Ethica Com-
mittee of the Faculty of Medicine, Alexandria University.

RESULTS

Parasitological study - PPP - Snails of each subgroup
were individually examined for cercarial shedding twice
weekly, starting from the 28th day after exposure to in-
fection until the 49th day (Table I).

The maximum number of shedding snails on the
28th day among the four subgroups was observed in the
young susceptible subgroup (la). Statistically signifi-
cant differences were recorded between individuals of
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TABLE I
Number of shedding snails in each of the examined pre-patent period (PPP) days in the studied subgroups
Day
PPP
(n=100) 28th 32nd 36th 40th 44th 49th
Ia 37 27 16 5 0 0
Ila 28 3¢ 5¢ 7 9« 114
Ib 11eb 1440 16° 1740 9« 7
IIb Oa,(? Oa,c Oa,c‘ Ob,(? Ob,L' Ob,c‘
e 79.4514 45.965¢ 23.200¢ 22.716¢ 18.8484 20.710¢
p <0.001¢ <0.001¢ <0.001¢ <0.001¢ MCp < 0.0014 MCp < 0.001¢

a: significance with subgroup la (young susceptible); b: significance with subgroup Ila (young resistant); ¢: significance with sub-
group Ib (adult susceptible); d: statistically significant at p < 0.05; IIb: adult resistant subgroup; MC: Monte Carlo test; n: number of
members in each subgroup; y* value for chi-square test.

TABLE 11

Infection rate (IR) among the studied subgroups

2

Ia Ila Ib ITb % p
IR (%) 92 37 74 0 200.315 <0.001
Sig Ta-ITa%, Ta-Ibe, Ta-1Tb¢, Ib-ITa%, Ib-1Tb¢, [Ta-ITb* - -

a: statistically significant at p < 0.05; Ia: young susceptible subgroup; Ib: adult susceptible subgroup; Ila: young resistant sub-
group; IIb: adult resistant subgroup; Sig: significance between subgroups using chi-square test (%?).

TABLE III

Cercarial roduction in the studied subgroups

IR % - The percentage of susceptible and resistant
snails in each subgroup was determined. IRs were 92%,
74%, 37% and 0% in the subgroups Ia, Ib, Ila and IIb,

Shedding snails respectively. Statistically significant differences among
Subgroups (n) TCP MCO the susceptible and resistant groups at different snail
ages and among young and adult subgroups with differ-

Ia 85 151,002 298.1+132.13  ent compatibility patterns were evident (Table II).
E}a ;7‘ 491877372 gj?g i iif; Total cercarial production (TCP) and MCO per sus-
’ ’ ’ ceptible snail - The total number of cercariae produced
b 0 0 0.0£0.0 by the susceptible snails in subgroups Ia, Ib and Ila was

Ia: young ceptible bgroup; Ib: adult ceptible bgroup; I1a: young
resistant subgroup; IIb: adult resistant subgroup; MCO: mean
cercarial output (mean number of cercariae/snail/shedding
time); TCP: total number of cercariae/subgroup. Normally dis-
tributed data were expressed in mean + standard deviation.

the same group. These differences were demonstrated
among the susceptible young (Ia) and susceptible adult
(Ib) subgroups at all studied time points, except on the
36th day. In contrast, there were no significant differ-
ences between the young resistant (Ila) and adult resis-
tant (IIb) subgroups at the earlier time points. Significant
differences were found at the 40th, 44th and 49th days.

Additionally, significant differences between the
young subgroups Ia and Ila at all the time points, ex-
cept on the 40th day, were also observed. Furthermore,
significant differences were found between the suscep-
tible and resistant adult subgroups (Ib and IIb) on all
days of shedding.

counted twice weekly over a period of three weeks. The
mean number of cercariae shed by each susceptible snail
in the different studied subgroups was calculated and is
presented in Tables III, IV. The young susceptible sub-
group (Ia) yielded the highest MCO, at 298.1 + 132.13
(Tables I11, TV).

MR % - The number of dead snails for each subgroup
was counted from the day of exposure to infection until
the 49th day p.i. The MR for each subgroup was 47%,
35%, 27%, 14% for subgroups la, Ib, ITa and IIb, respec-
tively (Table V). A positive correlation between both in-
fection and MRs of each subgroup was demonstrated,
with mortality increasing with infection (Table VI).

