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ABSTRACT: Thermal acclimation effects on locomotory performance have been widely doc-
umented for macroscopic organisms, but such responses remain largely unexplored in micro-
organisms. Metabolic theory of ecology (MTE) predicts faster responses in smaller organisms, with
potential consequences for host—parasite interactions in variable temperature environments. We
investigated thermal acclimation effects on zoospores of the amphibian fungal pathogen Batra-
chochytrium dendrobatidis (Bd), quantifying (1) thermal performance for maximum zoospore
velocity and (2) high temperatures needed to immobilize 50% (CT3,,) or 100% (CT'%,) of zoo-
spores. We obtained measurements within 18 min following a temperature shift. We found signifi-
cant curvilinear acclimation effects on maximum zoospore velocity and CT3,, although the latter
pattern might have been driven by confoundment with zoospore density. We also observed a sig-
nificant positive effect of the trial start temperature on CT3,, consistent with a rapid acclimation
response to the start temperature on a time scale of ~1—6 min (i.e. too rapid for our experimental
acclimation treatments to detect), implying that zoospores either have constitutive heat tolerance
(i.e. no acclimation) or fully acclimate CT ,, to new temperatures within ~10 min. To explore the
plausibility of such a rapid response, we analyzed published CT ., acclimation times for macrosco-
pic eukaryotes, resulting in a predicted interquartile range of 3.11—25.98 min when mass-scaled to
the size of a Bd zoospore. Taken together, these results suggest that Bd zoospores do exhibit ther-
mal acclimation response on the rapid time scale predicted by MTE, possibly giving Bd an advan-
tage over slower-acclimating hosts in variable-temperature environments.

KEY WORDS: Thermal acclimation * Batrachochytrium dendrobatidis - Chytridiomycosis *
Metabolic theory of ecology - Parasite

Resale or republication not permitted without written consent of the publisher

1. INTRODUCTION

The growing threat of climate change makes it
increasingly important for biologists to understand
organism adaptations to temperature, including
plastic responses to temperature, known as thermal
acclimation responses. Thermal acclimation has been
extensively researched in macroorganisms such as
amphibians and insects (Rohr et al. 2018, Carilo
Filho et al. 2022), but less is known about how accli-
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mation affects performance characteristics of single-
celled microorganisms. The metabolic theory of
ecology (MTE) predicts that smaller organisms
should have more rapid physiological responses,
including thermal acclimation, due to the negative
scaling relationship between body mass (M) and
metabolic rate (B «M%; Gillooly et al. 2001, Brown
et al. 2004, Raffel et al. 2013, Rohr et al. 2018). This
has potentially important implications for patho-
genic microorganisms, such as the amphibian fungal
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pathogen Batrachochytrium dendrobatidis (Bd). The
temperature variability hypothesis of Rohr & Raffel
(2010) postulates that pathogens have an advantage
over their hosts in variable temperature conditions,
due to delays in host acclimation following unpre-
dictable temperature shifts (Raffel et al. 2013, 2015).
This hypothesis assumes that parasites have either
(1) more rapid acclimation responses than their
hosts or (2) constitutively expressed thermal adap-
tations (i.e. no acclimation responses) (Rohr &
Raffel 2010, Raffel et al. 2013, 2015). Field evidence
and infection experiments have found some support
for the temperature variability hypothesis for Bd
infection of amphibian hosts (Rohr & Raffel 2010,
Raffel et al. 2013, 2015). However, relatively little is
known about whether and how thermal acclimation
responses influence metabolic or locomotory per-
formance of microorganisms such as Bd, or how
these responses affect the ability of pathogens to
infect hosts (Raffel et al. 2013).

Thermal acclimation is a type of temperature-
induced phenotypic plasticity, typically defined as
within-generation changes in an organism's thermal
tolerances or thermal performance curve (TPC) fol-
lowing experimental exposure to warm or cool tem-
peratures (Angilletta 2009). A TPC measures quanti-
tative changes in some performance metric across a
range of temperatures within an organism's ecologi-
cally relevant thermal range (Angilletta 2009). In
macroscopic organisms, thermal tolerances and per-
formance curves are often quantified based on
changes in locomotory function. For example, TPCs
of amphibians are often quantified based on jumping
distance or maximum velocity (Dell et al. 2014), and
critical thermal maximum (CT ) is often quantified
as the high temperature above which frogs or sala-
manders fail to right themselves (Lutterschmidt &
Hutchison 1997, Pottier et al. 2022). Thermal acclima-
tion can have different effects on an organism's TPC
depending on the species and how performance is
measured. The beneficial acclimation hypothesis pos-
tulates that acclimation to a given temperature will
increase performance at that temperature, relative to
an unacclimated organism (Wilson & Franklin 2002).
Consistent with beneficial acclimation, many species
have improved high temperature tolerance (i.e. in-
creased CT,,x) following extended exposure to warm
temperature (Rohr et al. 2018). However, beneficial
acclimation is not universal, especially for TPC
changes within an organism's normal temperature
range (Huey et al. 1999, Wilson & Franklin 2002).
Other common acclimation patterns include ‘cooler
is better' or ‘warmer is better' effects, in which the

TPC is overall higher following acclimation to cooler
or warmer temperatures, or ‘optimal temperature'
effects, in which the TPC is higher following acclima-
tion to an intermediate temperature (Wilson & Frank-
lin 2002, Altman et al. 2016, McWhinnie et al. 2021).
In principle, an organism could also have constitutive
rather than induced adaptations to temperature vari-
ation, in which case there would be no measurable
effects of experimental acclimation treatments on an
organism's thermal tolerances or TPC.

