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Abstract: The metastrongyloid Aelurostrongylus abstrusus has an indirect lifecycle involving gastro-
pod intermediate hosts. The widespread snail Cornu aspersum is an efficient intermediate host of
A. abstrusus. As the temperature may influence the developmental rate of metastrongyloids from
first (L1) to the third infective larval stage (L3) inside molluscs, this study evaluated the effect of two
controlled temperatures on the development of A. abstrusus in C. aspersum. Overall, 300 snails were
infected with 500 L1 of A. abstrusus and kept at ~25 °C. Fifteen days post infection (D15), the overall
developmental rate to L3 (0.8%) was assessed in a subset of 20 snails. The remaining gastropods
were divided in 2 groups, i.e., 180 still kept at ~25 °C (G1) and 100 hibernated at ~4 °C (G2). On
D30, the larval development was evaluated in 20 snails from each group, while another batch of
80 snails was selected random from G1 and hibernated at ~4 °C (G3). The larval developmental
rate was determined digesting 20 snails from each of the three groups on D45, D60, and D75. The
higher mean developmental rate was registered in G1 (3.8%) compared to G2 (1.9%) and G3 (2.3%),
indicating that the development to L3 of A. abstrusus in C. aspersum is positively influenced by the

increase of temperature.
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1. Introduction

Adult stages of the cat lungworm Aelurostrongylus abstrusus (Metastrongyloidea, An-
giostrongylidae) inhabit bronchioles, alveolar ducts, and alveoli of domestic cats (i.e., the
natural host) and some wild felids [1-3]. Felid aelurostrongylosis is distributed worldwide,
with most records from Europe [4-6] and less common descriptions in the Americas [7,8]
and Africa [9].

Clinical signs in infected cats vary from subtle to severe and include ocular and nasal
discharge, sneezing, wheezing, dyspnea, cough, and open-mouth breath [10].

The life cycle of A. abstrusus is indirect and requires snails and slugs as intermediate
hosts. The first stage larvae (L1) are shed in the environment through the respiratory
mucous or the faeces of the infected cat, penetrate or are ingested by gastropods, and
reach the infective stage (third stage larvae, L3), after a time period that varies depending
on environmental factors and is estimated to be about 11-18 days under optimum con-
ditions [11-13]. Cats acquire the infection by ingesting intermediate, or more commonly,
paratenic hosts, e.g., birds, small rodents, and reptiles [3].

The epizootiology of mollusk-borne parasitosis, including aelurostrongylosis, is in-
fluenced by extrinsic and intrinsic factors. Some, e.g., climate changes, have an impact on
vector phenology and ecology, enhancing the presence of mollusks and infective stages
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of parasites in endemic areas, while others have the potential to spur the geographic
distribution of transmitted pathogens, as in the case of globalization and global trans-
ports, anthropization of wildlife habitats, and movements of animals from enzootic to
non-enzootic regions [14]. Accordingly, geographic distribution, spreading, and devel-
opmental and reproduction rates of snails and slugs may have a key role in increasing
numbers of documented cases of cat aelurostrongylosis [14,15].

Experimental studies have shown that many genera of molluscs act as intermedi-
ate hosts of A. abstrusus, [11,12,16-18] and wild-caught gastropods infected by larvae of
A. abstrusus have been found in several countries [19-24].

The land snail Cornu aspersum is a globally invasive species widespread in Europe,
whose distribution is favored by heliciculture for human consumption [16,25,26]. Studies
in natural and experimental settings have proven its ability to act as intermediate host
of major metastrongyloid nematodes, including A. abstrusus [11,13,16,27]. Accordingly,
cats infected by L3 harvested from experimentally infected C. aspersum develop patent
aerulostrongylosis [16,28,29].

Laboratory studies on the larval development of A. abstrusus in C. aspersum have
been conducted under (completely or partially) uncontrolled conditions (e.g., temperature,
humidity) [11,13,16]; thus, information on environmental factors impacting on biological
features and larval development are poorly known. Data from the last decade have sug-
gested that environmental temperature influences survival, vitality, and/or developmental
rate of metastrongyloid lungworms in the environment and/or in the molluscs [30-32].

