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Summary

The parasite Toxoplasma gondii is an environmen-
tally persistent pathogen that can cause fatal disease
in humans, terrestrial warm-blooded animals and
aquatic mammals. Although an association between
T. gondii exposure and prey specialization on marine
snails was identified in threatened California sea
otters, the ability of kelp-dwelling snails to transmit
terrestrially derived pathogens has not been previ-
ously investigated. The objective of this study was to
measure concentration and retention of T. gondii by
marine snails in laboratory aquaria, and to test for
natural T. gondii contamination in field-collected
snails. Following exposure to T. gondii-containing
seawater, oocysts were detected by microscopy in
snail faeces and tissues for 10 and 3 days respec-
tively. Nested polymerase chain reaction was also
applied as a method for confirming putative T. gondii
oocysts detected in snail faeces and tissues by
microscopy. Toxoplasma gondii was not detected in
field-collected snails. Results suggest that turban
snails are competent transport hosts for T. gondii. By
concentrating oocysts in faecal pellets, snails may
facilitate entry of T. gondii into the nearshore marine
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food web. This novel mechanism also represents a
general pathway by which marine transmission of ter-
restrially derived microorganisms can be mediated
via pathogen concentration and retention by benthic
invertebrates.

Introduction

Rivers and coastal seas provide valuable resources to
humans and domestic animals, but may also serve as
sinks for the myriad classes of pollutants that humans and
domestic animals produce (Halpern et al., 2008). Land-
derived contaminants in coastal marine waters can
threaten the very resources that sustain coastal commu-
nities, and these contaminants can expose humans,
domestic animals and wildlife to disease risk. Of special
concern are waterborne pathogen pollutants, which,
unlike chemical pollutants, can reproduce and be main-
tained in infected hosts. Among the most troubling water-
borne pathogen pollutants are those that possess two
traits: host generalism and resistance to environmental
insults. These adaptations enable a waterborne pathogen
to endure biotic or abiotic transport over great distances,
remain infectious in the environment for long periods of
time and maintain reservoirs of infection in human,
domestic animal and wildlife populations.

The protozoan parasite Toxoplasma gondii is a well-
known example of an environmentally persistent, gener-
alist waterborne parasite. No warm-blooded animal
species is known to be entirely resistant to T. gondii infec-
tion. Wild and domestic felids are the only known defini-
tive hosts for T. gondii. A single recently infected cat can
shed hundreds of millions of oocysts into the environment
(Fritz et al., 2012a). Oocysts of T. gondii can survive and
remain infectious in water or soil for months to years
(Lindsay and Dubey, 2009; Lélu et al., 2012). Although
felids are the only known sources of T. gondii oocysts,
infections have been identified in marine and terrestrial
mammals in remote environments far from felid popula-
tions. Pinnipeds, sirenians, cetacians and polar bears
acquire T. gondii infections (Dubey etal, 2003;
2008; Gerber etal, 2004; Cabezon etal., 2011;
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Alvarado-Esquivel etal, 2012; Rengifo-Herrera et al.,
2012), and the parasite is a significant cause of mortality
in the Southern sea otter population in California
(Kreuder et al., 2003; Miller et al., 2004; Johnson et al.,
2009). Recent reports even describe detection of anti-
bodies to T. gondii in flightless Galapagos cormorants
(Phalacrocorax harrisi) that do not venture beyond a few
hundred metres of the coast of the cat-free island of
Fernandina (Deem etal., 2010), and in pinnipeds and
polar bears from the cat-free island of Svalbard, in the
Arctic Ocean (Jensen et al., 2010). Most of these inter-
mediate hosts do not hunt or scavenge warm-blooded
prey, so infection by ingestion of bradyzoite cysts in the
tissues of other intermediate hosts (e.g., migrating birds)
is unlikely. A growing body of evidence suggests that
T. gondii infections in marine intermediate hosts are likely
attributable to ingestion of oocysts that were transported
to the ocean by overland watersheds (Conrad et al., 2005;
Miller et al., 2008; VanWormer et al., 2013b).
Mechanisms that might facilitate transmission of
T. gondii oocysts within the marine environment are not
yet well understood. Despite the large predicted environ-
mental burden of this parasite in some terrestrial areas
(Dabritz etal., 2007; VanWormer etal., 2013a), any
oocysts transported in overland run-off would likely be
reduced to low concentrations in the lower reaches of
watersheds and in nearshore seawater by dilution and
removal, especially where estuarine wetlands are present
(Shapiro et al., 2010; Hogan et al., 2013; Simon et al.,
2013). However, if T. gondii oocysts are present in
nearshore seawater, even at low concentrations, they
might become accessible to sea otters and other marine
hosts if they are first concentrated by biotic or abiotic
processes and delivered into the marine food web via
benthic or planktonic filter feeders or grazers. Recent
research has demonstrated that T. gondii oocysts are effi-
ciently captured from seawater by planktonic marine
aggregates, a common constituent of nearshore marine
waters (Shapiro et al., 2012). Suspended aggregates are
a major source of food for filter-feeding fish, benthic filter
feeders and planktonic invertebrates, and settlement of
marine aggregates delivers their contents to benthic
grazers and detritivores. Among the harvesters of aggre-
gates in nearshore marine waters are bivalves (Newell
etal., 2005; Kach and Ward, 2008; Ward and Kach,
2009). Bivalves are known to be able to obtain T. gondii
oocysts from seawater, and they can be prey for sea
otters (Miller et al., 2008; Arkush et al., 2003; Lindsay
etal, 2001; Lindsay et al., 2004; Esmerini et al., 2010;
Estes et al., 2003; Tinker et al., 2008; Tinker et al., 2012;
Shapiro et al., 2015). Bivalves therefore appear to present
a potential means by which oocysts present in nearshore
marine waters might become accessible to sea otters.
However, predation upon bivalves has been identified as