Relatively few studies have investigated within-
generation thermal acclimation responses in micro-
organisms (but see Robinson & Morris 1984, Addy
et al. 1998, Robinson 2001, Heinemeyer et al. 2006,
Malcolm et al. 2009, Crowther & Bradford 2013). This
might be partly because such acclimation effects
should only be detectable during a short window of
time following an experimental shift in temperature,
making them difficult to study (Rohr et al. 2018).
According to MTE, biological process times ()
including time to acclimation should increase with
organism body mass according to a quarter-power
scaling relationship (t, « M°®%; Gillooly et al. 2001).
Rohretal. (2018) found indirect evidence for this scal-
ing relationship, showing that acclimation effects on
CT.x Were more likely to be detected in small ani-
mals such as stoneflies (2.0 x 107° kg) when ramping
trials were conducted with faster heating rates (i.e.
shorter measurement times). Thus, we are more likely
to detect thermal acclimation if the measurement is
collected soon after shifting an organism to a new
temperature. Most studies of ‘thermal acclimation' in
single-celled microorganisms have been conducted
on time frames of days to weeks, measuring changes
in thermal tolerances or TPCs over multiple genera-
tions (Bennett & Lenski 1997, Hall et al. 2010, Tian et
al. 2022, Tveit et al. 2023). Although these responses
are likely to represent a type of multi-generational
phenotypic plasticity in some cases (Bennett & Lenski
1997), we cannot entirely rule out the possibility that
these effects were caused by genetic evolution rather
than a classic thermal acclimation response. Indeed,
some of these authors explicitly define ‘thermal accli-
mation' as encompassing both phenotypic plasticity
and genetic evolution (Tian et al. 2022, Tveit et al.
2023). This focus on longer time scales and evolution-
ary responses might be in part because microbial per-
formance is often quantified based on population
growth rates in culture or competitive ability, pre-
cluding within-generation measurements (although
respiration is also commonly measured; Bennett &
Lenski 1997, Malcolm et al. 2009, Hall et al. 2010,
Crowther & Bradford 2013, Tian et al. 2022, Tveit et al.
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2023). A number of studies have documented thermal
acclimation responses in fungi based on various per-
formance metrics (e.g. radial growth of hyphal cul-
tures) (Robinson & Morris 1984, Ouedraogo et al.
1997, Fargues et al. 1997, Vidal et al. 1997, Addy et al.
1998, Robinson 2001, Heinemeyer et al. 2006, Mal-
colm et al. 2009, Dell et al. 2013, Crowther & Bradford
2013). However, to our knowledge, no empirical
studies have directly tested for within-generation
thermal acclimation effects on thermal tolerances or
TPCs of single-celled microbes with independently
motile cells. Our lack of data for acclimation effects
on microbe locomotory performance is a particularly
important knowledge gap, due to the likely associa-
tion between infective stage velocities and pathogen
infectivity (e.g. Bd zoospores; Canter & Jaworski
1981, Appiah et al. 2005). Much of what we know
about microorganism thermal responses comes from
studies of changes in gene transcription and heat
shock protein expression (Schlesinger et al. 1982,
Alcina et al. 1988, Kalinina et al. 1988, Krobitsch et al.
1998, Fang & McCutchan 2002, Engstler & Boshart
2004), but these are not direct measures of organism
performance.

In the current study, we tested for thermal acclima-
tion effects on high-temperature thermal tolerance
and thermal performance of Bd zoospores in culture,
focusing on performance metrics that could be quan-
tified soon (within 20 min) after removing zoospores
from 1 of 3 acclimation temperatures (i.e. hopefully
before zoospores could become fully acclimated to
the new ‘performance' temperature). To quantify
changes in heat tolerance, we used the ramping
method to quantify temperatures at which 50 or 100 %
of visible zoospores stopped swimming (CT3,, and
CT %, respectively). To quantify changes in thermal
performance, we measured the maximum velocity of
zoospores at 1 of 8 performance temperatures using
video microscopy. We also fit MTE-based models of
thermal performance to the zoospore velocity data to
obtain estimates of Bd metabolic activation energy
(E,), a key metabolic parameter (Molnar et al. 2017).
To explore MTE predictions for thermal acclimation
times in microorganisms, we analyzed published
values for acclimation times in potential amphibian
hosts of Bd and generated predicted times for an
organism the size of a Bd zoospore. Based on the
beneficial acclimation hypothesis, we predicted that
CT3 and CT'% measurements would be higher fol-
lowing warm temperature acclimation, and that zoo-
spore velocities would be faster at a given tempera-
ture if they had recently been acclimated to that
temperature.