The present study has evaluated the influence of environmental temperature on larval
development of A. abstrusus in C. aspersum in comparison with data recently gathered on
the larval development of the closely related felid lungworm Troglostrongylus brevior (Metas-
trongyloidea, Crenosomatidae) under the same experimental conditions [31]. Biological
and ecological implications on the influence of temperature on the larval development of
A. abstrusus are discussed.

2. Results

No pre-existing infections were recorded in the snails microscopically and genetically
examined prior to the study. The digestion performed at D15 showed an overall larval
development approximately of 1.9% and 0.8% for L2 and L3, respectively. L1 were detected
with a percentage of 2.8% on D15 and of 0.6% and 0.2% on D30 in G1 (i.e., snails maintained
at environmental conditions in vivaria, i.e., 25 £ 2 °C temperature, ~80% humidity) and
G2 (i.e., snails hibernated at 4 &+ 2 °C on D15), respectively, while no L1 were present from
D45 to D75 (Figure 1).

Figure 1. Larvae of Aelurostrongylus abstrusus. First (A), second (B), and third (C) stage larvae of Aelurostrongylus abstrusus,
detected in the sediment obtained from the Baermann technique (A) and from snail digestion (B,C).
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L2 and L3 were recorded at all time points of all groups, i.e., D30, D45, D60, and D75
in G1 and G2 and D45, D60, and D75 in G3 (i.e., snails hibernated at 4 + 2 °C on D30)
(Figure 1). Rates of larval development detected at D30, D45, D60, and D75 were 2.8%,
1.4%, 6.0%, and 5.0% (mean 3.8%) for G1 and 3.2%, 2.8%, 1.0%, and 0.6% (mean 1.9%) for
G2. The percentage of L3 retrieved in snails of G3 were 2.0%, 3.5%, and 1.5% (mean 2.3%)
on days 45, 60, and 75 p.i., respectively.

Detailed information on each larval stage found in G1, G2, and G3 at each time-point
is listed in Table 1. All molecular examinations confirmed the identity of the retrieved
larvae as A. abstrusus.

Table 1. Developmental rate (%) at different timepoints of different larval stages (from L1 to L3) of
Aelurostrongylus abstrusus in Cornu aspersum snails infected with a dose of 500 L1, i.e., day 15 (D15),
day 30 (D30), day 45 (D45), day 60 (D60), and day 75 (D75) post infection. Snails were randomly
divided in three group, i.e., G1—kept at 25 £ 2 °C with ~80% humidity, G2—hibernated at 4 -2 °C
on D15 post infection, and G3—hibernated at 4 & 2 °C on D30 post infection.

Larval Stages
L1 (%) L2 (%) L3 (%)
D15 2.8 1.9 0.8
G1 G2 G3 G1 G2 G3 G1 G2 G3

D30 0.6 0.2 0 1.0 1.2 0 2.8 3.2 0
D45 0 0 0 0 0.2 0.3 1.4 2.8 2.0

0

0

Time Points

D60 0 0 0.4 2.0 0.3 6.0 1.0 3.5
D75 0 0 0.2 1.2 1.2 5.0 0.6 1.5

3. Discussion

The overall number of larvae retrieved in snails herein examined could have been
influenced by the fact that only the muscular foot (and not the whole body) was digested.
Although most metastrongyloid larvae localize in the mollusc foot, a varying number of
larvae can be present in the viscera [16,33,34]. In the present study, only the muscular
foot was digested to compare data with those obtained in a recent experiment which
investigated the larval development rate of T. brevior in snails kept at environmental
temperature (25 £ 2 °C) vs. snails hibernated at 4 &+ 2 °C [31]. In the present study, G2
was set up for a direct comparison with data from this latter study, while snails of G3 were
later hibernated for a further biological comparison between these two lungworms, as
the development of A. abstrusus to L3 inside molluscs is slower than that of T. brevior and
requires averagely twice as much time [16,31].

The timepoints of digestion were selected based on previous studies evaluating the larval
development of Angiostrongylus spp., T. brevior and A. abstrusus, in C. aspersum [16,31,35]. In
particular, 75 days were selected as the length of the study period and the timepoints for the
snail examinations were appointed with an interval of 15 days to make the data comparable
with those of other studies [13,16,31,35,36].

