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A B S T R A C T   

This study investigated the influence of stress on release of Angiostrongylus cantonensis larvae from a snail host, 
Parmarion martensi. We subjected 140 infected, wild-caught P. martensi to three stress-inducing treatments (heat, 
molluscicide, physical disturbance) and an unstressed control treatment for 24 h, after which larval presence and 
abundance in the slime were quantified by qPCR targeting the ITS1 region of the parasite’s DNA, and compared 
among treatments. The significance of stress and host infection load on larval release was determined by 
generalized linear mixed models and permutation tests. The results indicated that stress significantly increased 
the probability of larval presence in slime and the number of larvae released, and highly infected snails were also 
more likely to release larvae. Among stressed snails, 13.3% released larvae into slime, the number of larvae 
present in the slime ranging from 45.5 to 4216. Unstressed controls released no larvae. This study offers a partial 
explanation for conflicting results from prior studies regarding A. cantonensis presence in snail slime and sheds 
light on the broader One Health implications. Stress-induced larval release highlights the potential role of slime 
as a medium for pathogen transmission to accidental, paratenic, definitive and other intermediate hosts. These 
findings emphasize the importance of considering stress-mediated interactions in host-parasite systems and their 
implications for zoonotic disease emergence. As stressors continue to escalate because of anthropogenic activities 
and climate change, understanding the role of stress in pathogen shedding and transmission becomes increas
ingly important for safeguarding human and wildlife health within the One Health framework.   

1. Introduction 

Host-parasite relationships are dynamic and modulated by their 
surrounding environments [1]. Shifts in these relationships can be 
consequential for the life-cycle of the parasite and its host. In zoonotic 
parasite-host systems, these shifts also have implications for the health 
and well-being of wildlife, domestic animals, and humans [2]. The host 
environment is crucial in determining a parasite’s success, as it directly 
impacts parasite survival and reproduction. For instance, favorable 
conditions for the host may mitigate the negative impacts of parasitism 
[3]. Alternatively, stressors applied to the host can amplify the negative 
consequences of parasitism [4,5], altering the interplay between host 
and parasite and changing the dynamics of parasite transmission. 

Environmental stressors such as temperature changes, pollutants, or 
physical disturbance can impact the host, the parasite, or both, in 
diverse ways [6–8]. Stress can alter host behavior, which may influence 

the likelihood of encountering (and subsequent infection with) a para
site [9]. When encounters occur, stress-induced immune suppression of 
the host can result in higher host parasite abundance and increased 
parasite egg release [10,11], which can increase intensity of infection in 
subsequent hosts and infection prevalence at the population level, and 
can also increase host morbidity and mortality [12]. Fecundity, of both 
the host and the parasite, can be influenced by, for example, drought- 
induced stress [13,14]; parasite development can be stunted by nutri
tional and crowding stress [15]; and both host and parasite growth may 
be impacted by temperature stress [16]. Among zoonotic parasites, 
increased pathogen prevalence and intensity of infection in hosts, which 
can be attributed to these stress mediated functions, are often correlated 
with an increase in human infection [17] and the possibility of spillover 
events [18]. 

Specifically, regarding snail-borne parasitic diseases (SBPD) host 
stress caused for instance by high temperatures and drought can increase 
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release of infectious stage parasites from the snails [13,19]. Trans
mission, in particular of nematodes that cause SBPD, often involves 
ingestion of an infected snail [20]. In these systems, shedding of infec
tious parasite larvae into the environment, for instance in snail slime 
trails or into water resources, may serve as additional human trans
mission routes. Therefore, understanding if and how many larvae are 
shed from infected snails, and under what conditions, including stress, is 
an important component of preventing human illnesses caused by these 
snail-borne parasites. 

