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Abstract

By changing the behavior of infected hosts, pathogens can shape the outcome of
both disease transmission and other interspecific interactions within the food web.
This change in behavior is most often recognized in trophically-transmitted para-
sites, where changing the behavior of an intermediate host can increase the rate at
which the parasite is transmitted to the next host. However, behavioral changes also
occur in terminal hosts. In a laboratory experiment, we investigated if infection by

the ascomycete yeast Australozyma monospora (formerly Metschnikowia bicuspi-
data) and/or the time since infection changes the swimming behavior over time of its
freshwater cladoceran host, Daphnia dentifera. Infection influenced the net distance
and total distance traveled as well as the swimming speed and mean depth of the
Daphnia. Uninfected individuals traveled further, both in terms of net distance and
total distance, and they also swam faster. The influence of time since infection was
more nuanced. Swimming speed, net distance, and total distance traveled varied with
time, but mean depth did not. Though we found no main effect of time since infection
on mean swimming depth, time did interact with infection status to influence mean
depth. A better understanding of how pathogens may alter the movement and habitat
selection of infected hosts can help to inform predictive models of disease spread in
lakes that are ever-changing due to increased anthropogenic stressors.

Introduction

Parasites and pathogens can modify the behavior of their host. The most recogniz-
able examples involve trophic-transmission [1-3]. Here, the fitness benéefit to the
parasite is clear; by altering the behavior of a host, the parasite is more likely to
encounter the host needed to complete its life cycle or a favorable habitat for a
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free-living stage. Even in single-host systems, however, changes in host behavior
occur and can influence transmission. For example, behavioral changes in move-
ment or habitat selection may change contact rates between infected and suscep-
tible hosts and/or contact rates between susceptible hosts and free-living infective
propagules [4,5]. It can also influence predation risk affecting transmission [6-8].
These behavioral changes may be a direct manipulation (e.g., of the central nervous
system) or an indirect consequence of reducing the energy the host has to allocate to
particular behaviors [3,9,10]. Given the complexity of effects that determine transmis-
sion, understanding when modifications to host behavior occur, whether they occur
due to direct manipulation or reduced energy, and the direct and indirect effects of
these modifications on transmission is needed to effectively predict the timing and
severity of disease outbreaks in natural populations.

Many pathogens in aquatic systems have a free-living stage where changes in
the swimming behavior of their hosts can alter disease transmission through multiple
mechanisms [11,12]. First, because infective propagules of such pathogens are often
unevenly distributed in the water column, changes in host swimming behavior may
alter the host-pathogen encounter rates [12—14]. Second, predation risk varies ver-
tically in aquatic environments; for systems in which predation influences transmis-
sion, host swimming behavior modifies transmission via its effects on encounter with
predators [6—8]. Third, transmission can be altered by host resistance and recovery
through mechanisms involving both temperature and resources, which often also
vary in both their vertical and horizontal distribution in aquatic environments [15-17].

Several previous studies have documented the importance of swimming behavior
in aquatic host-pathogen systems. Decaestecker and colleagues demonstrated that
depth selection (a function of swimming behavior) in Daphnia magna Straus, 1820
[18] modulated infection risk with the bacterium Pasteuria ramosa Metschnikoff, 1888
[19] at the cost of increased predation risk [20]. This work suggests several fitness
trade-offs where individuals must select habitats to facilitate predator and pathogen
evasion while maximizing egg development time and resource acquisition. Other
work has shown that multiple pathogens alter Daphnia magna depth selection result-
ing in infected individuals being observed at greater depths during daytime conditions
than uninfected individuals [21]. Similarly, sampling of a Wisconsin lake revealed an
inhibition of the day versus night depth selection behavior (i.e., diel vertical migra-
tion, or DVM) in Daphnia pulicaria Forbes, 1893 [22] infected with a chytridiomycete,
where the infection intensity predicted the degree of DVM inhibition [23]. These field
and laboratory studies demonstrate that swimming behavior plays an important role
in a host’s encounter rate with a pathogen and resource acquisition which in turn
affects pathogen growth and the spread of disease. They additionally demonstrate
that both infection itself and the intensity of infection can alter host swimming behav-
ior, which they found reflected in modified depth selection behavior.