2. MATERIALS AND METHODS
2.1. Culturing Bd

Bd strain JEL423, isolated from Peltophryne lemur
in 2004 (Farrer et al. 2011), was obtained from Joyce
Longcore in 2016 and grown in 1% tryptone broth
for approximately 10 generations prior to long term
—80°C storage as frozen stocks (Boyle et al. 2003).
We used all Bd within 1 mo after thawing from
stock, to minimize evolutionary changes in response
to culture conditions (Voyles et al. 2014, Kumar et
al. 2020). Prior to each experimental trial, we
thawed and grew Bd in sterile 1% tryptone broth
solution for 1 wk at 21°C. Next, 500 pl of this
culture were spread onto each of several sterile 1%
tryptone agar plates and grown for 1 wk at 21°C. We
placed each plate into an Exo Terra reptile egg
incubator (Model PT2445, Hagen) or a commercial
countertop beverage center (Model SCR114L, Sum-
mit Commercial, Felix Storch) to achieve lower tem-
peratures, set to low, middle, and high acclimation
temperatures (9, 16.5, 24°C), and allowed the plate
to grow for 3 d. For both experiments, 6 acclimation
incubators were arranged in a randomized block
design with 2 incubators per temperature treatment.
We used digital aquarium thermometers to confirm
that actual temperatures were near our target tem-
peratures and used Onset HOBO loggers to record
acclimation temperature readings in the incubators
every 30 min. We calculated the mean HOBO tem-
perature throughout each acclimation period for
use in analyses. At the end of a 3 d acclimation
period, each plate was flooded with 3 ml artificial
spring water (Cohen et al. 1980) that had been pre-
equilibrated to the acclimation temperature. The
flooded plate remained in the acclimation incubator
for another 20 min to allow zoosporangia to release
zoospores into the water.

2.2. Measuring zoospore critical thermal maximum

To measure zoospore CT3. and CT!% we con-
ducted temperature ramping trials by placing sam-
ples on a microscope slide fitted into a Stage Top
incubation chamber (system by Okolab SRL). Prior
to beginning the ramping trial, we cleaned the slide
with chilled 70% ethanol, cooling the slide to a tar-
get temperature of 20°C. After the ethanol was fully
dry, we transferred 20 pl of sample from the
flooded agar plate (described in Section 2.1) to the
slide and inserted the Oko machine's miniature
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temperature probe directly into the sample droplet
to measure temperature in real time. It was difficult
to achieve a precise trial start temperature for every
trial, so the start temperature varied between 15
and 25°C. We recorded the start temperature for
each trial, allowing us to investigate start tempera-
ture as a potentially important covariate (Ter-
blanche et al. 2007).

We then sealed the top stage incubation chamber
and positioned it over the objective lens of an
inverted Nikon Diaphot compound microscope at
200x magnification. We recorded the approximate
zoospore density (zoospores per field of view) and
proportion of zoospores moving based on an ob-
server estimate. To begin the ramping process, a
second investigator turned on the stage heater, re-
sulting in gradual heating of the sample at a rate
of approximately 1.8°C min~! (range of 0.8—2.8°C
min~!). The observer watched the zoospores continu-
ously throughout the ramping trial and noted times
when 50% (CT3L,) and 100% (CT %) of the zoospores
had stopped moving. A second investigator recorded
the stage temperature at these times. It took approx-
imately 30 s to set up for each ramping trial, after
which it took 2.5 = 1.2 min (mean = SD) to reach
CT3, and 8.5 = 4.7 min to reach CT'%,, correspond-
ing to total times since removal from acclimation tem-
perature of 3 and 9 min, respectively.

An advantage of using real-time observations in
lieu of video analysis for CT,,,x measurements was
that it allowed us to observe zoospore movement
based on the full field of view and variable focal
depth. However, it increased the risk that subjective
judgments of observers might influence the results.
To control for potential differences among ob-
servers, both observers went through a training
period to confirm that their estimates correlated
with estimates by the first author. To control for
effects of observer bias on zoospore density, propor-
tion moving, and CT .. estimates, observers were
blinded to acclimation treatment and current tem-
perature readings. To verify the consistency of ob-
server zoospore density estimates, we conducted a
follow-up image analysis from a subset of trials
(temporal blocks E—J). We obtained photos using a
GoPro fitted into the ocular lens of the microscope.
The GoPro did not record the entire field of vision
nor depth of focus that we observed manually,
resulting in lower numbers of zoospores being vis-
ible in photographs; nevertheless, this allowed us to
confirm that our observer estimates were positively
correlated with an objective alternative measure of
zoospore density (r = 0.786, df = 23, p < 0.001).

