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Introduction: As climate change increases global water temperatures, ecologists 
expect intestinal helminth infection ranges to expand and increase the health 
burden on aquatic organisms. However, the gut microbiome can interact with 
these parasites to in�uence infection outcomes, raising the possibility that its 
response to increasing temperatures may help buffer against increased infection 
burden or worsen infection outcomes (e.g., in�ammatory bowel disease). To 
evaluate this hypothesis, we sought to determine if the microbiome is resistant or 
resilient to the stressors of increased water temperature, helminth exposure, and 
their combination, and whether this variation linked to infection outcomes. 

Methods: We leveraged the zebra�sh (Danio rerio) model organism to measure 
how these variables relate to the temporal dynamics of the gut microbiome. In 
particular, we exposed adult zebra�sh to Pseudocapillaria tomentosa, parasitic 
capillarid with a direct life cycle, across three different water temperatures (28°C, 
32°C, 35°C), and analyzed fecal microbiome samples at �ve time points across 
42 days. 

Results: Our �ndings show that parasite exposure and water temperature 
independently alter gut-microbiome diversity. Moreover, water temperature 
moderates the association between parasite infection and the gut microbiome. 
Consistent with this observation, yet counter to prevailing expectations, we �nd 
that increasing water temperature reduces P. tomentosa infection worm 
development and overall abundance in zebra�sh. The decline in worm burden 
at  35°C  may be due  to  either  direct thermal inhibition of P. tomentosa 
development or temperature-mediated interactions with the host microbiome 
and immune response. 

Discussion: Overall, our results indicate that water temperature alters the 
contextual landscape of the gut microbiome and shapes its response to an 
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Abbreviations: dpe, days post exposure; dpf, days post 
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intestinal parasite in zebra�sh. To our knowledge, this represents the �rst report 
of elevated temperature constraining nematode development in a �sh host, 
underscoring that climate change may impose unanticipated, context-
dependent impacts on vertebrate gut microbiomes and health outcomes. 
KEYWORDS 

development, infection, helminth, temperature, climate change, Pseudocapillaria 
tomentosa, zebra�sh, gut microbiome 
 

Introduction 

The steady increase in global temperatures due to climate change 
challenges vertebrate health (Acevedo-Whitehouse and Duffus, 
2009). These threats to vertebrate health take on many forms, 
including the expected expansion of infectious agents (Mas-Coma 
et al., 2008; El-Sayed and Kamel, 2020). Of particular concern are the 
increased infection burdens faced by aquatic organisms experiencing 
increasing water temperatures (Sydeman et al., 2015). Due in part to 
the varied coincident effects of climate, the impacts of a warming 
climate on aquatic organisms are anticipated to be nonuniform in 
effect (Tomanek, 2010; Sydeman et al., 2015) and  vary
biogeographically (Ackerly et al., 2010; Sydeman et al., 2015), 
which in turn complicates harm mitigation and conservation efforts 
(Duarte et al., 2020). Consequently, there’s an urgent need to better 
understand climate change’s contextual impacts on organisms 
depending on the unique environmental conditions of the 
ecosystems they inhabit. 

In recent years researchers have considered that climate change 
may also elicit harm to vertebrates by disrupting the composition of 
their gut microbiome (Greenspan et al., 2020). While prior work has 
shown that varying temperatures impacts gut microbiome 
composition across a variety of vertebrate host species (Fontaine 
and Kohl, 2023), less is known about how coincident variables, such 
as parasite or pathogen exposure, collide with temperature to drive 
variation in the gut microbiome. Recent work in �sh underscores 
that intestinal parasites alone can restructure community 
composition and host physiology, even without a thermal 
component (Zhao et al., 2024; Kashinskaya et al., 2023; Kumar 
et al., 2024). Yet, to our knowledge, no study has investigated how 
rising temperature and intestinal parasite exposure together shape 
both gut-microbiome dynamics and infection outcomes in a 
vertebrate host. Whether warming ampli�es parasite-induced 
dysbiosis, buffers the host via microbiome-mediated resistance, or 
simply constrains the parasite itself remains unknown. Filling this 
gap is critical for forecasting disease risk under climate change and 
for pinpointing microbiome traits that promote host resilience. 
These potential interaction effects are important to quantify, 
because it may be that they elicit even greater effects on the gut 
microbiome than anticipated by investigations of temperature 
fertilization. 