Daphnia dentifera Forbes, 1893 [22] (then distinguished from the closely related
species Daphnia galeata Sars, 1864 [24]), a common species of freshwater zoo-
plankton in the midwestern United States, is a known host for the ascomycete Aus-
tralozyma monospora (formerly Metschnikowia bicuspidata (Metschnikoff) Kamienski,
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1899 [25-29]). Fungal spores are ingested by the host while filter-feeding, and infection is established when spores
penetrate the gut, avoid the host immune system, and reproduce [28,29]. Late-stage infections are easily diagnosed by
visual inspection and spores are returned to the water column following the death of the host. We asked if infection by
Australozyma monospora can alter swimming behavior in Daphnia dentifera. In a series of laboratory trials, we measured
the average depth in the water column, distance traveled, net distance traveled, and swimming speed in five host geno-
types. Based on previous work with other Daphnia species, we predicted that we would find infected individuals deeper in
the water column, and that they would travel less and move more slowly. We also predicted that as the time since infec-
tion increased, we would see larger differences in the behavioral responses between infected and uninfected individuals
as increasing spore load may inhibit these behaviors more severely.

Materials and methods

To quantify how infection influences swimming behavior, we used five genotypes of D. dentifera collected from four mid-
western lakes (Island, Canvasback, Downing, Midland, S1 Table). Clonal lines were raised under standardized conditions
for more than three generations to control for maternal effects [30]. For each host genotype, we collected neonates that
were less than 24 hours old and raised them individually at 20°C for 6 days in 50 mL tubes with 45 mL filtered lake water.
Every Monday, Wednesday, and Friday, filtered lake water was replaced, and tubes were fed 2 mg C / L of the green algae
Ankistrodesmus falcatus (Corda) Falfs, 1848 [31]. On day 6, individuals were transferred to 15 mL tubes filled with 10 mL
of filtered lake water and 1 mg C / L A. falcatus. Individuals assigned to the “infected” treatment received 500 spores / mL
of Australozyma monospora. To prevent settling of spores, tubes were inverted every hour for a period of five hours on the
day of inoculation, and then again the following morning. After 24 hours, all individuals were returned to 50 mL tubes with
45 mL of filtered lake water and 2 mg C / L of A. falcatus. Water changes and feeding continued three times a week. Not all
Daphnia exposed to the fungus will develop an infection due to variation in susceptibility [28]. Therefore, individuals in the
“infected” treatment group were checked under a microscope for signs of late-stage infection. Only individuals with a visibly
confirmed late-stage infection were used in the “infected” groups in the subsequently described methods.

Starting at 9 days post infection, we recorded videos in the experimental setup described in the next paragraph to
capture swimming behavior in infected (only those hosts with a late-stage infection that had been confirmed visually were
used) and uninfected individuals. For each genotype, we attempted to measure 3 replicate populations (5 Daphnia per
population) at three dates post infection: early (day 9 or 10 post infection), middle (day 11 or 12 post infection) and late
(day 13 or 14 post infection). These timings were based on the known development time of the fungus in the Daphnia host
[29]. Given that some genotypes became infected more easily than others and some infected hosts died more often than
others, there are cases with only 2 replicate populations per time period (S1 Table). No death occurred during filming. By
day 14, there was considerable death among the infected individuals, resulting in no replication for 3 of the 5 clonal lines.
Hence, our analysis only includes the first two recording dates (see S1 Fig and S2 Table for full analysis — the results are
qualitatively the same except for significance of the interaction between infection status and trial for net distance, which
was expected due to the sample size constraints). In total, 255 Daphnia, as part of 26 populations each in trials 1 and 2,
were included in the analysis of the first two trials.

The experimental set up consisted of 10, 1-m long clear acrylic columns with 3.2-cm outer diameter, 2.9-cm inner
diameter, positioned next to a measuring tape for reference. Black sand was added to the bottom to minimize light reflec-
tion prior to filling the column with filtered lake water (Merck Millipore Ltd. Glass Fibre Prefilter) to the 75 cm mark. The
temperature of the lake water was approximately 20°C. Each acrylic column was a replicate containing 5 D. dentifera of
the same genotype and infection status. The experiment was run in multiple temporal blocks, with each block consisting of
one replicate of each genotype x infection x timepoint combination.

To measure swimming behavior, we used a protocol modified from a 2001 study performed by De Meester [32].

To begin a trial, 5 D. dentifera were added to the top of each tube. After two hours in dark conditions, the light source
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(15-Watt light bulb) was turned on. We recorded videos of each tube (filming four tubes at a time) for the following 10 min-
utes using a Nikon DS5200 digital camera. After recording, the contents of the acrylic tubes were gently poured through a
35-um sieve and Daphnia were individually returned to 50 mL tubes. The same individuals were filmed again two and four
days later. Where there was mortality, individuals were replaced with Daphnia of the same genotype, age, and infection
status, so that each recorded replicate contained 5 individuals.