lower risk foraging behaviour for Southern sea otters in
California as compared with predation upon kelp-grazing
marine snails, which is associated with an approximately
12-fold increased odds of T. gondii infection (Johnson
et al., 2009).

Among the snail species exploited by Southern sea
otters are Chlorostoma brunnea, Chlorostoma montereyi
and Promartynia pulligo (Tinker etal., 2012). These
brown turban snails are kelp grazers, but they do not
consume kelp blades in bulk. Rather, these snails super-
ficially abrade kelp surfaces with a rasp-like radula,
ingesting bryozoans, fungi and other epiphytes as well as
some kelp tissue (McMillan, 2010; Mazzillo et al., 2013).
The snails also remove and ingest the mucus-like gel
layer that covers kelp surfaces, as well as the particulate
matter entrapped in this layer. It has recently been
reported that when suspended in seawater, surrogate par-
ticles that have dimensions and surface properties similar
to those of T. gondii oocysts adhere readily to the gel-like
film naturally present on the blades of the giant kelp
Macrocystis pyrifera, a dominant kelp species in coastal
waters in California (Mazzillo et al., 2013).

The objective of this study was to evaluate the capacity
of marine snails to acquire, concentrate and retain
T. gondii oocysts when they are present in seawater, as
well as to develop methods that can be employed for
surveillance of T. gondii in nearshore marine waters by
sampling of marine snails. This research had two compo-
nents: (i) laboratory exposure of captive marine snails to
T. gondii oocysts and fluorescent microspheres (oocyst
surrogates), followed by enumeration of oocysts and sur-
rogate microspheres in snail tissue and faecal pellets at
multiple time points for 2 weeks post-exposure and (ii)
screening for naturally acquired T. gondii oocysts in snails
collected from kelp forests near freshwater outflow sites
along the California coast during wet and dry seasons.

Results

Exposure experiment: detection of T. gondii
by microscopy

During the tank exposure experiment, 378 faecal samples
were collected and 72 digestive/respiratory organ
samples were obtained from snails by dissection. Oocysts
were detected by microscopy up to 10 days post-
exposure in faecal samples and 3 days in organ samples,
and surrogate microspheres were detected up to 13 days
post-exposure in faeces and 4 days in organ samples
(Figs 1 and 2). The concentration of oocysts and surro-
gate microspheres detected in faecal samples collected
immediately following snail exposure to spiked seawater
were 152 and 235 times greater, respectively, than the
concentrations of those particles in the seawater in the
exposure containers (Fig. 3). Faecal concentrations of
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Fig. 1. Mean per-snail Toxoplasma gondii

oocyst and surrogate microsphere counts in
faecal homogenate at time points following
cessation of exposure of brown turban snails
to spiked seawater.
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oocysts remained at least 10 times greater than the
seawater in the exposure containers for 7 days post-
exposure, and surrogate microspheres remained at least
10-fold more concentrated in faeces than in the exposure
seawater for 10 days following exposure. No oocysts
or microspheres were detected in faecal samples or
organs from snails in the negative control group. Fisher’s
index of dispersion and likelihood ratio-based dispersion
tests confirmed that count data for T. gondii oocysts
and surrogate microspheres in snail faeces and organ
homogenates were not consistent with a Poisson
process, and Durbin—-Watson testing confirmed the pres-
ence of significant serial autocorrelation. Count data for

