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Abstract

Most invertebrate species exhibit immunological responses that can inactivate and eliminate penetrating parasites. Such immune
responses in particular involve the formation of potentially toxic reactive oxygen species (ROS). We explored the immune
capabilities of the first-generation (F1) offspring of naturally infected freshwater snails, Lymnaea stagnalis, in response to
infection by trematode cercariae under laboratory conditions. The rates of ROS formation and peroxidase activity in the hemo-
lymph of the F1 offspring of L. stagnalis parents infected by an asexual stage of trematodes were significantly higher than in F1
offspring of uninfected parents. Compared to offspring from uninfected parents, the growth rate of F1 snails from infected parents
was higher, but survival was lower. After infection of F1 snails by trematode cercariac of Echinoparyphium aconiatum under
laboratory conditions, the rate of ROS formation and peroxidase activity in the hemolymph of F1 offspring of uninfected parents
increased compared to control snails. This pattern persisted throughout the entire 3-week observation period. In contrast, the rate
of ROS formation in the hemolymph of F1 snails from infected parents after experimental infection by E. aconiatum cercariae did
not differ from controls, and peroxidase activity even decreased. Thus, trematode parthenitae infection of parents could alter the
immune response of their offspring.
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Introduction

Lymnaea stagnalis (Gastropoda, Pulmonata) is a freshwater
gastropod snail often used as a model organism to investigate
immunological defense mechanisms (van der Knaap et al.
1993). Two stages of the life cycle of the trematode
Echinoparyphium aconiatum (Trematoda,
Echinostomatidae) (the asexual stages of sporocysts and redi-
ae, and metacercariae) are associated with L. stagnalis snails
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(Yurlova et al. 2006). Reproduction of parthenitae in snails is
completed by the formation of cercariae, which are free-
swimming larvae of hermaphroditic generation.
Subsequently, the cercariae transform into metacercariae with-
in the second intermediate host and encyst to later be ingested
by the definitive host (Galaktionov and Dobrovolskij 2003).

Snails, similar to other invertebrates, have developed a sys-
tem of innate immunity to inactivate and eliminate penetrating
parasites. For example, the formation of potentially toxic re-
active oxygen species (ROS) increases during the defense
reactions of invertebrates (Moné et al. 2011). Because of their
high reactivity, ROS can participate in the destruction of
parasites.

Peroxidase is present in the hemolymph of L. stagnalis and
is also involved in snail immunity (Dikkeboom et al. 1984).
Dordrecht Gornowicz et al. (2013) reported a significant in-
crease of enzyme activity in the hemolymph of L. stagnalis
naturally infected with digenean trematodes. Peroxidase activ-
ity may be important for the formation of cytotoxic molecules
that can either be involved in cytotoxic reactions (Nappi and
Ottaviani 2000) or lead to the production of other ROS
(Arakawa 1994). Thus, peroxidase activity and ROS
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generation can be considered markers of an oxidative stress in
response to parasite infection of a host (Moné¢ et al. 2011).

Parasite can activate the host immune system and trigger
changes in the resistance of surviving specimens to future
infections (Little et al. 2003). Interactions during the coexis-
tence of the host and parasite are assumed to result in genetic
changes in both, including reciprocal epigenetic changes
(Vilcinskas 2016). Similar changes can be manifested in host
offspring of the next generation. However, little information
exists regarding the effect of parasites on the offspring of
previously infected parents (Milutinovic and Kurtz 2016).

The objective of the present study was to examine the effect
of infection by cercariae of the trematode E. aconiatum on
peroxidase activity and ROS generation in the hemolymph
of F1 offspring of L. stagnalis parents infected with partheno-
genetic stages of the trematode.

Materials and methods
Snails and parasites

Lymnaea stagnalis snails were collected from the coastal zone
of the Kargat River in the Chany Lake area, Russia (54°30'-
55°09" N, 76°48'-78°12" E). All collected snails were exam-
ined for cercarial shedding by exposure to artificial light. The
identification of digenean species (cercariac) was based on
previously published information on morphological features
(Krasnolobova 1987). Snails infected with parthenogenetic
(asexual) stages of Plagiorchis mutationis (Trematoda,
Plagiorchiidae) and uninfected snails were used as the parental
generation to produce F1 offspring. Infected and uninfected
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Fig. 1 ROS generation (black bars) and peroxidase activity (white bars)
in hemolymph of L. stagnalis offspring of uninfected (a) and parthenitae-
infected (b) parents .*Data labeled with “a” differ significantly from data
labeled with “b” (P < 0.05)
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Fig. 2 Growth rate of the offspring of L. stagnalis parent snails that were
either uninfected (white bars) or infected with trematode parthenitae
(black bars). *Significant difference from offspring of uninfected
parents at P < 0.05

snails were maintained separately under laboratory conditions

After the getting of the offspring, the infection state of
snail-parents collected in the field was confirmed by autopsy
(according Yurlova et al. 2006).

The cercariae of the trematode E. aconiatum were shed by
naturally infected snails collected in the coastal zone of the
Kargat River. The F1 offspring were infected individually.
Five just released cercariae of E. aconiatum were added to
one snail (shell length: 15 + 3 mm) in a vessel containing 10
mL of filtered water. If no cercariaec were found in the vessel
30 min later, the infection process was considered successful.

Experimental design

In the experiments, we used F1 snail offspring from parents
that were either infected or uninfected by the parthenitae trem-
atodes. Snails within each group were divided into two sub-
groups: one remained uninfected (control), while the other
was exposed to cercariae that transformed into metacercariae
within snails. Hemolymph samples were taken from the same
snails in both groups (n = 8-12) at 1, 7, 14, and 21 days after
cercarial infection for detection of ROS generation and perox-
idase activity.