02 
alone, and could possibly result in increased frequency of 
dysbiotic disorders. It’s important to elucidate these interactions 
because increasing work points to the gut microbiome as a key 
determinant of whether vertebrate physiology is able to buffer 
against stress (Fontaine et al., 2022; Fontaine and Kohl, 2023), 
and whether temperature induced perturbations to the gut 
microbiome may sensitize individuals to subsequent stressors 
(Fassarella et al., 2021). 

To answer these questions, we evaluated the gut microbiome’s 
temporal response to an exogenous stressor across a gradient of 
environmental conditions. To do so, we levered the zebra�sh 
(Danio rerio) model organism to measure how gut microbiomes 
differ across �sh reared to adulthood at one of three water 
temperature conditions (28°C, 32°C, or 35°C; Figure 1). Zebra�sh 
are highly thermal tolerant, capable of existing across a wide spectrum 
of temperature ranges from 4°C to 40°C (Lo�pez-Olmeda and Sa�nchez-
Va�zquez, 2011), but living outside their thermal optimum can come at 
a physiological and microbial cost (Lo�pez-Olmeda and Sa�nchez-
Va�zquez, 2011; Wang et al., 2022). While much is known about the 
thermal range of zebra�sh, the  effects of altered  water temperature  on  
their gut microbiome structure has not been elucidated. We also 
sought to determine if water temperature affected how the 
microbiome and host responds to exposure to and infection by 
intestinal nematode Pseudocapillaria tomentosa, a common source 
of disease in aquariums, speci�cally zebra�sh facilities (Moravec, 1984; 
Moravec et al., 1999; Kent et al., 2018; Marandi et al., 2025). 
P. tomentosa is known to cause high mortality and disrupt the gut 
microbiome (Kent et al., 2018; Gaulke et al., 2019). Yet, it remains 
unclear whether and how water temperature mediates interactions 
between the host-microbiome system and P. tomentosa (Marandi 
et al., 2025). A key advantage of P. tomentosa is its direct life cycle 
capability, in which infective eggs larvate in ambient water and can be 
acquired orally by the host, without requiring an intermediate or 
paratenic host (Kent et al., 2018; Kent et al., 2019). Although, P. 
tomentosa may use paratenic hosts (e.g., oligochaete worms) in natural 
settings, these are not required in the controlled laboratory conditions 
used here (Kent et al., 2018; Kent et al., 2019; Marandi et al., 2025). 
This feature enables us to disentangle temperature effects on host-
microbiome-parasite interactions from confounding mechanisms 
such as the temperature-sensitive loss of intermediate hosts that 
commonly constrain parasites with indirect life cycles (Molna�r et al.,  
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2013; Marandi et al., 2025). Overall, our study sought to clarify the 
environmentally dependent context of a gut microbiome’s resistance 
and sensitivity to climate change-relevant stressors. 
Results 

Water temperature shapes gut microbiome 
structure 

To determine how zebra�sh reared across a gradient of increasing 
water temperatures impacts the structure of the gut microbiome, we 
reared 260 zebra�sh across one of three water temperatures (28°C, 
32°C or 35°C) until 206 days-post fertilization (dpf; Figure 1). 
Additionally, within each temperature cohort, �sh were evenly 
divided into two additional treatment groups: either unexposed or 
exposed to the intestinal helminthic parasite Pseudocapillaria 
tomentosa. Microbiome samples were collected at �ve time points 
between 164 and 206 dpf. In the parasite exposed cohort, �sh were 
exposed to P. tomentosa following microbiome sampling at 164 dpf, 
or 0 days post exposure (dpe). Four subsequent microbiome samples 
were collected at 14 dpe (178 dpf), 21 dpe (185 dpf), 28 dpe (192 dpf), 
and 42 dpe (206 dpf). Within the parasite unexposed �sh cohort, 
we built generalized linear models (GLM) to determine if water 
temperature associated with variation in one of four measures of 
alpha-diversity: Simpson’s Index, Shannon Entropy, richness, and 
phylogenetic diversity (Supplementary Table S2A.1). An ANOVA 
test of these GLMs revealed that alpha-diversity varied as a function 
of temperature for all measures (P<0.05; Figure 2A; Supplementary 
Table S2A.2), except Shannon Entropy (P>0.05; Supplementary 
Frontiers in Microbiomes 03 
Table S2A.2). A post hoc Tukey test clari�ed that alpha-diversity 
scores did not signi�cantly differ between 28°C and 32°C water 
temperature reared �sh for each diversity metric we measured 
(P>0.05; Supplementary Table S2A.3). However, we observed 
signi�cant differences in diversity between 28°C and 35°C water 
temperature reared �sh across Simpson’s Index, richness and 
phylogenetic alpha-diversity measures (P<0.05; Supplementary 
Table S2A.2), and between 32°C and 35°C water temperature 
reared �sh as measured by richness and phylogenetic diversity 
metrics (P<0.05; Supplementary Table S2A.2). These results 
indicate that water temperature associates with �sh gut microbiome 
diversity, and that water temperature may differentially impact 
particular microbial clades of the gut. 