We address this issue of stress-mediated pathogen shedding and its 
potential as an alternative transmission pathway in the context of an 
emerging human health issue caused by a parasitic nematode, Angios
trongylus cantonensis (the rat lungworm), and one of its snail host species, 
Parmarion martensi. Angiostrongylus cantonensis is the causative agent of 
neuroangiostrongyliasis and arguably the leading cause of eosinophilic 
meningitis globally [21]. Symptoms of infection in humans are diverse 
and occasionally fatal [22]. Angiostrongylus cantonensis completes its life 
cycle in snails (intermediate hosts) and rats (definitive hosts) (Fig. 1). 
Ingesting an infected intermediate snail host, intentionally or acciden
tally, is a primary pathway of transmission to humans [23] and other 
accidental hosts, including domestic dogs [24]. However, presence of 
infectious A. cantonensis larvae in snail slime has been proposed as 
another potential route of infection. Several papers have addressed this 
issue, but the combined results are largely inconclusive and snail slime 
has been considered not to be a major transmission pathway and 
therefore not a major human health concern [25,26]. However, large 
numbers of A. cantonensis larvae have occasionally been observed in the 
slime of wild captured Parmarion martensi (Rollins, unpublished), sug
gesting that this may not always be the case, and that certain factors/ 
circumstances may induce larval release, but have not been investigated. 

We hypothesized that host stress influences the release of infectious 
A. cantonensis larvae from snails. Specifically, we predicted that 1) 
A. cantonensis larvae are present in the slime of Parmarion martensi, and 
if so, 2) stressed snails release more larvae than non-stressed snails, and 
3) heavily infected snails release more larvae than less heavily infected 
snails. We tested these predictions by subjecting wild caught, naturally 
infected snails to a variety of stressors (heat, molluscicide, and physical 
disturbance) and quantifying their larval output by qPCR, and then 
comparing the larval output of stressed snails and non-stressed (control) 
snails. In addition to answering these key questions, gaining an under
standing of the effect of stress on this specific host-parasite relationship 
is important for public health, especially as the increasing frequency and 
intensity of environmental stressors are features of anthropogenic global 
change [27,28]. This study aligns with the holistic concept of One 
Health as an example of how interactions between humans, animals, and 
the environment can alter the risk of disease. 

2. Methods 

2.1. Snail collection and maintenance 

Adult size (> 600 mg) Parmarion martensi (196 individuals) were 
collected on the island of Oʻahu, Hawaiʻi, and brought to the laboratory. 
The snails were placed in individual petri dishes (90 mm diameter) lined 
with damp paper towels, fed dry dog food (Wholehearted) and romaine 
lettuce ad libitum and kept at their optimal temperature, 21 ◦C [29], 
with a 12 h day/night light cycle for no longer than 5 days before 
exposure to stress treatments. 

Fig. 1. Angiostrongylus cantonensis life cycle in intermediate snail hosts and definitive rat hosts. Humans and other mammals and birds can become accidental hosts, 
and a variety of other kinds of animals can serve as paratenic hosts. Graphic from Cowie et al. 2022. 
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2.2. Release of larvae in snail slime 

To determine if stress induces release of L3 larvae into snail slime, 
the snails were randomly assigned to one of three stress-inducing 
experimental treatments (heat, molluscicide, disturbance) and a con
trol (49 snails each). Treatment level (temperature, amount of bait, and 
physical disturbance) had been determined in preliminary experiments 
in which a treatment was applied in increasing increments until the 
lethal stress level was reached (see Supplemental Information), allowing 
all stressors to be standardized to a similar sub-lethal level. 

All snails were weighed, put into sterile 50 mL tubes, which were also 
weighed, immediately before being placed into incubation chambers for 
the 24 h experimental period. All snails (including snails in the control 
group) were handled in a similar manner, except for their independent 
treatments. Snails treated with molluscicide ingested 30.0–40.0 mg of 
sodium ferric EDTA bait (Corry’s Slug & Snail Killer) ~1 h prior to being 
placed into 50 mL tubes. Physically disturbed snails were subjected to 
constant shaking in a tube rack (Benchmark Scientific Roto-Mini Plus 
Tube Rotator R2020) set to 25 rpm on mixing mode ‘pause’ during the 
24 h incubation period. Heat-treated snails were incubated at 30.5 ◦C. 
Snails in the molluscicide, physical disturbance, and control groups were 
incubated at 21 ◦C. The 24 h experimental incubation period began with 
12 h day, followed by 12 h night. 