Data analysis

We used the software Imaged to analyze the video data [33]. Trajectories of the individual D. dentifera in each tube were
manually tracked using the MTrackJ plug-in. Daphnia were recorded for approximately 10 minutes following the light being
turned on. The first 5 minutes allowed the Daphnia to acclimate to the initial light exposure and was not included in the
analysis. The last 5 minutes of the recording was converted into 300 frames which were included in the analysis. Once
individual tracks were finalized with the MTrackdJ plugin, the ‘Measure’ function in the plugin was used to generate two
data sets, one of measurement values for all points and one of measurement values for each track. We used MATLAB to
determine the mean depth, speed, total distance (Euclidean distance), and net distance (distance between the first and
last positions of the tracking) for each Daphnia. Distance is always greater than or equal to net distance and we analyzed
both metrics as it is an indication of how the hosts move. For instance, if they swim in a straight line from position A to
position B, then the two metrics would be equal. If distance is greater than net distance, then this implies that they move
up and down appreciably or that they spiral within the tube.

All downstream analyses of the data generated from MATLAB were performed in R version 4.4.3 [34]. The effect of
infection and the time since infection on each of the four response variables (depth, total distance, net distance, and
speed) was quantified using linear mixed effects models with the Ime4 and ImerTest packages [35,36]. Infection status
and time since infection were included as fixed effects in the models. Genotype was included as a random effect, as well
as individual Daphnia nested in their experimental column. Columns served as the replicates in each trial.

Correlation analysis using measurements for individual Daphnia was performed to assess the relationships between
each of the response variables: depth, distance, net distance, and speed. We computed a Pearson’s product-moment
correlation coefficient for each pair of response variables and evaluated the significance of each correlation.

Results

We found an interaction between infection status and time since exposure on average depth (X21,25:9-4§ p=0.002;
Fig 1A). In trial 2, two infected populations remained near the light source making the average depth of infected popu-
lations trend shallower whereas the average depth in the uninfected category trended deeper. Additionally, the average
depth decreased substantially for two uninfected populations between trials 1 and 2. These trends are likely responsible
for the significant interaction between infection status and time since infection on average depth. The average depth was
not influenced by time since exposure (x%, ,,=1.0; p=0.3), but we did find a significant influence of infection (X21,25=4-9?
p=0.03). Though 50% of the observations fell between 36.7—73.7 cm, average depth ranged from 0.38-74.5 cm. Most
individuals, regardless of infection status or trial number, remained near the bottom of the experimental tube (away from
the light source).
Swimming speed was strongly influenced by infection status (x*, ,,=48.9; p<0.001) and time since exposure
(X%, ,5=12.3; p<0.001; Fig 1B). Infected D. dentifera swam more slowly than uninfected individuals (0.25+0.02 and
0.38+0.02 cm/s, respectively). There was no interaction between infection status and time since exposure (X21,25=0-03i
p=0.9). Swimming speed ranged from 0.04—1.25 cm/s, and the outliers did not significantly affect the output of the model.
This difference in swimming speed translated into significant effects of infection on both total distance (x*, ,;=39.8;
p<0.001) and net distance (X21,25=40-2? p<0.001) traveled (Fig 1C; 1D). In both cases, the distance traveled was reduced
among infected individuals. Across trials, infected D. dentifera traveled a shorter total distance than those who were not
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Fig 1. Effect of infection on swimming behavior. Average depth (A), Speed (B), Distance (C), and Net distance (D) were all reduced in infected
individuals. Moreover, the differences between infected and uninfected individuals often varied over time. Shapes represent the mean response for each
of five D. dentifera genotypes across trials, with means for infected and uninfected groups distinguished by color, with red and blue representing infected
and uninfected individuals, respectively.

https://doi.org/10.1371/journal.pone.0346784.9001

infected (72.7+£4.6 cm and 109.9+5.9 cm, respectively). We observed a similar pattern in net distance, where net dis-
tance traveled by infected D. dentifera was significantly shorter than uninfected individuals (11.5+1.0 cm and 23.7+1.8
cm, respectively). Time since exposure also significantly impacted the total (X21‘25=8.2; p=0.004) and net (X21,25:7-4i
p=0.006) distance traveled, but there was not an interaction between time since exposure and infection status for either
total (x*, ,,=0.4; p=0.5) or net (x*, ,,=0.004; p=0.95) distance. The outliers observed among these variables did not sig-
nificantly affect the output or fit of the model.