T. gondii oocysts in snail faeces collected at 24 h intervals
throughout the experiment are described by a negative
binomial distribution having r and p parameters of 0.162
[standard deviation (SD) = 0.068] and 12.60 (SD =8.13)
respectively. Count data for surrogate microspheres in
snail faeces from each daily collection during the experi-
ment are described by a negative binomial distribution
having r and p parameters of 0.235 (SD =0.083) and
21.26 (SD =11.40) respectively. Analysis of the count
data for T. gondii oocysts and surrogate microspheres in
snail faeces using Mann—Kendal tests corrected for serial
autocorrelation confirmed that trends in these data
are significant (P<0.001 and P<0.01 respectively).

Fig. 2. Mean per-snail Toxoplasma gondii
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oocyst and surrogate microsphere counts in
digestive and respiratory organ homogenate
at time points following cessation of exposure
of brown turban snails to spiked seawater.
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Fig. 3. Toxoplasma gondii oocyst and

surrogate microsphere concentrations in snail
faecal homogenate at time points following
cessation of exposure of brown turban snails
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to spiked seawater. During the exposure
period, T. gondii oocysts and surrogate
microspheres were added at concentrations of
10 per millilitre of seawater. Thus, faecal
pellets collected at tO contained oocysts and
microspheres at concentrations 2—3 orders of
magnitude greater than those in surrounding
seawater.
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Corrected Mann-Kendal analysis of count data for
T. gondii oocysts and surrogate microspheres in snalil
organ homogenate also detected significant trends
(P<0.02 and P<0.01 respectively).

Exposure experiment: detection of T. gondii by
polymerase chain reaction (PCR)

A total of 798 PCR reactions were performed on extracts
from membrane filters containing snail faecal material.
Amplification of T. gondii DNA was successful using the
three nested primer sets targeting the B1, ITS1 and 529
bp repeat loci. However, nested PCR at these loci
appeared to be less sensitive than epifluorescence
microscopy for detection of T. gondii oocysts in snail
faecal homogenate on membrane filters (Table S1;
Fig. 4). The positive percent agreement (PPA) and nega-
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tive percent agreement (NPA) values for each locus are
shown in Table 1.

Observational study: detection of T. gondii
by microscopy

A total of 227 snails were collected from the field for the
purpose of detecting naturally acquired T. gondii oocysts
in faecal samples and organ homogenate samples
(Table S2). No T. gondii oocysts were detected by micros-
copy in faeces or organ samples from these snails.
Positive and negative control samples supported the per-
formance of the assay.

Discussion

The detection of T. gondii oocysts in the faeces, digestive
and respiratory organs of Chlorostoma and Promartynia
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Table 1. Positive percent agreement (PPA) and negative percent
agreement (NPA) values, with epifluorescence microscopy as the
reference, for Toxoplasma gondii detection via PCR on faecal
material filtered onto membranes from the tank oocyst exposure
experiment.

Primer set PPA (95% ClI) NPA (95% ClI)
B1 54.2 (46.3-61.9) 97.7 (91.0-99.6)
ITS1 57.8 (49.9-65.4) 95.3 (87.9-98.5)

529 bp repeat 42.2 (34.6-50.1) 100 (94.7-100)

Cl, confidence interval.