To evaluate how temperature associates with microbiome 
composition in parasite unexposed �sh, we quanti�ed dissimilarity 
amongst all samples and generated distance matrices using the Bray-
Curtis, Canberra and half-weighted UniFrac distance metrics. Using 
permutational multivariate analysis of variance (PERMANOVA), we 
assessed whether increasing water temperatures explained variance in 
gut microbial community composition. A PERMANOVA test 
indicated that microbial communities were signi�cantly strati�ed by 
water temperature as measured by all beta-diversity metrics 
(PERMANOVA, P<0.05; Figure 2B; Supplementary Table S2B.1). 
These results indicate that microbial communities of �sh reared at 
the same water temperature are more consistent in composition to one 
another than �sh reared at different water temperatures. Additionally, 
we assessed beta-dispersion, a measure of variance, in the gut 
microbiome community compositions for each water temperature 
group. We �nd the beta-dispersion levels did not signi�cantly differ 
between the water temperature groups (P>0.05; Supplementary Table 
FIGURE 1 

Experimental design showing treatments and husbandry events during the course of the study. Symbols indicate when an experimental event occurred 
at each time point (1). 260 zebra�sh were assigned and acclimated to one of three water temperature groups (e.g., 28°C, 32°C, or 35°C) and reared from 
0 to 164 days post fertilization (dpf). (2a) At 164 dpf (or 0 days post exposure; dpe), fecal collections were collected from a random selection of �ve �sh 
per tank (n = 60). Additionally, histological and wet mount assessments were conducted on selected �sh to assess presence of infection and infection 
burden. (2b) Afterwards, a cohort of �sh from each water temperature group were exposed to the nematode Pseudocapillaria tomentosa (4–6). 
Subsequent fecal samples were collected and histopathological assessments were conducted at 14 dpe (n = 54) (4), 21 dpe (n = 48) (5), 28 dpe (n = 47), 
and (6) 42 dpe (n = 51). 
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S2B.2). These results indicate that �sh reared at different water 
temperatures are consistent in community composition. 

Next, we compared our results across �ve time points between 0-
and 42 dpe to determine how water temperature impacts the 
successional trajectories of gut microbiome diversity and 
composition. Linear regression revealed gut microbial alpha-
diversity was signi�cantly associated with the main effect of time 
for each alpha-diversity metric we assessed (P<0.05; Figure 2C; 
Frontiers in Microbiomes 04
Supplementary Table S2C.1, 2). Moreover, we found a temperature 
dependent effect on time as measured by richness and phylogenetic 
diversity metrics (P<0.05; Supplementary Table S2C.1, 2). A post hoc 
Tukey test clari�ed that microbiome diversity signi�cantly differed 
between 0- and 42 dpe �sh reared at 28°C as measured by richness 
and phylogenetic diversity (P<0.05; Supplementary Table S2C.3), 
between 0- and 42 dpe �sh reared at 32°C as measured by all alpha-
diversity metrics (P<0.05; Supplementary Table S2C.3), and between 
FIGURE 2 

Effects of water temperature on zebra�sh gut microbiomes. (A) Simpson’s Index of diversity shows that gut microbiome diversity signi�cantly differs between 
�sh reared at 28°C and 35°C water temperatures. (B) Capscale ordination based on the Bray-Curtis dissimilarity of gut microbiome composition constrained 
on the main effect of temperature. The analysis shows that gut microbiome composition signi�cantly differs between �sh reared at different water 
temperatures. (C) Simpson’s Index of diversity shows microbial gut diversity increases with time from 0 days post exposure (dpe) to 42 dpe, irrespective of 
water temperature. (D) Capscale ordination of gut microbiome composition based on the Bray-Curtis dissimilarity constrained on the main effects of water 
temperature and time (days post exposure, dpe), and their interaction. The analysis shows that shows that gut microbiome composition differs between �sh 
across time depending on water temperature. Ribbons and ellipses indicate 95% con�dence interval. Only statistically signi�cant relationships are shown. A 
“*” indicates statistical signi�cance below the “0.05” level. *p < 0.05, **p < 0.01, ****p < 0.0001. Black arrows indicate direction of greatest change in the 
indicated by covariates. 
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0- and 42 dpe �sh reared at 35°C as measured by Shannon Entropy 
and Simpson’s Index (P<0.05; Supplementary Table S2C.3). These 
results indicate that gut microbial alpha-diversity increases over time 
irrespective of water temperature. 