After 24 h, the tubes containing the snails were removed from the 
incubation chambers and weighed to detect any changes in weight over 
the treatment period. If feces were present in the tube, they were 
removed with sterile forceps and weighed, so as not to include fecal 
weight in the weight of the slime samples. Next, snails were removed 
from the tubes, and the tubes were re-weighed to determine a) the 
weight of the snail post-treatment, and b) the amount of slime (in mg) 
excreted by the snail during the 24 h experimental period. 

The snails were tested in six batches (listed as ʻRunʻ in the data file 
included with the R code materials) to allow timely handling and pro
cessing of each sample. 

2.3. Molecular detection of larvae 

2.3.1. Digestion of snail tissue, slime and rat feces 
To determine the infection status and infection load (number of larvae 

present in a snail), after the experiment each snail was euthanized, 
minced, and digested in 15 mL of Longmire’s lysis buffer (0.1 M Tris, 0.1 
M EDTA, 0.01 M NaCl, 0.5% sodium dodecyl sulfate) per gram of snail 
tissue, and Proteinase K (150 μg), then incubated at 56 ◦C overnight. 

To detect presence and number of larvae in the slime, Longmire’s 
lysis buffer and Proteinase K were added to the 50 mL tubes containing 
slime from the experimental period (same ratio as listed above for snail 
tissue) and incubated at 56 ◦C for 1–2 h. Fecal samples were prepared 
the same way as the slime samples. 

2.3.2. DNA extraction and qPCR 
DNA was extracted from 200 μL aliquots of each digested snail, slime 

and fecal sample using the Qiagen Blood & Tissue spin column kit, 
following the manufacturer’s protocol. A Taqman qPCR assay (ACA
NITS1, Life Technologies assay ID #A139RIC) targeting the internal 
transcribed spacer 1 (ITS1) sequence of A. cantonensis rDNA [30] was 
conducted, following the protocol of Rollins et al. [31]. All qPCR sam
ples were tested in duplicate and run with positive and negative con
trols. Samples with Ct amplification curves that crossed the 0.2 
fluorescent unit threshold were considered positive for A. cantonensis 
infection. Data from non-infected snails were omitted. 

2.4. Standard curve 

A standard curve was created to convert the resulting qPCR cycle 
threshold (Ct) values into numbers representative of the number of 
A. cantonensis larvae present in the snails or their slime. To create the 

standard curve, DNA was extracted from ~12,860 A. cantonensis L3 
larvae, freshly obtained from wild caught Parmarion martensi following 
the larval isolation method of Rollins et al. [32]. The larvae were added 
to 200 μL of Longmire’s lysis buffer and processed using a Qiagen Blood 
& Tissue spin column kit following the manufacturer’s protocol. Twelve 
dilutions of the DNA isolate (Supplemental Table 1) provided a range of 
larval concentrations for qPCR, performed following the same qPCR 
protocol used for tissue and slime, above. The resulting Ct values of each 
dilution were plotted against their respective number of larvae, which 
were natural log transformed. The best fit line served as a standard curve 
to convert the Ct values from snail tissue and slime samples into 
numbers of larvae, and to determine the total parasite load in each snail 
or slime sample by extrapolation to the total weight of the snail or slime. 
Total parasite load, rather than Ct values, was included in analyses 
investigating the effect of host infection intensity. 

We standardized the dilution of each sample in buffer solution prior 
to DNA extraction at 15 mL buffer per 1 g sample, so each of the 200 μL 
aliquots used for DNA extraction contained 0.01333 g of sample mate
rial. Therefore, sample weight (g) / 0.01333 = x. Then, x * exp(number of 
larvae) = total number of larvae present in a snail or slime sample. 