snails exposed to spiked seawater presents compelling
evidence that brown turban snails can acquire and retain
T. gondii oocysts when present in the water column in kelp
forests. When T. gondii oocyst inputs into the nearshore
marine environment in California occur as transient
pulses associated with rainfall and watershed discharge
events, retention of oocysts by brown turban snails might
substantially increase the duration of episodes of T. gondii
infection risk to sea otters. Also, although it has been
reported that the minimum infectious oral dose of T. gondii
in mice and pigs might be as few as one oocyst, this
number is unknown for sea otters (Dubey et al., 1996;
Dubey, 2006). It is likely that concentration of oocysts by
brown turban snails increases the infection risk to sea
otters by increasing the probability that any individual sea
otter will acquire a dose of oocysts sufficient to cause
infection. Further, by packaging oocysts at high concen-
trations in faecal pellets, brown turban snails might facili-
tate ingestion of oocysts by other benthic invertebrates
such as filter feeders or detritivores that feed on organic
material that includes invertebrate faeces. Brown turban
snails may, therefore, serve as an entry point for T. gondii
into the nearshore marine food web, and thereby ulti-
mately promote infection of pinnipeds and other (even
pelagic) intermediate hosts at higher trophic levels. In
addition, by disseminating T. gondii oocysts (in faecal
pellets) into seawater for up to 10 days following expo-
sure, brown turban snails could increase the duration of
T. gondii exposure risk for humans who use the nearshore
marine environment for recreation or seafood harvest.
The timing of oocyst and microsphere gut passage by
snails during the tank exposure experiment was longer
than expected, based on previous studies (Miller et al.,
1972; Yee and Murray, 2004). For example, the gut
passage time for C. brunnea was shown to be approxi-
mately 4 h after first access to food following a 2 day fast
(Yee and Murray, 2004). A study of T. gondii host diversity
found that oocysts continue to be detectable by latex
agglutination in the faeces of Puerto Rican land snails for
2 days after ingestion of oocysts in cat faeces (Miller
et al., 1972). In the present study, oocysts were detected
in faeces for up to 10 days post-exposure and
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microspheres were detected in faeces up to 13 days
following the end of the exposure period.

No T. gondii oocysts were detected in faecal samples or
organs from field-collected samples of snails; however,
this finding is not unexpected, given the relatively small
number of snails that were collected for this purpose
(n=227). Because individual sea otters are known to be
capable of eating in excess of 10° turban snails per day, or
~ 108 snails every 2-3 years, a very low T. gondii preva-
lence in the turban snail population could be epidemio-
logically significant (Tinker etal., 2008; Tinker etal.,
2012). Therefore, our failure to detect T. gondii in field-
collected snails is not sufficient to discount the potential
role of wild turban snails in transmission of this zoonotic
parasite to sea otters. It is also worth noting that the actual
prevalence of T. gondii oocysts in brown turban snails
along the California coast during 2011 and 2012 could
have been unusually low due to low rainfall and thus low
watershed throughput. Rainfall in all California counties
during the 2011-2012 water year (1 October 2011 to 30
September 2012) was less than half of the annual
average by county, and one third of counties in the state
experienced less than 25% of average rainfall (National
Weather Service, 2005). The throughput of the Carmel
River watershed (which drains into one of the coastal sites
where snails were sampled for this study) at the Sleepy
Hollow Weir gagging station during the 2011-2012 water
year was 29% of the annual average for that site (Carmel
River Fishery Report). Therefore, it is likely that the
number of oocysts delivered to nearshore marine waters
during our sampling period was anomalously small.

Including T. gondii surrogate microspheres in the snail
laboratory exposure experiment enabled a comparison in
gut transport behaviour between oocysts and inert (i.e.
non-organic) polystyrene microspheres that have similar
surface charge and hydrophobicity as viable oocysts
(Shapiro et al., 2009). The mean ratio of oocyst counts
to microsphere counts in the same faecal samples
from the tank exposure experiment was approximately
0.49 (SD=0.131). That is, roughly two surrogate
microspheres were detected in faecal samples for each
detected oocyst. This difference is likely attributable
almost entirely to a difference in detection sensitivity. The
conspicuously unnatural brilliant green fluorescence of
the Dragon Green microspheres is easily detectable by
epifluorescence microscopy, even when the microspheres
are partly obscured by snail faecal material, whereas the
weaker indigo autofluorescence of T. gondii oocysts is
more difficult to detect if obscured by the material of the
faecal matrix and more difficult to distinguish from back-
ground fluorescence. In earlier experiments, the ratio of
T. gondii oocyst counts to surrogate microsphere counts
in snail faecal samples that had been directly spiked with
oocysts and microspheres (the oocysts and microspheres
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in those samples did not pass through a snail gut) was
also approximately 0.49 (Supporting information). This
congruence has two important implications. First, this
finding suggests that any potential differences in physical
and chemical features between T. gondii oocysts and
surrogate microspheres do not affect rates of adhesion to
kelp, rates of removal from kelp surfaces by snails or
retention times in the snail gut. The surrogate
microspheres used in this study are smooth, perfectly
spherical and have protein-free surfaces, whereas
T. gondii oocysts are ovoid and have irregular,
proteinaceous surfaces (Possenti et al., 2010; Fritz et al.,
2012b). If any mechanism within the transmission path
that comprises adhesion to kelp and ingestion by snails
was selective for properties specific to one of these two
particle types (for example, if a component mechanism
was dependent on protein-protein interactions at the par-
ticle surface), we would expect to see a larger ratio for
detection of one particle type relative to the other in the
exposure experiment data as compared with the spiked
faeces data. Because no such difference is evident, these
data suggest that acquisition, concentration and retention
of particles by turban snails in nearshore marine waters is
non-specific, at least within a range of particle variation
that would encompass related protozoan parasites. These
data also suggest that Dragon Green microspheres are
similar enough to T. gondii oocysts to serve as surrogates
not only for waterborne transport studies, as previously
reported, but also for investigation of transmission
through the marine food web (Shapiro et al., 2009; 2010;
2012; Hogan et al., 2013).