2.3. Measuring zoospore velocity

To measure velocity at various performance tem-
peratures, for each of 6 temporal blocks, we collected
water containing zoospores from flooded agar plates
(described above) grown at each acclimation tem-
perature (targets of 9, 16.5, or 24°C). We transferred a
sub-sample to a microtube, vortexed it, and used a
hemacytometer to quickly determine the density of
zoospores from each agar plate culture. We then
diluted each inoculum with water (already equili-
brated to the acclimation temperature) to a target
concentration of 15 zoospores nl~!. When Bd cultures
did not produce enough zoospores for 15 zoospores
nl~!, we used a minimum concentration of 7 zoo-
spores nl~!, resulting in zoospore concentrations
between 7 and 15 zoospores nl~!. To verify that zoo-
spore concentration did not affect the velocity results,
we tested for an effect of zoospore concentration in
our final statistical model. Within each temporal
block, we selected a single culture to use as the inocu-
lum source for each of the 3 acclimation temperature
treatments. From each selected inoculum culture, we
made up to 4 aliquots of 1 ml of diluted inoculate in
1.5 ml microcentrifuge tubes (hereafter ‘test sam-
ples’) to be tested at different performance tempera-
tures randomly selected from 1 of 8 target tempera-
ture treatments (7, 10, 13, 16, 19, 22, 25, 28°C). We
analyzed 8 test samples within a given temporal block
(except for the final block, when we tested 12 sam-
ples), analyzing 2—4 test samples from each inoculum
culture. For later temporal blocks, randomizations
were constrained to increase replication for perform-
ance X acclimation temperature treatment combina-
tions with lower numbers of replicates, aiming to gen-
erate high-quality data for at least 2 replicate test
samples for a given treatment combination while
ensuring high interspersion of temperature treat-
ments within a given block. Some replicates were lost
due to failure of cultures to generate sufficient live
zoospores or failure to obtain high-quality videos.
Zoospores were slightly older for test samples ana-
lyzed later within each temporal block. To reduce this
source of experimental error, we randomized the
order of acclimation and performance treatments
tested within each block and ensured that all test
samples were analyzed within 3 h of flooding the
plate.

We were unable to use a stage heater to maintain
temperatures during microscopy for this experiment,
because the available stage heater only allows for
temperature set points of >25°C. Instead, we placed
each test sample into a performance incubator set to
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1 of the 8 target performance temperatures. Nine per-
formance incubators were arranged in a randomized
block design, with temperature treatments re-ran-
domized for each of 6 temporal blocks of the experi-
ment. After allowing 10 min to ensure each tube was
fully equilibrated to the new performance tempera-
ture, 40 pl were transferred to a hemacytometer and
cover-slipped for video microscopy. To help maintain
the target performance temperature throughout
video microscopy, the thermal inertia of each hema-
cytometer was increased by placing it within a foam
cutout on top of a 150 mm diameter Petri dish filled
with gel wax (Fig. S1 in the Supplement at www.int-
res.com/articles/suppl/d160p101_supp.pdf). The gel
wax Petri dish was equilibrated to the performance
temperature prior to each trial. Each replicate was
recorded 3 times for 10 s at 400% magnification using
a Leica DM 1000 microscope, a Leica DFC450 C digi-
tal microscope camera, and VirtualDub screen re-
cording software (www.virtualdub.org). We obtained
nearly all videos within 15 min after moving zoo-
spores from their original acclimation temperature to
their new performance temperature, for a mean time
of 14.7 = 1.0 min (SD) at the new performance tem-
perature prior to obtaining measurements. Hemacy-
tometers gradually equilibrated to room temperature
during video microscopy, but we were unable to mea-
sure continuous changes in sample temperature dur-
ing trials. To obtain better estimates of real-time tem-
perature at the time of each video, we conducted a
separate experiment to determine the rate at which
hemacytometers equilibrated to room temperature
from a given start temperature. Samples of 40 pl of
water were taken from incubators set to 9, 16.5, or
24°C, and placed onto a gel-wax-stabilized hemacy-
tometer at the same temperature as described above.
The miniature temperature probe used in the CT .
ramping measurements was then placed into the
water sample and a cover slip was laid on top. The gel
wax block and hemacytometer were placed on a
microscope stage to simulate a video microscopy ses-
sion, and hemacytometer temperature was recorded
every minute for 10 min. We used nonlinear least
squares to fit the data to the following equation:

G =Te + (To—Tp) " (1)

where Tis sample temperature (in °C) as a function of
time, Ty is room temperature, Tj is the initial perform-
ance temperature (mean of the 3 most recent HOBO
logger measurements in the performance incubator),
r is the rate of increase or decrease in temperature,
and ¢ is the time in minutes since the sample was
removed from the performance incubator (Newton's

law of cooling; Lienhard & Lienhard 2020; Fig. S2).
Room temperature was a consistent average of 21.6°C
and was assumed constant in the model, making r
the only free parameter with an estimated value of
0.048 = 0.001 SE. We used this model to estimate the
real-time hemacytometer temperature for each video
from the primary zoospore velocity experiment, based
on the start (incubator) temperature and the time
since each sample was taken from its performance
incubator.