2.5. Statistical analysis 

All statistical analyses were conducted in Posit, formerly known as 
RStudio [33]. Our principle statistical objectives were to estimate the 
effects of host stress and host infection (total parasite load) on both 
presence and number of A. cantonensis larvae in host snail slime. The 
following variables were measured and included in the analyses: larval 
presence in snail slime (binary variable), number of larvae in snail slime 
(positive whole-number count variable), total snail larval load (count 
variable), treatment group (categorical variable with 4 levels), and 
weight of slime produced (continuous variable). Preliminary analysis 
found that snail size and the weight of slime produced were collinear, so 
snail size was not included in the analyses and any potentially con
founding effects of snail size had been controlled during the DNA 
extraction protocol. 

2.5.1. Generalized linear mixed models 
In addition to their respective response and predictor variables, all 

models included slime weight as a covariate, and experimental batch (i. 
e., block) as a random effect. The slime weight variable was square-root 
transformed, and both snail larval load and slime weight variables were 
rescaled by z-score transformation (subtract the mean and divide by the 
standard deviation) using the R function ‘scale’ to improve model fit and 
convergence. 

To test the effects of the various stress treatments (including the 
control) and snail larval load, we ran four model comparisons (marginal 
likelihood ratio tests) using the R function ‘anova’. Here, we compared a 
model including the variable of interest to a model without that variable 
(the two models considered a ‘model set’). If the model containing the 
variable of interest was a significantly better fit, then that variable was 
considered significant. Eight generalized linear mixed models (glmms) 
were built using the R package glmmTMB (v1.1.7 [34]). 

Model set 1: Both models assumed a binomial distribution and were 
fit to the data with larval presence in slime as the response variable and 
snail larval load as an additional predictor variable. Treatment was the 
variable of interest. 

Model set 2: Both models assumed a zero-inflated quasi-Poisson dis
tribution of the data (“nbinom1” implemented in the R package, 
glmmTMB) with the total number of larvae in the slime samples as the 
response variable and snail larval load as an additional predictor vari
able. Treatment was the variable of interest. 

Model sets 3 and 4: Two additional model sets were built, each 
identical to the models outlined above, except snail larval load was the 
variable of interest. Therefore, we removed the snail larval load variable 
instead of the treatment variable in the comparison models. 
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2.5.2. Permutation tests for stress 
Because of the low number of snails that released larvae in slime, the 

complete and quasi separation of the data, and the non-parametric 
distribution of the infection data among treatments, we combined 
snails from the three stress treatments (heat, molluscicide, disturbance) 
into a single group, and compared them to non-stressed snails using 
permutation tests. This allowed us to determine the effect of stress in 
general, as opposed to specific kinds of stress. 

We ran two permutation tests using the R package mosaic (v1.8.3 
[35]) to determine 1) whether the effect of stress on the release of larvae 
from infected snails was significant, and 2) whether stress induces a 
significantly higher proportion of the larvae within an infected snail to 
be released into the snail’s slime. Permutation test 1 included stress 
(yes/no) and larval presence in slime (yes/no) as variables, with the null 
hypothesis: stress does not increase the presence of larvae in slime. Per
mutation test 2 included stress and the proportion of larvae within an 
infected snail that are released into the slime as variables, with the null 
hypothesis: stress does not increase the proportion of larvae released in 
slime. The proportion of larvae released into slime was calculated by 
dividing the total number of larvae in a slime sample by the combined 
total number of larvae inside that snail and larvae released by that snail: 
slime larval load / (snail larval load + slime larval load). Each test was 
permuted 100,000 times. 

3. Results 

3.1. Angiostrongylus cantonensis infection of snails, slime, and rat feces 

Of the 196 Parmarion martensi individuals exposed to experimental 
stress treatments and controls, ten died during treatment, leaving 186 
that completed the experimental period (Table 1). Of these 186, 140 
tested positive for A. cantonensis infection (75.3%). The 46 non-infected 
snails and their data were omitted from further consideration. Angios
trongylus cantonensis larvae were detected in the slime of 14 of the 105 
infected, stressed snails (13.3%) and none of the 35 infected, non- 
stressed snails (Table 1). 