The second implication of this congruence is relevant to
parasite viability following ingestion and excretion by a
snail. The passage of intact oocysts at the expected
recovery rate suggests that T. gondii oocysts remain undi-
gested, and likely viable, in the snail digestive tract and
in snail faecal pellets. Because only heat-inactivated
oocysts were used, it was not possible to directly confirm
T. gondii oocyst viability by bioassay in this study.
However, the congruence between the detection ratios for
the two particle types in samples from the tank exposure
experiment and samples from the faecal spiking experi-
ment suggest that T. gondii oocysts are not destroyed,
and their autofluorescence is unaffected by conditions in
the gut of Chlorostoma or Promartynia snails. Also, if
conditions in the snail gut or in spiked faecal samples
(e.g., enzymes) had a significant effect on the integrity or
detectability of T. gondii oocysts, we would expect the
duration of exposure to those conditions to be a determi-
nant of the magnitude of the ratio of detected T. gondii
oocysts to detected surrogate microspheres at each time
point. However, the values of these ratios were not sig-
nificantly associated with day of detection during this
experiment. It has been demonstrated in prior studies that

T. gondii oocysts remain infectious after ingestion by
earthworms, filter feeding fish, mussels and eastern
oysters (Bettiol et al., 2000; Lindsay et al.,, 2001; 2004;
Arkush et al.,, 2003; Massie et al., 2010).

Differences between T. gondii oocyst and surrogate
microsphere counts in snail faecal samples and counts of
those particles in snail organ homogenates are likely
attributable to a difference in the sensitivities of the detec-
tion methods for these two matrices. Each snail organ
homogenate sample contained a large amount of viscous
and pigmented material that remained opaque and adhe-
sive, even after papain digestion. Consequently, filtration
of more than one third of the volume of each organ
homogenate sample was impractical. This obstacle
reduced the sensitivity of oocyst and microsphere detec-
tion in snail organ homogenate samples, as compared
with their detection in faecal pellet homogenates.

The laboratory snail exposure experiment also provided
an opportunity for comparing the sensitivity of microscopy
and molecular assays for detection of T. gondiiin complex
environmental matrices. Results demonstrated consist-
ently higher likelihood of detecting oocysts via microscopy
in snail faecal and tissue homogenates. DNA amplification
of T. gondiiwas included as a detection assay in this study
because molecular confirmation is required for definitive
identification of oocyst-like structures in environmental
samples, as well as for downstream characterization of
the parasite if identified in field-collected snails. The com-
paratively lower assay sensitivity of the nested PCR
method that was applied in this study is likely a result of
environmental inhibitors that were present in complex
matrices such as faeces and gastric contents. The tech-
nique applied for parasite DNA extraction and PCR ampli-
fication is less likely to be implicated as a reason for lack
of assay sensitivity, as similar methods were recently
applied for testing mussel haemolymph for T. gondii
where the limit of parasite detection was five oocysts per
1 ml of haemolymph (Shapiro et al., 2015).