The present data are in accordance with past information, i.e., the first A. abstrusus
L3 appear 11-18 days p.i. in intermediate hosts experimentally infected and kept at
environmental conditions of 18-30 °C [11-13]. On the other hand, in terms of early
detection of L3, the results of the present study are in contrast with those of another
experimental study [16], where the first L3 were detected 21 days p.i. in experimentally
infected snails kept at variable environmental temperature from 18.8 to 29.5 °C. Moreover,
in this latter experiment, a developmental rate of 47.9%, i.e., higher of the here-presented
data, was registered. It is hard to provide a sound comparison of the present data with
those previously presented [16] because in that older study, snails were infected with a
lower dose of 100 L1 and then kept at uncontrolled temperatures reaching 29.5 °C, i.e.,
values possibly promoting the molt of L2 to L3. In fact, 30 °C is considered the optimum
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Percentage of development

temperature for larval development, while at lower temperatures, the larval development
is reduced [11].

G1 has shown an overall increasing trend, though not linear, in the number of L3
(Figure 2). The percentage of L3 herein found on D45 is unexpectedly lower than those
detected on D30 and D60. This could be due to unpredictable shortcomings of the artificial
digestion performed on D45, as the same unexpected results have also been observed in the
number of L2 detected in G1 on D45. As the aim of this study was to evaluate the general
biological effect of temperature on the larval development of A. abstrusus, this has been
considered to have had no impact on the reliability of the present results.

Trend analysis of L3
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Figure 2. Trend analysis of Aelurostrongylus abstrusus larval development rate to the third larval stage (L3) in Cornu aspersum

snails experimentally infected with 500 first-stage larvae on day 0. Percentage of development (%) to L3 at different

timepoints, i.e., day 15, day 30, day 45, day 60, and day 75 post infection, detected in snails kept at 25 + 2 °C (G1), in snails
hibernated at 4 & 2 °C on D15 post infection (G2), and in snails hibernated at 4 & 2 °C on D30 post infection (G3).

Overall, this study suggests that A. abstrusus L2 easily molt to L3 when exposed
to favorable temperatures of 25 £ 2 °C, whilst they probably stop or slow down their
development when exposed to lower temperatures. This is indicated by (i) the decreasing
linear trend in the number of L3 in G2, (ii) the higher number of L2 in snails of G2 compared
to G1, and (iii) the decreasing number of L2 in G1 (Figure 3). Even if not directly comparable,
data on the development from L2 to L3 are partially in line with those reported by Di
Cesare et al. (2013) [16], where A. abstrusus L2 were found until 65 days p.i. in snails kept
at 6.7-22 °C, while they were absent at 58 days p.i. in snails kept at 18.8 to 29.5 °C. The
absence of L2 at 58 days p.i. could be explained by the higher temperatures reached during
the experiment favoring the molt from L2 to L3 [16], as indicated by the high percentage of
L3 retrieved in the same study.

Some results here were unexpected: (i) the initial increase of L3 developmental rate
post hibernation from D45 to D60, followed by a reduction on D75 in G3 and (ii) the higher
L3 developmental rate in G2 vs. G1 on D30 and the subsequent reduction from D45 to D75
(Figure 2). This could be explained by the effect of snail hibernation on larval development
of metastrongyloids. It has been recently shown that T. brevior is able to increase its larval
development rate to L3 in C. aspersum hibernated at 4 £ 2 °C [31]. It is here suggested that
hibernation may transiently favor the development of A. abstrusus to the infective stage
in C. aspersum. Nonetheless, while for T. brevior hibernation leads to a progressive rise in
the developmental rate of larvae [31], lower temperatures promote larval development
only in the early phases for A. abstrusus. This variability could be explained by factors
related to host-parasite interactions, as previously discussed for T. brevior [31]. In the
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case of adverse environmental conditions (like low temperatures), snails start hibernation,
which is a dormancy state characterized by reduction of oxygen consumption and water
loss [37,38]. This overwintering strategy reduces mortality and improves reproductive
chances [37,39,40]. During hibernation, the snail glucose requirements are reduced due to
the hypometabolism [41]. It has been recently hypothesized that under these circumstances,
T. brevior larvae benefit from more available nutrients and reach the infective stage in high
numbers [31]. This does not occur for larvae of A. abstrusus, which develop and molt
to infective stage only for limited periods at low temperatures (Figure 2). It cannot be
excluded that a prolonged exposure to colder temperatures progressively slows down the
metabolism of A. abstrusus larvae inside molluscs and that the same does not occur for T.
brevior. If so, only a limited number of larvae would be able to reach the infective stage
over time despite the high availability of nutrients in hibernated snails.