Finally, we investigated potential correlations in the four response variables for individual D. dentifera and found a
significant positive correlation between speed and both total and net distance traveled, as well as between net distance
and distance (Fig 2). There was a significant negative association between net distance and depth. Not surprisingly, faster
swimmers traveled a greater distance (r,,,=0.98; p<0.001). Swimming speed is not necessarily predicted to influence
net distance if fast swimmers are also the ones who spend more time turning, spiraling, or sinking; however, we did find

a correlation between speed and net distance (r,,,=0.47; p<0.001), likely because individuals that traveled greater total
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Fig 2. Correlations between measures of swimming behavior. Net distance was negatively associated with depth; individuals who were observed at
greater depths traveled a shorter net distance (these individuals remained in the bottom of the tube for most of the trial). Net distance was also positively
correlated with distance traveled. Speed is defined as speed =distance/time. Since time is fixed, speed and distance should be perfectly correlated.
However, there were eight points that were not perfectly correlated. We believe that in some cases, this is a numerical artifact because some Daphnia
are stationary for periods of time, and due to human inability to differentiate individuals when their swimming tracks crossed. Color indicates infection
status, where red represents infected individuals and blue represents uninfected individuals. Shapes correspond to each of the five genotypes.

https://doi.org/10.1371/journal.pone.0346784.9002

distances also traveled a greater net distance (r,,,=0.48; p<0.001). Net distance was predictive of the position occupied
in the water column (r,,,=-0.31; p<0.001), where individuals that traveled a shorter net distance tended to be found
toward the bottom of the water column. However, there was no relationship between position in the water column and total
distance traveled (r,,,=-0.12; p=0.06) or swimming speed (r,,,=-0.11; p=0.08).

55 55

Discussion

We investigated swimming behavior in five clonal lines of the host species Daphnia dentifera in response to infection
by its fungal pathogen, Australozyma monospora. We found statistical support for the alteration of swimming behavior
in infected D. dentifera. Average depth, total distance traveled, net distance, and average speed were all significantly
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reduced in infected individuals compared to uninfected individuals. Contrary to our prediction that time since infection
would increase the difference between treatments, we found inconsistent effects of time on the tested variables. While
time since exposure did significantly affect swimming speed, total, and net distance, there was no main effect of time on
depth selection. However, time since infection did interact with infection status for depth selection. We also found support
for a change in phototactic behavior as a result of A. monospora infection in D. dentifera; the average depth of infected
individuals in each trial was significantly different from uninfected individuals. Finally, faster Daphnia swam further total
and net distances, but swimming speed was not predictive of position in the water column. Only net distance was signifi-
cantly correlated with depth; there were no correlations between depth and speed, or distance traveled. Our results build
on the expanding body of literature exploring the interplay between host behavior and disease.

The observed modifications to swimming behavior of infected D. dentifera have implications for changes in habitat
selection in natural populations. The reduced distance D. dentifera were able to swim, and how fast they were able to
do it, could influence the time spent in the warmer surface waters at night, potentially limiting their access to high-quality
resources and warmer temperatures that facilitate faster growth and reproduction [37]. Our results are consistent with
laboratory assays performed by Johnson and colleagues [20], in which Daphnia pulicaria infected with a chytridiomycete
exhibited significantly fewer swimming movements. They proposed that altered swimming behavior explains their obser-
vations of infected Daphnia found at consistently lower depths than uninfected hosts both in field samples and in labora-
tory assays. Another study [18] found that depth selection of Daphnia magna infected with a bacterial pathogen was only
altered in light conditions, suggesting potential variation among species and pathogens in changes in diel vertical migra-
tion (DVM). Additionally, there is considerable genotypic variation in Daphnia populations, as exemplified in our study
and others (e.g., [20,32,38,39]). The variation seen in our laboratory study highlights the need to assay multiple clones to
increase the relevance to field populations with extensive genetic diversity.

How changes in swimming behavior influence disease transmission is difficult to determine because of multiple oppos-
ing forces [40,41]. There are several direct effects of temperature that can alter host-pathogen interactions. As DVM
patterns change, the amount of time each day spent in the colder (often below 10°C) and warmer (often above 25°C)
water influences not only potential contact rates, but also host growth rate, egg development time, and pathogen growth
rate and infectivity. For example, in the Daphnia magna-Ordospora colligata Larsson, Ebert & Vavra, 1997 [42] system, a
2022 study found that daily fluctuating temperatures decreased pathogen fithess and restricted its thermal range in terms
of both infectivity and within-host pathogen growth; however, a simulated 3-day heat wave did not change infection rates
[43]. Another study found temperature effects on transmission of A. monospora in that spores grown at lower tempera-
tures were less infective [44]. Changing temperatures not only alter host fitness [45], but changes in lake stratification
have also been shown to alter disease transmission dynamics in zooplankton [46,47]. In a 15-year field study, lake strati-
fication was identified as one of the primary drivers of seasonal infection dynamics among Daphnia pulicaria populations
[48]. In lakes in east-central lllinois, the September temperature in the epilimnion in recent years has exceeded 25°C,
whereas earlier records suggest the long-term average was <20°C (unpublished data). Simultaneously, earlier ice out and
warmer spring temperatures have resulted in early stratification, meaning the bottom water remains a few degrees colder
than it had in earlier years (unpublished data). Current research in our group is addressing questions of how changes in
stratification patterns may influence disease dynamics.