We analyzed zoospore velocity videos using the
‘WwrMTrck' plug-in (Table S1; Pedersen 2011) for
ImageJ (Schneider et al. 2012), recording the mean
velocity of the fastest zoospore from each video. Each
video was manually checked to confirm that the
wrMTrck software accurately tracked at least the fast-
est 10 zoospores for at least 1 s and did not re-label
the zoospores during zoospore collisions or when a
zoospore moved out of the frame of view. We also
recorded the estimated proportion of zoospores mov-
ing in each video. The unit of replication for statistical
analysis was the individual test sample, for which
there was only a single replicate per performance
temperature from a given inoculum culture. Prior to
statistical analyses, we calculated the average maxi-
mum velocity from the 3 videos for each replicate test
sample. We also recorded the estimated proportion of
zoospores moving in each video. We did not use
videos if they were out of focus, or if the software did
not accurately track zoospores.

2.4. Analysis of experimental data

All statistical analyses and models were imple-
mented in Program R Version 4.0.3 (R Core Team
2020). CT .« and zoospore velocity data were analyzed
using linear regression models (function ‘Im'), with
variable significance evaluated with Type II F-tests
using the 'Anova’' function from the ‘car’ package (Fox
& Weisberg 2019), and models were selected using
backward selection starting with full models including
all possible quadratic and interactive effects of accli-
mation and performance temperature. None of the
final models violated the assumption of homoscedas-
ticity or had influential outliers as determined by
Cook's distance. Residuals were approximately normal
based on Q-Q plots and Shapiro-Wilk tests (all p>0.2),
except for the CT3,, model due to the presence of 2
non-influential outliers. When these 2 datapoints were
removed, the CT  residuals were approximately nor-
mal (W=0.982, p = 0.759) and results were unchanged
from those presented in Table 1.


https://www.int-res.com/articles/suppl/d160p101_supp.pdf
https://www.int-res.com/articles/suppl/d160p101_supp.pdf

106 Dis Aquat Org 160: 101—114, 2024

Table 1. Model outputs for Batrachochytrium dendrobatidis
zoospore performance (maximum zoospore velocity and crit-
ical thermal maximum). The first 2 models included effects of
acclimation temperature, start temperature, and zoospore
density (zoospores per field of view at 200x magnification) on
critical thermal maximum with 50 % immobility and 100 % im-
mobility (CT, and CT!%, respectively). Each model pre-
sented here was simplified by backward stepwise selection to
remove non-significant predictors, from an initial full model
including all possible quadratic and interactive effects of
acclimation and performance temperature treatments. To
allow interpretation of main effects, F-statistics were cal-
culated using Type II sums of squares and variables included
in quadratic terms were centered around zero

Response Predictor F df P
CTY. Acclimation temperature 1.1 1,44 0.292
Start temperature 46 1,44 0.038
Zoospore density 4.5 1,44 0.039
CT! Acclimation temperature 0.4 1,46 0.553
Start temperature 3.0 1,46 0.092
Zoospore density 16.2 1,46 <0.001
Velocity Performance temperature 150.9 1,37 <0.001
(Performance temperature)? 9.4 1,37 0.004
Acclimation temperature 1.2 1,37 0.278
(Acclimation temperature)? 48 1,37 0.034
Performance temperature x 0.4 1,37 0.553
Acclimation temperature
(Performance temperature)?x 6.4 1,37 0.015
Acclimation temperature

For the CT,,x experiment, the primary explanatory
variables we tested were acclimation temperature and
start temperature. Zoospore density varied among
replicates, so we also tested models with and without
zoospore density as a covariate. C T30 . and zoospore
density appeared curvilinear with respect to acclima-
tion temperature, so we tested for quadratic effects of
acclimation temperature on these variables, center-
ing acclimation temperatures around zero to avoid
marginality errors. We noted 1 datapoint with an
excessively high zoospore density, as well as 5 data-
points that had only 50—60 % zoospores initially mov-
ing. Out of concern that these data might not be fully
comparable to other datapoints, we ran our final
models with and without these data included.

For zoospore velocity measurements, we used poly-
nomial regression to test for linear and quadratic
effects of acclimation temperature and performance
temperature, as well as the interaction between accli-
mation temperature and performance temperature.
The purpose of the interaction term was to test the
beneficial acclimation hypothesis, which predicts a
positive interaction between these variables (Alt-
man et al. 2016). These regression models included a
quadratic effect of performance temperature to ac-

count for curvilinearity of the TPC. For the purposes
of this analysis, both acclimation and performance
temperatures were centered around zero to avoid
marginality problems when interpreting linear terms.