Trend analysis of L2
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Figure 3. Trend analysis of Aelurostrongylus abstrusus larval development to the second larval stage (L2) in Cornu aspersum

snails experimentally infected with 500 first-stage larvae on day 0. Percentage of development (%) to L2 at different
timepoints, i.e., day 15, day 30, day 45, day 60, and day 75 post infection, detected in snails kept at 25 & 2 °C (G1), in snails
hibernated at 4 &+ 2 °C on D15 post infection (G2), and in snails hibernated at 4 & 2 °C on D30 post infection (G3).

A recent study demonstrated that L1 of A. abstrusus maintained in water at4 °C &1 °C
can survive for longer period (i.e., 231 days) if compared to L1 kept at higher temperatures,
i.e., 70 days at 14 °C and 42 days at 28 °C [32]. Moreover, refrigerated L1 of A. abstrusus
resulted more efficient in infecting and developing inside C. aspersum if compared to
L1 kept at —20 =1 °C, 14 = 1 °C and 28 £ 1 °C prior to the snail infection [32]. A
direct comparison between results from [32] and those of the present study are difficult
as in the former experiment because (i) the snails were repeatedly infected with 300 L1
kept at different temperatures by direct injection in the muscular foot every 21 days and
(ii) once infected, snails were kept only at environmental temperature (i.e., 20 = 3 °C).
However, it seems that lower temperatures have a positive effect on the first two larval
stages of A. abstrusus rather than on the molt to the infective stage. This biological feature
could be a strategy developed by A. abstrusus to ensure the infection of the intermediate
host. In fact, this lungworm is enzootic with high prevalence in temperate areas, e.g., the
Mediterranean basin, where during winter, these temperatures are often reached, and in
northern Europe, where the climate is colder as well [4,5,42-45]. Data on the development
to L3 of T. brevior [31] vs. A. abstrusus ([16], present study) and the less frequent detection
of the latter in colder climates and at higher altitudes (e.g., northern countries) indicate that
crenosomatids have greater cold-resistance abilities than angiostrongylids [16,31,46—49].
Studies have also shown higher survival abilities at freezing temperatures of the L1 of
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the canine crenosomatid Crenosoma vulpis vs. the canine angiostrongylid Angiostrongylus
vasorum [46,47]. It is however important to note that data gathered from studies on the
environmental survival of A. abstrusus and T. brevior L1 at different temperatures are
contrasting. The results of two studies have initially suggested a higher resistance of
A. abstrusus vs. T. brevior at both refrigeration and room temperature, as L1 of T. brevior
survived at 4 °C £ 1 for shorter periods than A. abstrusus L1, i.e., 142 vs. 231 days, while at
26 °C, T. brevior L1 died in seven days and those of A. abstrusus survived for 42 days [32,50].
There is also the evidence that T. brevior is more resistant to cold than A. abstrusus. While in
the experiment from [32], the L1 of A. abstrusus survived 28 days at —20 & 1 °C, other data
suggest that L1 of T. brevior can survive longer (i.e., 165 days) than those of A. abstrusus (i.e.,
40 days) [51]. Further standardized experiments are thus needed to ultimately elucidate
differences in terms of cold resistance of L1 of T. brevior and A. abstrusus and to understand
potential epizootiological implications. This knowledge is useful for elucidating drivers
which influence epizootiological patterns in different geographies and possible seasonality
of aelurostrongylosis and troglostrongylosis.

Under an epizootiological standpoint, it should be taken into account that a single
specimen of C. aspersum might represent a source of lungworm infection for both dogs
and cats, as it is proven that this snail can harbor and sustain the development of more
than one nematode at the same time [13,52]. Accordingly, mixed infections by A. abstrusus
and T. brevior are often reported both in naturally infected intermediate and definitive
hosts [6,13,21,53]. Further studies aiming at clarifying whether temperature can favor the
development in the intermediate host of one species rather than another are warranted to
better understand the possible epizootiological implications in terms of seasonality and
geographical distribution of metastrongyloid lungworms.