In conclusion, by acquiring, concentrating and retaining
particles that have become attached to the surfaces of
kelp blades, and by packaging these particles in faecal
pellets, kelp-grazing snails provide T. gondii oocysts an
entry into the kelp forest food web. Because kelp forests
are nurseries for some species of pelagic fish and are
seasonally visited by migratory fish and marine mammals,
the kelp-mediated capture of terrestrial parasites by
grazing snails appears to offer a mechanism that could
account for T. gondii infections not only in sea otters, but
also in pinnipeds and their predators, bottlenose dolphins
and other marine intermediate hosts. This research
appears to be the first study to demonstrate that marine
gastropods can serve as transport hosts for pathogens of
terrestrial origin. It seems unlikely that the transmission
mechanism described here is unique to the specific
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organisms that were the focus of this work. This novel
mechanism appears to present a non-specific shuttle that
can transmit not only T. gondii oocysts, but perhaps other
terrestrial protozoan pathogens (i.e., Cryptosporidium
spp., Giardia spp. and Sarcocystis spp.) to marine
animals, and potentially to humans who use nearshore
marine waters for recreation and seafood harvest.

Experimental procedures

Preparation of T. gondii oocysts and
surrogate microspheres

Oocysts of T. gondii (Type I, strain M4) were produced as
previously described by Fritz and colleagues (2012a).
Oocysts used for the present work were inactivated by
heating to 80°C for 20 min as a biosafety measure.
Autofluorescent Dragon Green carboxylate-modified polysty-
rene microspheres were also used (Bangs Laboratory,
Fishers, IN, USA; product number FCO7F/5493). These
microspheres are similar in surface charge, hydrophobicity,
shape, size and density to viable T. gondii oocysts (10.35 um
diameter, 1.06 g cm™ specific gravity), and they have been
validated and employed previously as surrogates for T. gondii
oocysts in waterborne transport studies (Shapiro et al., 2009;
2010; 2012; Hogan et al,, 2013). Surrogate microspheres
were employed alongside heat-inactivated oocysts to evalu-
ate whether T. gondii oocysts are digested or preferentially
sequestered (as compared with inert particles) during
passage through the snail gut. Heat inactivation of oocysts
was performed to minimize the risk of exposure to laboratory
personnel due to the large volumes of water that were spiked
with oocysts for the snail exposure experiments.

Tank exposure experiment

A cross-sectional sample of 81 brown turban snails was col-
lected by divers from kelp surfaces at a depth of approxi-
mately 10 m near Cambria, California, on 10 September
2012 (additional detail provided in Supporting information).
The sample contained species distribution that was repre-
sentative of that at the collection site and, included individuals
of a spectrum of sizes (mean mass 12.8 g) and three species:
C. brunnea (37 individuals), C. montereyi (10 individuals) and
P. pulligo (34 individuals). The snails were shipped overnight
to the laboratory, where they were rinsed and sorted by
species. A total of 24 snails were then allocated to each of
three polyethylene tubs containing 4 | of continuously aerated
pre-filtered (0.2 um) seawater, such that each tub contained
the same species distribution as that collected from the field
(11 C. brunnea, 3 C. montereyi and 10 P. pulligo). Kelp
blades from the field collection site were rinsed and blotted
with paper towels, then transferred to each tub. The tubs
were maintained at 10-12°C for the entire duration of the
experiment. All faecal materials from the snails in each tub
were removed and half of the water volume was replaced at
24 h intervals for 72 h of acclimation. Two of the tubs were
then spiked with heat-inactivated T. gondii oocysts and sur-
rogate microspheres to a final concentration of 10* per litre of
each particle type. Fresh kelp was added to all three tubs. A
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fourth 4 | tub served as a snail-free control tub and contained
pre-filtered and aerated seawater, kelp and heat-inactivated
oocysts and surrogate microspheres at 10* per litre.

Twenty-four hours following spiking of the exposure tubs,
three snails were selected from each tub and movedto a 11
bottle for anaesthesia, euthanasia and dissection, as
described below. Digestive tracts and respiratory organs
were harvested from each snail. The remaining 21 snails in
each tub were rinsed and transferred to individual 1 | acrylic
boxes containing continuously aerated 800 ml filtered seawa-
ter and a fresh piece of washed kelp. No exchange of water
occurred between boxes. All of the faecal material produced
by the snails was collected from the bottom of the three snail
tubs. A volume of seawater equal to the mean of the volumes
of faecal suspension collected from the snail-containing tubs
was removed from the bottom of the snail-free control tub.