The growth rate and survival of snails were determined for
each group over the same period.

Hemolymph collection

Hemolymph was collected by stimulation of the foot sole, as
described by Sminia (1972). The collected hemolymph was
mixed (1:1) with phosphate-buffered saline (50 mM phos-
phate buffer, 150 mM NaCl, 50 uM DTPA, pH 7.2) and
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Fig. 3 ROS generation (a) and peroxidase activity (b) in hemolymph of L. stagnalis offspring of trematode parthenitae-infected parents (white bars,
control) after infection by E. aconiatum cercariae (black bars). *Significant difference from the control (P < 0.05)

centrifuged at 500xg for 5 min at 4 °C to remove hemocytes.
Supernatant was used for assays of ROS generation and per-
oxidase activity.

Determination of ROS generation rate

A CP-H (1-hydroxy-3-carboxy-pyrrolidine) spin trap
(Slepneva et al. 1999) was used to measure rates of ROS
formation. CP-H is oxidized non-specifically by highly oxi-
dizing metabolites, which results in the formation of the stable
nitroxyl radical, CP. A mixture of tested hemolymph (50 uL)
with 1 mM CP-H and 0.2 mg/mL dopamine was placed in a
glass capillary, and the time-depended accumulation of CP
was measured by monitoring the amplitude of the low field
component of the electron paramagnetic resonance (EPR)
spectrum.

EPR measurements were performed at room temperature
using an ER 200-D SRC X-band ESR spectrometer (Bruker).

Peroxidase assay

Peroxidase activity in the hemolymph was assayed spectro-
photometrically using 4-aminoantipyrine as a substrate (Nicell

and Wright 1997). Samples were placed in a plate cuvette, and
the absorption at 510 nm for 5 min was recorded using the
Multiscan Ascent plate reader (Thermo). Peroxidase activity
was expressed in units of optical density of the incubation
mixture per | min and 1 mg of protein.

Statistical analysis

Data were analyzed using the software SigmaPlot for
Windows, version 9.0 (Systat Software, Inc.). Data were
expressed as the means + standard error (n > 5). Significant
differences in the data were analyzed by Student’s ¢ test (P <
0.05) using the Origin 6.0 program.

Results and discussion

Peroxidase is a key enzyme in the immune response of the
pond snail L. stagnalis (Dordrecht Gornowicz et al. 2013).
Vorontsova et al. (2015) demonstrated that peroxidase activity
in the hemolymph of L. stagnalis can result in the generation
of active metabolites, such as o-semiquinones. By considering
peroxidase activity and ROS generation as markers of the

Fig. 4 ROS generation (a) and
peroxidase activity (b) in
hemolymph of L. stagnalis
offspring of uninfected parents
(white bars, control) after
infection by E. aconiatum
cercariae (black bars).
*Significant difference from the
control (P <0.05)

BN
N
)

-
1

0.8

0.6

Oxidation rate of CP-H, a.u./s

o

a b

o

o

a
)

0.04 - % .

0.03 1

0.02 1

0.01 A

Peroxidase activity, u./mg*min

*
*
. . .
0.4 A
4 T T T 0
1 7 14 21

Days after infection by cercariae

1 3 7 14 21
Days after infection by cercariae

@ Springer



3564

Parasitol Res (2019) 118:3561-3564

oxidative stress of L. stagnalis, we assessed how these two
factors changed in the hemolymph of the F1 offspring from
parents naturally infected with trematode parthenitae, in re-
sponse to subsequent infection with cercariae of
E. aconiatum. Cercariae quickly transform into metacercariae
in snails (Ataev 2010); therefore, we examined the effect of
cercariae penetration and metacercariae infection on the sec-
ond intermediate host.

Both peroxidase activity and ROS generation in the hemo-
lymph of offspring of infected parents were clearly higher than
values in offspring produced by uninfected parents (Fig. 1).
These results indicate that the status of trematode infection of
parents influences the filial generation of snails. This response
can be considered the manifestation of an “adaptive immuni-
ty” of invertebrates, a concept that has been recently debated
in the literature (Moret and Schmid-Hempel 2001; Ottaviani
2015). Indeed, we were unable to experimentally verify the
exhaustion of offspring produced by the infected parents. In
contrast, growth rates were actually higher (Fig. 2) and repro-
ductive sizes were reached earlier in these offspring compared
to the offspring of uninfected parents (Yurlova, unpublished
data). These unexpected results could represent compensatory
mechanisms for the successful reproduction of the offspring.
The increased markers of oxidative stress of the offspring of
infected parents may accelerate their physiological develop-
ment, although at the cost of decreased survival (30% com-
pared to 70% for the offspring of uninfected parents).

The laboratory infection of the offspring of infected parents
with E. aconiatum cercariae did not result in an additional in-
crease in the markers of oxidative stress compared to the control
(Fig. 3). The level of ROS generation was still comparable to the
control during the entire observation period, and peroxidase
activity actually decreased. Furthermore, the survival of off-
spring in this group increased significantly (by 2.3-fold compare
with the uninfected snails) after laboratory infection.

A 1.3-fold increase in survival after cercarial infection was
also observed in the offspring of the uninfected parents.
However, the markers of oxidative stress of these snails were
substantially higher after cercarial infection compared to the
controls (Fig. 4). These results indicate that the offspring of
uninfected parents activate their own response to trematode
infection, while the offspring of infected parents exploit the
immune potential provided by their parents. Thus, trematode
parthenitae infection in parents could alter the immune re-
sponse of their offspring.

Similar effects have been demonstrated following viral,
bacterial, and fungal infections, suggesting a broadly function-
ing immune response in invertebrates (Chambers and
Schneider 2012).
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