The Ct values of the 140 infected snails ranged from 38.70 to 20.48. 
Estimated numbers of larvae within a snail, extrapolated from snail 
weight and snail Ct values compared to the standard curve (Supple
mental Table 1, Supplemental Fig. 1), ranged from 41.5 to 2,011,820 
larvae (see data file in R code materials). The Ct values of the 14 slime 
samples ranged from 34.22 to 25.85, and the estimated number of larvae 
in the slime produced during the 24 h experimental period ranged from 
45.5 to 4216 per snail (Table 2). 

During the experiment 78 snails produced feces. Of these 78, feces 
from 11 snails tested positive for A. cantonensis infection (14.1%). Larval 
release in slime was not correlated with larval release in feces, as only 
one of the snails that released larvae in its slime also released larvae in 
its feces. Both stressed and unstressed snails released larvae in their 
feces; one in the heat treatment, one in the molluscicide treatment, four 
in the disturbance treatment, and five in the control group. Further 
analyses were not conducted because of the low number of positive fecal 
samples. 

3.2. Model results 

The GLMM fits indicate the significance of treatment on presence and 
number of larvae in snail slime. Among treatment groups (including the 
control) we found significant variation in the number of larvae released 
into the slime (model set 2, p = 0.008), and marginally nonsignificant 
variation in the prevalence of larvae found in slime (model set 1, p =
0.054) (Table 3). More heavily infected snails were more likely than less 
heavily infected snails to have larvae present in their slime (model set 3, 
p = 0.001) and to have more larvae in their slime (model set 4, p =
0.025). The relationship of snail larval load and the number of larvae 
excreted in snail slime is shown in Fig. 2. However, model coefficients 
were uninterpretable because of complete and quasi separation in the 
data, so modelled effect sizes were not estimated. 

3.3. Permutation results for stress 

The permutation test results highlighted the significance of stress in 
both the presence and ratio of larvae released in snail slime: stressed 
snails were more likely to release larvae into their slime (permutation 
test 1, p = 0.013) and stressed snails had more larvae in their slime 
(permutation test 2, p = 0.015). Comparison with their null distributions 
indicates that if stress were unrelated to larval presence or to number of 
larvae in slime, then our data would only occur 1.4% of the time, for 

Table 1 
Number of snails tested, number infected, and number (percentage) of infected 
snails in each treatment that released larvae in their slime.  

Treatment Snails 
tested* 

Snails 
infected 

Snails that released 
larvae 

Molluscicide (21 ◦C) 48 36 6 (16.7%) 
Heat (30.5 ◦C) 44 35 2 (5.7%) 
Disturbance (21 ◦C) 47 34 6 (17.7%) 
Control (21 ◦C) 47 35 0 (0.0%)  

* The number of wild-collected snails tested is the 49 snails assigned to each of 
the four groups minus the snails that died during the experimental period. 

Table 2 
The amount of slime released from each of the 14 snails that released larvae into 
their slime in the three stress treatments, with qPCR Ct values and numbers of 
larvae extrapolated from those values.  

Treatment Slime weight (mg) Slime Ct value Slime larval load 

Disturbance 106.4 25.85 4216 
Molluscicide 189.6 28.99 857 
Heat 215.3 29.85 626 
Disturbance 98.8 30.20 607 
Molluscicide 216 30.88 573 
Disturbance 388.5 31.00 556 
Molluscicide 146 31.06 501 
Disturbance 682.6 31.65 299 
Molluscicide 710.9 31.67 213 
Molluscicide 314.8 32.15 206 
Molluscicide 970.1 32.41 182 
Disturbance 210.6 33.71 66 
Disturbance 149.9 33.78 60 
Heat 240.6 34.22 45  

Table 3 
Models and model comparison results.  