In conclusion, despite the fact that development to L3 of A. abstrusus is positively
influenced by the increase of temperature, this parasite is able to develop also at refrigera-
tion temperatures though with lower efficiency than T. brevior, confirming high adaptation
capacities to different environmental conditions [32]. Temperature and global warming
in particular could play a central role in the spreading of the A. abstrusus because other
than enhancing its development inside intermediate hosts, it is also implicated in the pro-
gressive diffusion of gastropods [54]. Knowledge on the interactions between lungworms
and their intermediate hosts is still to be generated, and future experimental and field
studies on this topic are herein encouraged. Such studies may provide useful data for the
establishment of new monitoring and prevention plans for cat aelurostrongylosis but also
for other gastropod-borne diseases of veterinary interest, e.g., feline troglostrongylosis and
canine angiostrongylosis.

4. Materials and Methods

Thirty hundred and twenty specimens of adult C. aspersum were purchased from a
snail farm intended for human consumption in Italy. Before starting the trial, 20 snails,
selected as a representative batch, were confirmed to be negative for pre-existing nematode
infections by microscopy after artificial digestion and sediment examination under a
light microscope (Axioscope 40, Zeiss, Oberkochen, Germany) [31] and by molecular
examinations using a triplex PCR protocol to detect rDNA ITS2 of A. abstrusus, T. brevior,
and Angiostrongylus chabaudi [55,56].

A clinically healthy cat naturally infected by A. abstrusus was selected as donor of A.
abstrusus L1 with the consent of the owner. Nine consecutive defecations over four days
were used to obtain the L1 with the Baermann’s method [57]. After the collection was
completed, the cat was treated with an anthelmintic labelled for A. abstrusus by a referring
veterinarian. L1 were microscopically and genetically confirmed to be A. abstrusus [14,56].

On study day 0 (D0), 100 pL of Baermann sediment containing 500 L1 of A. abstrusus
were administered to each of 300 snails using infection chambers containing six wells that
were filled with potato slices. The infective doses were placed on the surface of the potato,
and the snails were put at direct contact with the larvae as previously described [16]. Snails
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were kept in vivaria at 25 £+ 2 °C temperature, ~80% humidity, and fed twice a week.
Fifteen days post infection (D15), 20 snails were randomly selected and examined via
artificial digestion [31] to assess the overall larval developmental rate. The whole sediment
obtained was observed under a light optical microscope and the different larval stages of A.
abstrusus detected (L1, L2, and L3) were counted and identified using morphological and
morphometrical keys as previously described [13]. Once obtained, the number of viable
L1, L2, and L3, the following formula has been used to calculate the developmental rate:

[n of larvae (L2 or L3) retrieved /infective dose (500 L1)] x 100 = developmental rate (%)].

References

Based on a random selection, on the same day, the remaining 280 snails were divided
in two groups: 180 snails were maintained at environmental conditions in vivaria, i.e., at
25 £ 2 °C with ~80% humidity (G1), and 100 snails were hibernated at 4 £ 2 °C (G2).

On day 30 post infection (D30), 120 snails were randomly selected, i.e., 20 snails from
non-hibernated (G1) group and 20 snails from hibernated (G2) group, and were examined
by artificial digestion, and 80 snails from G1 were hibernated at 4 + 2 °C, setting up the
group 3 (i.e., G3—snails hibernated at 4 &+ 2 °C on D30 post infection).

On day 60 and day 75 post infection (D60 and D75), twenty snails from each of the
three groups were randomly selected and examined by artificial digestion to evaluate
the larval development of A. abstrusus. In particular, the snails were examined at each
timepoint as a pooled sample/group in a single artificial digestion procedure, counting all
larvae at different stages detected and dividing the total number by 20 to obtain (i) a mean
value of larvae (L1, L2, and L3) per single snail and (ii) a mean value of developmental rate
using the above-mentioned formula.

An aliquot of the sediment obtained from each digestion timepoint was subjected to
molecular analysis to confirm the identity of the larvae [55,56].

Of the remaining 60 snails, 23 were considered unsuitable for the experiment (e.g.,
broken and too big or too small for the infection procedure), and 37 died during the
study period.
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