Enzyme assay - The SODI enzyme activities in the
noninfected (young and adult) subgroups were 0.26 +
0.04 and 0.30 £ 0.03 U/g tissues, respectively. In the in-
fected subgroups, the highest level of SODI enzyme ac-
tivity was obtained in the adult resistant subgroup (I1b),
with a mean of 0.90 + 0.07 U/g tissues, whereas the low-



590  Impact of B. alexandrina age * Iman Fathy Abou-El-Naga

est enzyme activity was in the susceptible individuals
of the young susceptible subgroup (Ia), at 0.32 + 0.03.
The enzyme activity was higher in the resistant snails,
regardless of their age, in comparison to susceptible and
noninfected snails. Furthermore, the SODI activity was
higher in the adult subgroups than in the young sub-
groups (Table VII).

DISCUSSION

Infection of Biomphalaria species by the larval stage
of S. mansoni leads to an intimate, long-term association
that largely challenges the snail’s physical integrity and
severely compromises its biological fitness (Sandland et
al. 2007). Although the infective stage (miracidia) is small
relative to the host, once inside the host’s body, miracidia
initiate major developmental changes to support their ex-
tensive growth and transformation to more specialised
larval stages (de Jong-Brink 1995). Based on a postulation

TABLE IV

Mean cercarial shedding over three successive weeks per
susceptible snail among the studied subgroups

la Ila Ib IIb
Min-Max 97-594 18-173 20-214 0-0
Mean £ SD 298.1 4 132.1 44.5+32.35 94.13+44.2 0.0+ 0.0
Median 271.0 33.50 90.50 0.0
F test 234.333¢
P <0.001
Sig Ta-IIa’, Ta-Ib%, Ta-11b%, TTa-Ib¢, Ib-IIb’, Ila-IIb®

a: statistically significant at p < 0.05; b: statistically significant
at p < 0.001; Ia: young susceptible subgroup; Ib: adult suscep-
tible subgroup; Ila: young resistant subgroup; I1b: adult resis-
tant subgroup; Sig: significant difference between subgroups
using post-hoc test (Scheffe). Normally distributed data were
expressed in mean + standard deviation (SD) and was com-
pared using F test (ANOVA).

of the short life span of miracidium in water, which at the
same time gives rise to hundreds of cercariae, schistosome
development inside its snail intermediate host can be con-
sidered the weakest link in the parasite’s life cycle. Addi-
tionally, although a given parasite strain can only develop
within a compatible snail, no such discrimination occurs
in the human host. Therefore, snail control is highly effec-
tive in eliminating schistosomiasis and is also easier than
changing human habits. For these reasons, searching for
snail factors that prevent parasite development will help in
designing tools that can be utilised for controlling schisto-
somiasis (Knight et al. 2014).

Genetic background and the IDS are snail-related
factors that are known to affect the compatibility of
Biomphalaria to S. mansoni (Richards 1975, Negrao-
Corréa et al. 2007). Age-dependent variability in sus-
ceptibility to S. mansoni has been studied in B. glabrata
(Richards 1984, Spada et al. 2002, Ittiprasert et al. 2010)
and it was found that the number of genes controlling
resistance differs with the age of the snail, which in turn
affects the compatibility pattern (Richards 1977, Rich-
ards et al. 1992). Moreover, the number of genes con-
trolling resistance varies among Biomphalaria species
(Richards 1977, Richards et al. 1992, Rosa et al. 2005),
which highlights the importance of studying the effect of
age on the genetic outcome of B. alexandrina.

Biomphalaria’s 1DS is the most important defence
mechanism against S. mansoni infection. Haemocytes
constitute a major IDS element. These cells produce the
enzyme cytosolic SODI, an important enzyme that catal-
yses the conversion of O,- to H,0,. The H,O, produced by
Biomphalaria snails kills S. mansoni through its potential
oxidative damage, thereby affecting snail susceptibility
(Bender et al. 2007, Negrao-Corréa et al. 2007).

Goodall et al. (2006) found that SODI1 enzyme ex-
pression in B. glabrata differs among susceptible and
resistant snails. However, the effect of the snail’s age on
the activity of this enzyme has not been evaluated.