Twenty-four hours after relocation of snails to individual
boxes, a second sample of six exposed and three non-
exposed control snails was selected and dissected from the
63 individual boxes. Similar subsets of nine snails were
removed for collection of digestive and respiratory organs at
six subsequent time points: 2, 3, 4, 7, 11 and 14 days follow-
ing relocation to individual boxes. At 24 h intervals throughout
the experiment, all kelp and faecal material were removed,
each box was emptied and rinsed, and each snail was rinsed.
Each box was then refilled with pre-filtered seawater and
fresh kelp was added.

Collection, filtration and microscopy of faecal samples

Collected faecal suspensions were transferred to conical-
bottom of 50 ml polypropylene tubes, and homogenized by
repeated passage through 15 gauge needles. An aliquot of
faecal homogenate was then removed from each tube and
diluted for membrane filtration and epifluorescence micros-
copy. Oocysts and surrogate microspheres were enumerated
in snail faeces by vacuum filtration of syringe-homogenized
samples through mixed cellulose ester filter membranes with
a 25 mm diameter and 5 um pore size (Millipore cat. no.
SMWPO02500). Filters were then examined and oocysts
and surrogates enumerated using a Zeiss Axioskop
epifluorescence microscope (both particle types were visual-
ized simultaneously using a mercury vapour emitter, 460/
50 nm band-pass filter; Chroma 11 000 v3) at 200x. This
method has been previously evaluated for detection and enu-
meration of T. gondii oocysts and surrogate microspheres in
water (Shapiro et al., 2010). Filtration continued for each
sample until at least five T. gondii oocysts and surrogate
microspheres had been observed by microscopy. The total
numbers of T. gondii oocysts and surrogate microspheres in
each sample were then estimated from the number observed
in the fraction processed. Samples containing fewer than five
T. gondii oocysts and five surrogate microspheres were fil-
tered and examined in their entirety.

Dissection and collection of digestive and
respiratory organs

Dissection of snails was performed following anaesthesia
and euthanasia. Magnesium chloride was chosen as the
anaesthetic agent for its safety, simplicity of use and efficacy
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for gastropods and marine invertebrates (Runham et al.,
1965; Messenger et al., 1985; Arafa et al., 2007; Cooper,
2011; Maheux et al.,, 2011). For anaesthesia, snails were
placed in bottles containing 1 | of seawater in which 45 g of
magnesium chloride had been dissolved. These bottles were
then gradually chilled and maintained at 4°C for 12 h. Rapid
onset of flaccid paralysis without aversive retraction into the
shell preceded the drop in water temperature and confirmed
the action of the agent. After 12 h, 800 ml of the anaesthetic
solution was removed, ethanol was added to a final concen-
tration of 10% (w/v), and the snails were maintained in this
solution for 1 h at 4°C for euthanasia. Euthanized snails were
dissected by cracking the shell with a bench-top vise and
separating the gills and the entire digestive tract from other
organs. Each sample of respiratory and digestive organs was
stored initially at 4°C in a 1.5 ml tube with 200-500 ul of 70%
ethanol. These organ samples were then transferred to 15 ml
conical-bottom polypropylene tubes, deionized water was
added to a total volume of 4 ml and the samples were enzy-
matically digested with papain. Preliminary experiments were
performed in order to optimize and validate the papain diges-
tion protocol (Supporting information). Papain solutions were
prepared fresh each day by incubation of 0.05 g papain with
0.01 gram L-cysteine in 11 ml 0.05 M buffered EDTA (pH 8)
for 20 min at 40°C. The activated papain solutions were then
added to organ homogenate samples and incubated at 65°C
for 5 h prior to membrane filtration and microscopy. Each
digested organ homogenate sample was filtered through mul-
tiple 5 um mixed cellulose membranes until a minimum of five
T. gondii oocysts and five surrogate microspheres were
observed by epifluorescence microscopy, or until one third of
the sample (5 ml) had been filtered. Due to the large numbers
of membrane filters required for processing of the viscous
and pigmented snail organ homogenates, it was not possible
to filter these samples in their entirety.