A PERMANOVA test detected signi�cant clustering of microbial 
gut community composition based on the interaction of water 
temperature and time as measured by all beta-diversity metrics 
(PERMANOVA, P<0.05; Figure 2D; Supplementary Table S2D.1). 
These results indicate that microbial communities of �sh reared at 
the same water temperature are more consistent in composition to one 
another across time than �sh reared at different water temperatures. 
Moreover, a pairwise analysis of beta-dispersion found signi�cantly 
elevated levels of dispersion between �sh reared across different 
temperatures and time as measured by all beta-diversity metrics 
(P<0.05; Supplementary Table S2D.2). These results indicate that gut 
microbial community composition varies inconsistently between water 
temperature groups in a time-dependent manner. Collectively, these 
results indicate that zebra�sh gut microbiomes communities stratify by 
temperature, and the trajectory of gut microbiome successional 
development varies depending on water temperature. 
 

Infection burden is highest in �sh reared at 
lower water temperatures 

Next, we evaluated infection outcomes of zebra�sh reared at 
different water temperatures and exposed to the intestinal 
helminthic parasite Pseudocapillaria tomentosa. To determine
Frontiers in Microbiomes 05 
whether water temperature affects infection burden, we exposed 
zebra�sh to 50 P. tomentosa  eggs per liter of tank water at 164 days 
post-fertilization (dpf). Infection outcomes were assessed using wet 
mount and histological evaluation at 0, 14, 21, 28, and 42 days post-
exposure (dpe). We built a negative binomial general linear model to 
compare infection burden (total worm counts) between �sh reared at 
different water temperatures (Supplementary Table S3B.1). The 
regression analysis found a statistically signi�cant effect of 
temperature on infection burden (P < 0.05; Figure 3A; 
Supplementary Table S3A.2). However, we did not �nd a 
statistically signi�cant interaction effect between water temperature 
and time on infection burden (P > 0.05;  Supplementary Table S3B.3). 

Across time points, �sh reared at 28°C exhibited the highest 
mean infection burden (4.86 worms per �sh), followed by those at 
32°C (3.6 worms per �sh). Notably, at 14 dpe, �sh at 32°C had a 
slightly higher infection burden (3.3 worms per �sh) than those at 
28°C (2.3 worms per �sh). Tukey’s post hoc test revealed that 
infection burden was signi�cantly higher in �sh reared at 28°C 
and 32°C compared to those at 35°C (P < 0.05; Figure 3A; 
Supplementary Table S3B.3). Only a single larval worm was 
detected by wet mount in two �sh from the 35°C group, while 
histological examination revealed a slightly higher prevalence, with 
larval worms observed in 9 out of 32 �sh at this temperature 
(Figure 3B; Supplementary Table S3B.1). These results indicate that 
infection burden is highest at lower water temperatures. Because P. 
tomentosa completes a direct life cycle with no intermediate host, 
this steep decline at 35°C suggests a direct upper thermal limit on 
egg hatching or early larval survival in addition to. Alternatively, 
FIGURE 3 

Infection outcomes in zebra�sh exposed to Pseudocapillaria tomentosa. (A) Infection outcome analysis of �sh exposed to P. tomentosa (n = 89) by 
temperature. Fish reared at 28°C and 32°C water temperatures had signi�cantly different infection burden to �sh reared at 35°C water temperature. 
Only one �sh in our microbiome analysis reared at 35°C was identi�ed as being positively infected by wet mount. Only statistically signi�cant 
relationships are shown. ****p < 0.0001. (B) Histological sections stained with H&E stain in zebra�sh exposed to P. tomentosa examined at 35°C at 
21 days post exposure. Arrow = larval worms, sagittal and cross sections. Bar = 50 µm. 
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