Within this context, the current work examined the
effect of the age of B. alexandrina snails on their genetic
outcome and on the activity of SODI (as a representa-

TABLE V

Mortality rate (MR) among the studied subgroups at the different studied pre-patent periods
with compatibility status of the dead snails

Day
MR (%) 28th 32nd 36th 40th 44th 49th
la (47) 7(7S) 0 2 (2S) 5(S) 14 (14S) 19 (19S)
IIa (27) 2 (2R) 3 (3R) 3 (IR, 2S) 5 (2R, 3S5) 6 (2R, 4S) 8“(4R, 4S)
Ib (35) 0 0 3(3S) 6 (6S) 11 (10S, 1R) 15 (13S, 2R)
1Ib (14) 1 (IR) 1 (IR) 2 (2R) 3 (3R) 3¢%(3R) 445 (4R)
x 27.085¢ 11.897¢ 0.410 1.05 9.368¢ 13.461¢
P <0.001¢ MCp =0.015¢ MCp =1.000 MCp =0.874 0.025¢ 0.004¢

a: significance with subgroup Ia (young susceptible); b: significance with subgroup Ib (adult susceptible); c: statistically signifi-
cant at p < 0.05; ITa: young resistant subgroup; IIb: adult resistant subgroup; MC: Monte Carlo test; R: resistant; S: susceptible;

¥ value for chi-square test.
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tive of IDS). The present work was conducted using ap-
proaches involving both parasitological and biochemical
techniques and was achieved by including 200 snails in
each of four experimental subgroups: young susceptible
(Ia), adult susceptible (Ib), young resistant (I1a) and adult
resistant (IIb). In each subgroup, 100 snails were dedi-
cated for parasitological examination that began four
weeks post-exposure to miracidia and continued for the
following three weeks. The other 100 snails were used
for the biochemical study (SOD1 enzyme assay), which
was performed at two weeks post-exposure to infection.

We investigated the effect of the age of snails on their
compatibility pattern. Moreover, the effect of the inter-
action of snail age, genetics and internal defence on the
outcome of infection was also examined.

Our results revealed that younger snails, belonging
to either a susceptible or resistant group, showed higher
susceptibility when compared to adult snails. Young sus-

TABLE VI

Correlation between infection rate (IR)
and mortality rates (MR) in the studied subgroups

ceptible snails exhibited the shortest range of PPP, with
the majority of shedding snails being recorded by the
28th day, at 37 of 85 shedding snails. Moreover, the re-
mainder of shedding snails in the same subgroup showed
their first shedding before the 40th day p.i.: 27 snails shed
cercariae for the first time on the 32nd day, 16 snails shed
on the 36th day and five snails shed on the 40th day.

Regarding the adult susceptible subgroup (Ib), of 74
shedding snails, only 11 shed for the first time on the
28th day p.i. The maximum number of shedding snails
was 16 and 17 recorded by the 36th and the 40th days,
respectively. Additionally, PPP extended to the 49th day
in seven snails.

Njiokou et al. (2004) and El Naga et al. (2011) stat-
ed that high snail compatibility to trematode infection
is characterised by a short PPP. The significant differ-
ences observed between subgroups la and Ib with regard
to shedding durations indicate that subgroup la (young
susceptible) carries higher susceptibility to S. mansoni
infection, accompanied by rapid development of the par-
asite inside the snail.

As for subgroup Ila (young resistant) shedding mem-
bers, the maximum number of shedding snails for the
first time was 11 that were recorded by the 49th day with

Correlation (LZ) 1(\(/,2 . only two snails sheq for the f@rst time by the 28th day.

Conversely, the snails belonging to the adult resistant
Ia 9 47 <0.001¢ subgroup IIb displayed only the resistant phenotype, with
Ma 37 27 0.130 no recoded PPP. Subgroup Ila (young resistant) showed
b 74 35 <0.00]¢ a significant difference compared to subgroup IIb (adult
1Ib 0 14 <0.001 resistant), which contained only resistant individuals, in-

r(p)

a: statistically significant at p < 0.05; Ia: young susceptible sub-
group; Ib: adult susceptible subgroup; Ila: young resistant sub-
group; IIb: adult resistant subgroup; p: p-value for chi-square
test; r: Pearson coefficient.

0.983 (0.017%) -

dicating higher susceptibility of the former. These sig-
nificant differences between subgroups Ia and Ib and be-
tween Ila and IIb can be attributed to the effect of age.