2.5. Analysis of literature data — acclimation times
for amphibian hosts of Bd

To explore MTE predictions for acclimation times
at the scale of a zoospore, we analyzed thermal accli-
mation times from the published literature for 3
eukaryotic taxa: amphibians, arthropods, and fish.
We used 18 articles that measured the timing of accli-
mation effects on CT,,, (loss of righting response,
onset of spasms, heat rigor, or similar cessation-of-
movement responses; Tsukuda 1960, Hutchison 1961,
Brattstrom & Lawrence 1962, Brattstrom & Regal
1965, Brattstrom 1970, Hutchison & Ferrance 1970,
Hutchison et al. 1973, Hutchison & Rowlan 1975, Cos-
sins et al. 1977, Claussen 1977, 1980, Chung 1981,
Layne & Claussen 1982a,b, Lagerspetz & Bowler 1993,
Bennett et al. 1998, Allen et al. 2012, Fangue et al.
2014). Time to full acclimation was defined in this
analysis as the time it took for CT . to equilibrate to
anew value following a temperature shift (see Fig. S3)
based on overlap of standard deviation bars, mean—
range overlap, or our best estimate of equilibrium
when error bars were not provided. We attempted to
standardize this procedure across studies and there-
fore our equilibrium criteria sometimes resulted in
slightly different time-to-acclimation measurements
than was reported in the source studies. A single
‘measurement’ was defined as time to full acclimation
for a single combination of temperature treatments
within an acclimation experiment (Fig. S3). If CT .
had not equilibrated by the end of an experiment, we
assumed time to acclimation was greater than the
duration of the experiment and recorded this as the
minimum time to full acclimation. If body mass was
not available from within the same published study,
we used species mass estimates from the AmphiBIO
database (Oliveira et al. 2017) or from other published
sources of the same species and life stage (Rabb 1958,
Nickerson & Mays 1973, Fitzpatrick 1973, Gatz &
Piiper 1979, Arakelova 2001, Szczerbowski 2001,
Urrejola et al. 2011, Zaibel et al. 2019, Bruce 2022).
We then scaled down each acclimation time to an
organism the size of a zoospore (diameter = 4 pm;
Longcore et al. 1999) using survival analysis (Ther-
neau 2001) with censoring based on whether or not
the species achieved full acclimation. We used the
following series of equations to generate acclimation
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time predictions. Gillooly et al. (2001) assumed that
biological times (such as time to full acclimation) are
proportional to body mass to the quarter power:

t, o« MO25eFa/kT 2)

where {, is biological time, M is mass, E, is activation
energy (= E; in Gillooly et al. 2001), k is Boltzmann's
constant, and Tis temperature in degrees K. Focusing
on the mass-scaling part of the equation, process time
should be approximately equal to M°? multiplied by
some constant (C; Eq. 3), and we can rearrange this
equation to show that this constant should be approx-
imately equal to mass-scaled process times (Eq. 4):

ty=C-M"» (3)

ty- MO¥ =C (4)

We used censored survival analysis (function ‘surv-
reg' from the 'survival' package; Therneau 2001) to
estimate predicted values of C across all literature
values for time to full acclimation, using the mass-
scaled acclimation times as the end time response
variable and censoring any measurements where ani-
mals were not fully acclimated by the end of the pub-
lished experiment. Censoring these measurements
allows us to account for uncertainty due to published
experiments not being long enough to detect time to
full acclimation. We selected a Weibull waiting time
distribution based on AIC comparisons. We used the
‘predict’ function to generate predicted median,
interquartile range, and 95% prediction intervals for
C. Then we entered these predicted C values into
Eq. (4) to generate predicted times to full acclimation
for organisms of different body masses, focusing on
the geometric mean body mass for all measurements
in our literature review (3.08 g) and the body mass of
an individual zoospore (3.35 x 10~ !! g), assuming zoo-
spores are spheres with a density approximately
equal to that of water.

3. RESULTS
3.1. Critical thermal maximum results

Half of the Bd zoospores became immobile (CT,,)
at 26.599 = 2.27°C (SD; range 22—32°C) and 100%
were immobile at 31.71 = 2.89°C (range 25—37°C;
Fig. 1). There was an apparent curvilinear effect of
acclimation temperature on both measures of thermal
tolerance, especially CT3,, (Fig. 1). Zoospores accli-
mated to middle temperatures (16.5°C) appeared to
exhibit higher CT3,, values than those acclimated to

low (9°C) or high temperatures (24°C; Fig. 1). When
tested alone, acclimation temperature had a signifi-
cant quadratic effect on CT3,, (F145 = 5.8, p = 0.021);
however, this effect became nonsignificant when zoo-
spore density and start temperature were added to
the model (F, 43 = 0.6, p = 0.430). There was no signif-
icant quadratic effect of acclimation temperature for
CT (Fy4 = 1.1, p = 0.293). We therefore left quad-
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Fig. 1. Batrachochytrium dendrobatidis (Bd) zoospore cri-
tical thermal maximum and density estimates (zoospores
per field of view at 200x magnification) plotted as a func-
tion of acclimation temperatures. Open circles represent
the mean critical thermal maximum at (a) 50% immobility
(CTY,) and (b) 100% immobility (CT!%), and (c) zoospore
density of each acclimation treatment with standard error
bars. Closed circles represent the individual measurements,
plotted at their actual acclimation temperatures as measured
by HOBO loggers
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ratic effects of acclimation temperature out of final
CT ,.x models presented in Table 1. There was no sig-
nificant linear effect of acclimation temperature on
CT, or CT'® in any of these models (all p-values
>0.05; Table 1).