Changes in swimming and habitat selection behavior such as we observed may also alter interspecific interactions
that have both direct and indirect effects on transmission. Because algal resources are non-uniformly distributed in
lakes [49], behavioral changes could result in a decreased encounter rate with algal resources. Many questions remain
regarding how resources influence host susceptibility to parasites [50,51]. Fewer resources can result in the host having
less energy to divert to mounting an immune response, which can increase transmission [39,52]. However, transmis-
sion may decrease in food-limited systems if the starving hosts produce fewer infective propagules [53,54]. The chang-
ing landscape of resources in lake ecosystems due to anthropogenic change further complicates our understanding of
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host-pathogen-resource dynamics. Swimming behavior and habitat selection also have implications for predator-prey
interactions in terms of encounter (based on habitat selection, and capture) and therefore disease spread. Impaired
swimming behavior can increase predation risk by impairing the ability of Daphnia to successfully evade their two main
predators: fish and the larvae of the phantom midge, Chaoborus. Predation by fish removes infected individuals from the
population, lowering transmission [14]. In contrast, Chaoborus increase transmission through sloppy eating when they
consume infected prey [6]; Daphnia with impaired swimming may be unable to avoid the rapid Chaoborus feeding strike,
thereby increasing transmission. Complexity in lake communities demonstrates the difficulty in elucidating disease dynam-
ics in natural populations, and the need for coupling individual behavior with food-web interactions.

Conclusions and future directions

Although it is clear that infected animals often behave differently than healthy individuals, understanding which para-

sites and pathogens can actively control the behavior of their hosts, and the mechanisms by which they do so, is still an
emerging field [3]. For example, even though several species are known to alter behavior via infection of the host’s central
nervous system [55,56], the molecular mechanisms that drive those behavioral modifications are not well resolved. For
pathogens of Daphnia, we suspect that the behavioral modifications are due to reduced energy, but to our knowledge, the
possibility of direct manipulation has not been examined. The research methods developed for insects, such as character-
izing any secretions produced by the pathogen, offer a promising research direction [3].

These host-parasite interactions that are rooted in swimming behavior and habitat selection are also influenced by
anthropogenic changes. For example, lake ecosystems are increasingly exposed to Artificial Light at Night (ALAN) as
urbanization continues [57]. ALAN disrupts natural diel light cycles that influence zooplankton DVM [58—60] and can
therefore alter habitat selection and swimming behavior of important grazers such as Daphnia [61,62]. Such external
disruptions may also alter disease dynamics indirectly (e.g., by impacting host-parasite contact rates) or directly (e.g., by
disrupting internal biological processes that impact host physiology and immunity) [63]. Our ongoing research seeks to
determine how ALAN and other anthropogenic stressors interact to shape host-parasite interactions and their independent
populations.

Supporting information

S1 Table. Number of replicate populations measured in each of the three trials. Each population contained 5 Daph-
nia. Letters indicate late from which the clones were collected (CB=Canvasback, DW =Downing, IL=Island, ML=Midland.
The numbers refer to the individual multilocus genotypes determined by microsatellite markers.

(TIFF)

$1 Fig. Effect of infection on swimming behavior across all three trials. Average depth (A), Speed (B), Distance (C),
and Net distance (D) were all reduced in infected individuals. Moreover, the differences between infected and uninfected
individuals often varied over time. Shapes represent the mean response for each of five D. dentifera genotypes across
trials, with means for infected and uninfected groups distinguished by color, with red and blue representing infected and
uninfected individuals, respectively.

(TIF)

S2 Table. Results of the ANOVA test on the linear mixed models for average depth, total distance traveled, net
distance traveled, and swimming velocity, including data from all trials. The results are qualitatively the same except
for significance of the interaction between infection status and trial for average net distance, which was expected due to
the sample size constraints.

(TIFF)
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