Model Response and predictor 
variables 

df AIC loglik Pr 
(>Chisq) 

Models testing stress treatment groups (treatment) 

1a 
larvae in slime ~ snail load +
slime weight + treatment 4 83.976 − 37.988  

1b 
larvae in slime ~ snail load +
slime weight 7 82.331 − 34.165 0.054 

2a 
slime load ~ snail load + slime 
weight + treatment 6 308.09 − 148.05  

2b 
slime load ~ snail load + slime 
weight 9 302.21 − 142.1 0.008  

Models testing snail infection load (snail load) 

3a 
larvae in slime ~ treatment +
slime weight + snail load 6 91.439 − 39.719  

3b 
larvae in slime ~ treatment +
slime weight 7 82.331 − 34.165 0.001 

4a 
slime load ~ treatment + slime 
weight + snail load 8 328.78 − 144.62  

4b 
slime load ~ treatment + slime 
weight 9 328.68 − 142.1 0.025 

The variable of interest in each model set is bolded. 
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both larval presence in slime and proportion of larvae released from 
infected snails into slime (p = ~0.01 in both cases), indicating a clear 
effect of stress on the release of larvae into snail slime. Therefore, we 
reject the null hypotheses that 1) stress does not increase the presence of 
larvae in slime, and 2) stress does not increase the proportion of larvae 
released in slime. The initial test statistics overlain on the null distri
butions are shown in Fig. 3. 

4. Discussion 

We found that Angiostrongylus cantonensis larvae can be excreted into 
the slime of snails, and stress has a distinct and significant effect on this 
larval release. While 13.3% of stressed snails released larvae into their 
slime, no larvae were detected in the slime of non-stressed snails. This 
finding is supported by highly significant permutation tests results and 
demonstrates the influence of stress on the release of parasites from their 
hosts, as well as the potential for increased zoonotic transmission under 
stressful conditions. Specifically, this study highlights the role of stress 
in altering the quiescent period of A. cantonensis L3 in intermediate 
hosts, leading to their release into the environment in slime (as opposed 
to into a new host once an infected snail is ingested) and shows that 
heavily infected snails tend to release more larvae than less heavily 
infected snails. The permutation results and statistical models both 
found that larval release from the host is related to stress. 

The number of larvae detected in the snail slime was not trivial. We 
estimated between 45.5 and 4216 larvae in the slime, which was not 
correlated with the amount of slime (0.24 g and 0.11 g, respectively) 
(Table 2). However, further studies are needed to determine the risk of 
this slime as an alternative pathway for transmission to accidental hosts 
(e.g. humans, non-human primates, dogs, horses, various marsupials, 
bats, certain birds [e.g. [24,36–38]), paratenic hosts (frogs, lizards, 
flatworms etc. [39]), or definitive rat hosts [e.g. [40,41]). Although the 
number of larvae required to cause illness in humans is not known, 
experimental infection of one rhesus monkey (Macaca mulatta; as M. 
“rhesus”) and 36 Taiwan monkeys (Macaca cyclopsis) resulted in death 
after ingestion of several hundred or 5000–10,000 infectious third stage 
A. cantonensis larvae, respectively [42,43]. The number of larvae we 

detected in the slime suggests that slime could occasionally be a viable 
transmission pathway and a cause of human illness but how many 
constitute an infectious dose in humans is difficult to determine. 

This is the first study to identify the relationship between stress and 
A. cantonensis presence in snail slime. When stress is considered in the 
context of this host-parasite relationship, it offers a partial explanation 
regarding the conflicting results of previous studies. While some studies 
observed no larvae, other studies found larvae in the slime (Supple
mental Table 2), albeit mostly in small numbers, which differs from the 
higher numbers of larvae found in snail slime in this study. Several other 
factors could also contribute to the conflicting evidence in prior studies, 
leading to a conclusion that slime is of little significance in transmission 
to humans [23,26], including the following. 

Infection load of host snail: This varied greatly in one of the studies of 
naturally infected snails [44], and in the other cases was either not 
determined or not indicated, which may have contributed to the 
inconclusive results. As our results demonstrate, infection load of the 
host is an important factor in larval release. 

Sample size: We found larvae in the slime of 13% of stressed snails, 
but none in the non-stressed snails. A small effect size such as this re
quires a sample size large enough to detect the effect, which was not the 
case in those prior studies in which sample size was indicated (Supple
mental Table 2). 