It was not surprising that the compatibility pattern
also affected the outcome of infection, as evidenced by
the significant differences between subgroups Ia and Ila

TABLE VII

The level of cytosolic superoxide dismutase enzyme (SODI) per snail’s gram tissue in U/g tissues among the studied subgroups

SOD1

(Ulg) Ca Cb Ias lar Ilas Ilar Ibs Ibr IIb
Min-Max 0.20-0.31  0.25-0.35 0.25-0.35 0.43-0.63 0.34-0.45 0.66-0.83 0.21-0.44  0.61-0.73  0.79-0.99
Mean+SD  0.26 +0.04 0.30+0.03 0.32+0.03 0.55+0.07 0.40+0.03 0.76+0.05 0.34+0.07 0.68+0.04 0.90+0.07
Median 0.26 0.30 0.32 0.58 0.40 0.77 0.36 0.67 0.91

F - - - - 209.018¢ - - - -

p - - - - <0.001¢ - - - -

Sig - - - b-d b,c,e b-f e, g b-f, h b-i

a: statistically significant at p < 0.05; b: significance with group uninfected young; c: significance with group uninfected adult; d:
significance with subgroup Ia (young susceptible members); e: significance with subgroup Ia (young resistant members); f: signifi-
cance with subgroup Ila (young susceptible members); g: significance with subgroup Ila (young resistant members); /: significance
with subgroup Ib (adult susceptible members); i: significance with subgroup Ib (adult resistant members); Ca: young noninfected;
Cb: adult noninfected; Ia r: young susceptible subgroup (resistant members); Ia s: young susceptible subgroup (susceptible mem-
bers); Ib r: adult susceptible subgroup (resistant members); Ib s: adult susceptible subgroup (susceptible members); Ila r: young
resistant subgroup (resistant members); Ila s: young resistant subgroup (susceptible members); Sig: significance between subgroups
was done using post-hoc test (Scheffe). Normally distributed data were expressed in mean =+ standard deviation (SD) and was com-
pared using F test (ANOVA).
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and between subgroups Ib and IIb. Moreover, the sig-
nificant differences recorded between young resistant,
susceptible snails and adult susceptible, susceptible
snails (Ila and Ib) may be attributed to the effect of the
interaction between age and genetics on compatibility
patterns. This was represented by a longer PPP in the
susceptible individuals in subgroup Ila than in snails of
the aforementioned adult susceptible subgroup.

In the current study, some individuals of subgroups
ITa and Ib displayed a PPP of 49 days. The delay in para-
site development in these snails indicates their lower sus-
ceptibility to infection. A comparison between the young
resistant (I1a) subgroup and adult susceptible (Ib) sub-
group revealed that 11 snails shed for the first time on the
49th day in the former group, but only seven in the latter.
However, this difference was not statistically significant,
indicating that both age and compatibility pattern are im-
portant in determining the outcome of infection.

Richards (1984) stated that genetic factors determining
B. glabrata juvenile nonsusceptibility operate throughout
the snail’s life, masking the presence of the factors for
adult susceptibility and, thus, unfortunately complicating
studies on the influence of age on snail susceptibility.

The highest IR in the present study was exhibited by
the snails belonging to the young susceptible subgroup
Ia. In total, 92% of subgroup la (young susceptible), 74%
of subgroup Ib (adult susceptible) and 37% of subgroup
I1a (young resistant) were susceptible. All snails in sub-
group IIb (adult resistant) were resistant. It should be
noted that even the snails that died during the course of
the experiment were included in the statistical analysis;
these snails were examined for developing sporocysts.

Although our experiment was carried out on snails
resulting from self-reproduction, some resistant snails
were obtained in the progeny of susceptible individu-
als, indicating the dominance of the resistance character
in B. alexandrina. In their studies, both Shoukry et al.
(1997) and El Naga et al. (2010) observed the appearance
of resistant snails originating from cross of susceptible
parents. A probable explanation for the resistant mem-
bers obtained in the susceptible subgroups is that, al-
though resistance alleles are sometimes not expressed in
the snail phenotype, they can accumulate through gen-
erations to produce a resistant phenotype that appears in
later progeny. That is, the parents of these resistant snails
harboured unexpressed resistance genes, which subse-
quently accumulated among successive generations (EI
Naga et al. 2010). Similarly, the resistance character in 5.
glabrata snails is inherited in a dominant manner (Rich-
ards & Merritt 1972, Lewis et al. 2002). Abdel-Hamid
et al. (2006) and El-Nassery et al. (2013) found that both
susceptibility and resistance in B. alexandrina are he-
reditary characters and are genetically controlled.