Start temperature had a significant positive effect
on CT, and a nonsignificant trend toward a positive
effect on CT!% (Table 1, Fig. 2). Zoospore density
had significant positive effects on both CT3,, and
CT!% (Table 1, Fig. 2). Whether zoospore density was
included in these models did not qualitatively change
the effects of start temperature on CT3), or CT!% .
There was a curvilinear effect of acclimation tempera-
ture on zoospore density (F; 4 = 27, p <0.001), similar
to the apparent curvilinear effect of acclimation tem-

perature on CT3,, (Fig. 1). We tried running models

with and without datapoints with unusually high zoo-
spore densities, low proportion moving, or high heat-
ing rates (1 sample with zoospore density >550 per
field of view, 5 samples with <70% of zoospores mov-
ing, and 1 sample with a heating rate >4°C min™!).
Removing these datapoints did not qualitatively
change the effects of acclimation temperature or zoo-
spore density, but start temperature effects became
more pronounced (CT3. Fi3s = 11.8, p = 0.001;
CT Fy39=4.9 p=0.033).

3.2. Zoospore velocity results

Zoospore velocities increased with performance
temperature (Table 1, Fig. 3) and appeared to level off
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Fig. 2. Effects of (a,c) trial start temperature and (b,d) zoospore density (zoospores per field of view at 200x magnification) on
Bd zoospore critical thermal maximum with 50% immobility (CTY,; a,b) and 100% immobility (CT 10; c,d). Trendlines show
linear model fits and 95% CI bands
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Fig. 3. Thermal performance curves showing maximum Bd

zoospore velocity (um s™!) as a function of performance tem-

perature (°C). The curves show predictions for each acclima-

tion treatment with 95% CI bands, based on the full model
presented in Table 1

at higher temperatures, resulting in a curvilinear pat-
tern with peak zoospore velocities between 22 and
29°C (Fig. 3). The curvilinearity of the performance
curve was supported by a significant quadratic effect
of performance temperature on maximum zoospore
velocity (Table 1). There was no significant main (lin-
ear) effect of acclimation temperature on maximum
zoospore velocity; however, there was a significant
quadratic effect of acclimation temperature (Table 1)
reflecting a curvilinear pattern whereby cool-accli-
mated zoospores had lower velocities at intermediate
performance temperatures (~13—22°C) whereas mid-
dle- and warm-acclimated zoospores had similarly
high velocities in this range (Fig. 3). There was also a
significant interaction between acclimation tempera-
ture and the quadratic effect of performance tempera-
ture (Table 1), reflecting a change in the curvature of
the performance temperature effect where the cool
acclimation treatment had markedly less (or even
slightly opposite) curvature relative to the middle and
warm acclimation treatments (Fig. 3). The initial pro-
portion of zoospores moving had no significant re-
lationship with either maximum zoospore velocity
(F14 = 1.8, p = 0.188) or performance temperature
(Fy,40= 0.4, p = 0.526), and there was no significant re-
lationship between zoospore concentration and max-
imum zoospore velocity (F; 4, = 0.01, p = 0.917).

3.3. MTE predictions for zoospore acclimation
times (literature data analysis)

We reviewed measurements of time to full acclima-
tion for amphibians, arthropods, and fish from 18 pub-
lished papers (Tsukuda 1960, Hutchison 1961, Bratt-
strom & Lawrence 1962, Brattstrom & Regal 1965,
Brattstrom 1970, Hutchison & Ferrance 1970, Hutchi-
son et al. 1973, Hutchison & Rowlan 1975, Cossins et
al. 1977, Claussen 1977, 1980, Chung 1981, Layne &
Claussen 1982a,b, Lagerspetz & Bowler 1993, Bennett
et al. 1998, Allen et al. 2012, Fangue et al. 2014), gen-
erating 156 measurements from 38 species as de-
scribed in Section 2.5 and in Fig. S3. The number of
individual animals included in each measurement
was not always available. Here, ‘measurement’ refers
to a single combination of temperature treatments in
a CT,, acclimation experiment. Body masses ranged
from 0.05 to 467.8 g, but the vast majority of organ-
isms in the literature were small, with an overall geo-
metric mean of 3.08 g. The survival analysis model
predicted a median time to full acclimation of 3.90 d
across all organisms so far quantified, with an inter-
quartile range of 1.19—-9.94 d (95% prediction interval
of 0.04—3%.22 d). Scaling our predictions down to a
Bd zoospore, the model generated a median pre-
diction of 10.20 min with an interquartile range of
3.11-25.98 min (95% prediction interval of 0.12—
97.31 min). While an extensive meta-analysis of ac-
climation times for all eukaryotes would be a more
rigorous way to generate predictions for acclimation
times of a microscopic fungus, this was beyond the
scope of our study.