PCR detection of T. gondii on filter membranes

Because T. gondii oocyst-like structures in environmental
samples that are identified morphologically by microscopy
would require molecular confirmation for conclusive identifi-
cation, DNA amplification by PCR was validated as a sec-
ondary detection method. Preliminary experiments were first
performed in order to validate and optimize a protocol for
detection of T. gondii oocysts in snail faeces by PCR (Sup-
porting information). Filter membranes containing snail faecal
homogenate collected during the tank exposure experiment
were examined by microscopy as described above. Material
entrained on each membrane filter was then liberated from
the filter by acetone dissolution of the membrane according
to modifications to previously reported methods (Aldom and
Chagla, 1995; Graczyk etal, 1997). The coverslip was
removed from each slide-mounted filter with forceps, and
placed upside down in a clean plastic box. With a scalpel,
each filter was lifted, folded in half and transferred to a 1.5 ml
tube. Each coverslip was then held over the corresponding
tube and washed with 600 pl acetone. After 10 min of cen-
trifugation at 14 000 x g, the top 400 ul of supernatant was
removed, 400 ul of ethanol was added and the tubes were
centrifuged again. The top 400 pul of supernatant was then
removed again from each tube, 400 pl of deionized water was

added and the tubes were centrifuged a third time. Following
the third centrifugation, 400 ul of supernatant was removed
from each tube, and the tubes were then sealed and sub-
jected to two freeze—thaw cycles in liquid nitrogen and 95°C
water. Column purification of the DNA in each sample was
performed using the Qiagen DNEasy Blood and Tissue kit
(Qiagen cat. no. 69504), and the columns were eluted with
30 pl of 95°C water. Each volume of eluate was divided into
three 10 pl of aliquots, and each of these was allocated to a
PCR targeting one of three loci: B1, ITS1 or a 529 bp repeat
element fragment (Table S4). Amplification reaction volumes
were 50 ul each, containing MgCl, (15 mM), BSA (16 mg),
dNTPs (2.5 mM), forward and reverse primers (500 nM
each), Taq polymerase (1.5 U), and DNA template (10 ul of
extracted DNA for the external reaction, 2 ul of amplicon for
the internal reaction). The amplicon from the second-round
amplification was identified by electrophoresis in 2% agarose
gels containing ethidium bromide. Positive control samples of
T. gondii tachyzoite DNA (Type Il strain M4 propagated in cell
culture) and negative control samples of deionized water
were included in all reactions.

Field sample collection and processing

To test for the presence of T. gondii in wild-caught snails, 6
samples of brown turban snails were collected in the field
from kelp surfaces at depths between 3 and 10 m by divers
and shipped on ice overnight to the laboratory (Table S2).
The species identities of the snails were recorded in the
laboratory, and they were weighed and transferred to 1 | jars
of pre-filtered (0.2 um) seawater maintained at 10-13°C.
Kelp blades obtained from the snail collection sites were
provided in each jar, and the seawater was continuously
aerated. After 24 h, all faecal pellets were removed from each
jar using a serological pipet, and the snails were removed for
anaesthesia, euthanasia and dissection. Processing of these
samples and detection of T. gondii oocysts by microscopy
was performed according to the protocols described above.

Statistical analyses

Data collected included the species identity and mass of each
snail in the experimental and observational samples, daily
faecal production for each snail, oocyst and surrogate
microsphere counts for faecal samples and organ samples
from the tank exposure experiment, and PCR results for filter
extracts, faecal homogenates and organ homogenates. The
data were compiled and imported into R version 2.14.0 for
analyses (R Core Development Team, 2011). Fisher’s index
of dispersion and a likelihood ratio overdispersion test
were used to assess overdispersion in the microscopy data
sets, and the Durbin—Watson test was used to measure
autocorrelation. Mean T. gondii oocyst and surrogate
microsphere counts in snail faeces and organ homogenates
were plotted as functions of time post-exposure and a modi-
fied Mann—Kendal test (‘mktrend’, Santander Meteorology
Group), corrected for autocorrelation, was used to detect
significant trends (o= 0.05). A maximum likelihood method
was used to derive the parameters (r and p) for negative
binomial distributions fitted against data sets for T. gondii
oocyst counts and surrogate microsphere counts in snail
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faeces. PPA and NPA were calculated for comparisons of
microscopy to PCR at each locus.
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papain were not significant (o. = 0.05).
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Table S1. Comparison of the numbers of membranes con-
taining filtered snail fecal material from the tank exposure
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spiked samples of snail feces and organ homogenate.
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