In contrary to Lewis et al. (2002), who found that
susceptible B. glabrata parents did not give rise to any
resistant progeny, susceptible subgroups in the current
study resulted in 8-26% resistant individuals in the two
age groups. This could be explained by the proposal of
El Naga et al. (2010) that a susceptible population of B.
alexandrina may contain more resistance alleles than B.
glabrata, thus accounting for the appearance of resistant

progeny originating from completely susceptible par-
ents. Although the two susceptible subgroups contained
resistant snails, the significant difference noted between
them suggests that the resistant alleles obtained from F,
parents were potentiated by the impact of age, resulting
in the appearance of more resistant individuals in the
adult susceptible subgroup (Ib).

In the current work, no susceptible members were
obtained in the adult resistant subgroup (IIb). This result
was also observed in other studies using different spe-
cies (Lewis et al. 2002, Rosa et al. 2005, El Naga et al.
2010). However, 37 susceptible members were recorded
in our young resistant subgroup (Ila), which reinforces
our assumption on the effect of the age of B. alexan-
drina on snail compatibility pattern. The appearance of
susceptible individuals in the young resistant subgroup
could also be explained by its weaker internal defence
when compared to the adult resistant subgroup. This was
proven by the significant difference noted in SODI1 en-
zyme activity between resistant snails in the young and
adult resistant subgroups, at 0.68 £+ 0.04 and 0.90 = 0.07
Ulg tissues, respectively.

Anderson et al. (1982) attributed the lower IRs of adult
snails compared to younger snails to a number of differ-
ent factors. First, older snails possess physical barriers to
penetration imposed by their tough thickened body cover-
ing. Additionally, they produce greater quantities of mu-
cus, which replete with chemicals that confuse searching
miracidia. Moreover, adults possess a higher phagocytic
capacity. Older snails also move faster and are thus more
difficult to locate by miracidia. Furthermore, egg-laying
capacity could be among the factors causing more resis-
tance in adult snails, wherein the snail expends all its en-
ergy on reproduction, as stated by Richards (1977).

Our main goal was to ascertain whether resistant al-
leles transmitted from susceptible parent snails to their
young progeny are more functional at the adult stage
and our results suggest that they are. We propose that
resistance alleles in the susceptible population may be-
come more functional through the snail aging process,
which is responsible for the lower susceptibility in adult
B. alexandrina snails.

The highest susceptibility in the young susceptible
subgroup was also evidenced by the highest TCP among
the four studied subgroups, at 151,002. This was fol-
lowed by the adult susceptible subgroup, which pro-
duced 41,732 cercariae over the three weeks of shedding.
The young resistant subgroup ranked next, with 9,877
over the shedding weeks. According to the Frandsen
classification, the three subgroups can be categorised in
classes 4, 2 and 1 (well compatible, poorly compatible
and not very compatible, respectively). Regarding the
adult resistant subgroup, no cercariae were produced at
all, placing this subgroup in Frandsen class 0 or resistant
snails (Frandsen 1979).

The recorded MRs in the present study were 47%,
35%, 27% and 14% in subgroups Ia, Ib, Ila and IIb, re-
spectively and were directly proportional to the IRs in
the different subgroups. The higher MRs noted in the
susceptible compared to the resistant groups could be
explained by the devastating effects of S. mansoni on
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snail health. S. mansoni is considered a parasite that ex-
erts a selective pressure on the susceptible population.
During its development, S. mansoni sporocysts invade
Biomphalaria’s digestive gland and the adjacent go-
nads, leading to destruction of these organs (Lemos &
Andrade 2001). Thus, infection becomes an element of
natural selection, which is highly negative for infected
snails (Rosa et al. 2006). Moreover, the disturbance in
metallic ion concentrations due to trematode infection
is considered another cause of mortality in parasitised
snails (Mostafa & Dajem 2010). Furthermore, the expo-
sure of susceptible snails to a high dose of infection (8-10
miracidia) per snail at the same time may explain the
higher mortality recorded in the laboratory, as the ma-
jority of these miracidia are thought to develop without
much restraint. In contrast, under natural conditions, the
snail is not likely to be exposed to such a high number of
miracidia at a given time (Corréa & Paraense 1971).