Period of observation, and length of time the larvae are present in the 
snail: Observations of slime varied greatly among studies, from three 
times a day for two months [45], to a single 10-min period [46]. Two 
studies infected snails experimentally. One of these observed snails for 2 
months after L1 developed into L3 (21 days post-infection) [45]. The 
other did not state the length of time between infection and observation 
of slime [47]. 

Different snail species were investigated, and often only one species in a 
study: The differences in integument thickness among species may play a 
role in larval release [48]. Although our study sought to address the 
uncertainty of A. cantonensis release in slime by incorporating a large 

Fig. 2. Relationship of snail infection load and number of larvae released into 
snail slime. Each infected snail is represented by an orange circle. Snail infec
tion load varies across the x-axis, but larvae were only released into the slime of 
14 snails, all of which have a larval load greater than ln(9). Fig. 3. Results of permutation test 1 (A) and 2 (B). The initial test statistic is 

overlayed (red dashed line) on the null distribution created from 100,000 it
erations for each test. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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sample size and evaluating the effects of stress, we only tested a single 
species, and determined that stress is important in this species. Although 
stress may have a similar effect on other host snail species, further 
studies are needed to address this. 

Therefore, stress in the intermediate snail hosts may influence 
human A. cantonensis infection rates. In the A. cantonensis life cycle, 
larvae are transferred from the intermediate snail host into the definitive 
rat host when a rat ingests an infected snail (Fig. 1). Prior studies have 
shown that A. cantonensis L3 shed from snails were infectious to rats 
[45,49,50]. Infectivity of shed larvae has also been confirmed in the 
congeneric A. vasorum [51]. However, it is unclear if A. cantonensis de
tects host stress/death and leaves the host, or if the host itself expels the 
parasite when stressed. Caenorhabditis elegans can detect mechanical and 
temperature stress [52], but further studies are needed to determine the 
stress-detecting ability of A. cantonensis. Regardless, demonstrated 
infectivity of A. cantonensis larvae shed in snail slime or into the envi
ronment, coupled with our results showing larvae present in slime of 
13% of stressed P. martensi, indicate the possibility of slime as a further 
transmission pathway (in addition to the ingestion of an infected host), 
and a potential medium for encountering the parasite. Of note, 
A. cantonensis larvae were also found in the feces of some of the snails, 
which may also serve as a viable transmission pathway. 

The clear impact of stress in this study demonstrates its importance 
in host-parasite systems, emphasizing the broader One Health perspec
tive and the integral connection between animal, human, and environ
mental health. This study underscores the role of host stress in the 
transmission of zoonotic disease, which is particularly pertinent given 
that approximately 60% of infectious diseases that emerged between 
1940 and 2004 have been attributed to zoonoses [53]. Moreover, 58% of 
all known human pathogens are zoonotic [54], highlighting the signif
icant overlap between animal and human health. Meanwhile, zoonoses 
are predicted to increase with continued exploitation of wildlife, un
sustainable farming practices and land use [55], and climate change 
[56,57], which will reshuffle environments and alter host stressor re
gimes. For example, it has been suggested that COVID-19 emerged in the 
human population in close association with a wet market in Wuhan, 
China, an environment ripe for zoonotic spillover [58]. In this envi
ronment, animals are under constant stress while being kept in small 
cages (in which they often travel long distances), crowded and com
mingled in unnatural species combinations, and surrounded by a noisy 
human environment. Stress can increase saliva, feces and urine pro
duction, all of which can carry pathogens shed from the host and facil
itate zoonotic transmission [59,60]. The dangers of such environments 
are compounded by the stress imposed on animals infected with zoo
notic pathogens. Furthermore, in a time of rapid global change, animal 
hosts are increasingly subject to environmentally and anthropogenically 
induced stress that may surpass their tolerance thresholds [61], further 
increasing the risk of pathogen spillover into wildlife, domestic animals, 
and human communities. 
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