The MRs recorded in the two resistant subgroups
were 35% and 14%, subgroups Ila (young resistant) and
IIb (adult resistant), respectively. The mortality of the re-
sistant snails can be attributed to a high concentration of
the SOD1 enzyme, which produces H,O,, a highly ROS.
Although these reactive species are beneficial for com-
bating the invading parasite, they also seriously damage
biological membranes in the host tissue, the so-called
“cost of resistance” (Bender et al. 2007, Bonner et al.
2012); hence, ROS are considered a double-edged sword
(Beckman & Ames 1998). Mangal et al. (2010) stated that
exposure alone of B. alexandrina snails to S. mansoni
miracidia has a negative impact on snail survival rates.

In the present work, we functionally investigated the
activity of the SOD1 enzyme in a whole-snail soft tissue
homogenate at two weeks after exposure to infection.
For the control noninfected snails, the results were 0.26
+0.04 and 0.30 + 0.03 U/g of SODI activity in the nonin-
fected young and adult groups, respectively. No signifi-
cant difference was calculated between the two control
groups. Cytosolic SODI is present during the course of
the snail lifetime to protect cells against damage by the
free radicals that are generated due to normal metabo-
lism (Bender et al. 2005).

Regarding the results of the experimental subgroups
in the current study, the combined effects of both age and
compatibility pattern resulted in the highest SOD1 activ-
ity in the adult resistant subgroup, with a mean of 0.90 +
0.07 Ulg tissue. In contrast, the lowest enzyme activity
was found in the susceptible snails of the young suscep-
tible subgroup, at 0.32 = 0.03 U/g tissue. Furthermore, as
shown in Table VII, the SODI activities were higher in
the resistant individuals of the studied subgroups than in
the corresponding susceptible individuals. This indicates
the importance of this enzyme in determining a snail’s
compatibility status. Our results of higher SODI activity
levels in resistant vs. susceptible snails are in agreement
with Hahn et al. (2001), Goodall et al. (2004), Mahmoud
and Rizk (2004), Bender et al. (2005) and Bayne (2009),
who reported an increased number of haemocytes gen-
erating superoxide in S. mansoni resistant snails. The re-
sulting free radicals were efficient for encapsulating or
eliminating the parasite in resistant snails, but failed in
the case of susceptible snails (Mahmoud & Rizk 2004).

It is worth mentioning that studies on the genes of a
resistant B. glabrata strain have revealed that polymor-
phisms in the gene encoding cytosolic SODI are associ-
ated with susceptibility/resistance; such results reinforce
the role of SODI in schistosome resistance (Goodall et
al. 2004, 2006, Bender et al. 2007).

The results of the present work showed that the age
of B. alexandrina snails affects SODI activity levels.
Significant differences in SODI1 activity levels between
young and adult snails obtained from the same (F)) par-
ent were observed, with a higher activity at the adult
stage. Goodall et al. (2006) reported that Biomphalaria
SODI1 is encoded by three alleles and one was found to
be significantly associated with resistance. Furthermore,
some alleles controlling compatibility were found to be
affected by snail age (Richards 1977, Richards & Shade,
Richards et al. 1992). Within this context, it would be in-
teresting to assess whether the genes encoding SODI1 are
among the other genes that are modified by snail age.

In summary, the significant differences in all para-
sitological and biochemical parameters between young
and adult snails in the same group were attributed to the
age effect, which made resistance alleles more functional
in adults, with higher SOD1 enzyme activity. Moreover,
the complex interaction between age, genetic background
and IDS between the susceptible and resistant subgroups
results in great variability in compatibility patterns. This
interaction led to the appearance of the highest signifi-
cant difference between the young susceptible (Ia) and
adult resistant (IIb) subgroups.

The results presented herein can have potential epi-
daemiological implications in Biomphalaria control. By
determining the age at which a snail is most susceptible
to S. mansoni infection, the optimal timing for the ap-
plication of molluscicides could be identified. This in
turn would increase the efficacy of the applied method,
potentiating schistosomiasis control. Moreover, identifi-
cation of the most resistant snails is important for use in
later biological snail control, after studying the compat-
ibility of successive generations.

Investigations of genes encoding enzymes involved
in the respiratory burst are recommended. In particular,
the genes responsible for the production of H,O, should
be targeted as potential candidates for genetic /oci caus-
ally related to the susceptibility/resistance of B. alexan-
drina to S. mansoni at different snail ages.
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