4. DISCUSSION

We did not find clear evidence that experimental
acclimation treatments affected CT3}, or CT!%.
However, we did find evidence of a complex curvilin-
ear effect of acclimation temperature on maximum
zoospore velocity, where cool-acclimated zoospores
were slower than middle- or warm-acclimated zoo-
spores when measured at intermediate performance
temperatures (~13—22°C; Fig. 3). The velocity per-
formance curves converged at ~9—11°C, at which
temperature there was no discernable acclimation
effect on zoospore velocity (Fig. 3). This pattern is
consistent with a beneficial acclimation response at
warmer acclimation temperatures, at least if we focus
on performance temperatures below ~23°C (Fig. 3).
These results suggest that cool-acclimated Bd zoo-
spores have different locomotory performance char-
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acteristics than zoospores acclimated to warmer tem-
peratures. Assuming this reflects a real pattern, these
results further imply that full acclimation of Bd loco-
motion to a new temperature takes longer than the
~15 min it took for us to obtain our video measure-
ments. However, loss of datapoints due to poor video
quality led to fewer replicates than we intended of the
cool-acclimation treatment at intermediate perform-
ance temperatures, and we should be cautious in
interpreting quadratic effects with p > 0.01 as clear
evidence of thermal acclimation responses. It would
be interesting to see if these patterns can be repli-
cated in future studies of thermal acclimation effects
on microbial motility.

The lack of clear acclimation effects on CT,,,, sug-
gests that zoospores either (1) had constitutive
responses to temperature when it comes to heat toler-
ance or (2) fully acclimated their CT,,x to new tem-
peratures before we were able to complete our mea-
surements (i.e. ~3 min for CT3,, ~9 min for CT!%).
However, ramping trials with higher start tempera-
tures had significantly higher CT3%,. Start tempera-
ture effects are commonly observed in studies that
use ramping trials to measure critical thermal limits
(Terblanche et al. 2007, Kingsolver & Umbanhowar
2018). While start temperature effects remain poorly
understood, they might represent full or partial accli-
mation responses occurring on short time scales. The
positive effect of start temperature on CT3,, observed
in the current study is consistent with the beneficial
acclimation hypothesis, but only if zoospore acclima-
tion occurs very rapidly. Zoospores were only at or
near the start temperature for the first ~30 s of the
ramping trial, and most CT3), measurements were
completed in under 3 min, so any acclimation effects
caused by exposure to the start temperature would
have occurred in less than a minute.

Such a rapid thermal acclimation response might be
plausible for an organism as small as a Bd zoospore.
Our literature analysis of acclimation times for var-
ious eukaryotic species (masses 0.05—467.8 g) found
that most took ~1—10 d to fully acclimate their CT .,
to a new temperature (interquartile range of 1.19—
9.94 d), which, when scaled down to the size of a zoo-
spore (assuming a quarter-power mass scaling rela-
tionship), translates into a probable acclimation time
of ~3—26 min. The predicted median time to full accli-
mation (10.20 min) implies that 50% of microorgan-
isms at this size should fully acclimate to a new tem-
perature within ~10 min following a temperature
shift, possibly accounting for our failure to detect
effects of experimental acclimation treatments on
CT ,.x measurements that took 1—18 min to complete.

However, even these numbers might underestimate
the rate at which zoospores could acclimate to new
temperatures. Increased thermal tolerances referred
to as 'heat hardening' effects have been documented
in some amphibian species (e.g. Xenopus laevis juve-
niles) after brief exposure to elevated temperatures
(10 min followed by 2 h room temperature interval for
X. laevis study; Spotila et al. 1989, Sherman & Levitis
2003). Assuming the juvenile X. laevis masses were
approximately ~3.5 g, a 2.2 h heat hardening time
scale translates to 0.23 min when scaled down to the
size of a Bd zoospore. Short thermal response time
frames have been observed in other microscopic
eukaryotes, including yeasts, amoebae, and kineto-
plastid flagellates, that showed changes in heat shock
protein expression in as few as 10—30 min following a
temperature shift (Finkelstein & Strausberg 1982,
Loomis & Wheeler 1982, Alcina et al. 1988, Kalinina et
al. 1988, Krobitsch et al. 1998). Although this is not a
direct measure of organism performance, heat shock
proteins are generally assumed to protect cells from
high temperature stress (Bakthisaran et al. 2015,
Ikwegbue et al. 2017). Altered heat shock protein
expression has been observed as quickly as 1—15 min
(i.e. <1 generation) following a temperature shift in
bacteria (Neidhardt et al. 1982, Pellon et al. 1982,
Travers & Mace 1982, Yamamori et al. 1982). Vector-
borne parasitic protozoans of humans have been
found to exhibit significant changes in gene tran-
scription within 1—4 h following a sudden shift to a
new host body temperature (Fang & McCutchan
2002, Engstler & Boshart 2004). Taken together, these
findings suggest that single-celled organisms likely
do exhibit classic acclimation responses (i.e. within-
generation plasticity) and that these might occur on
the rapid time scales predicted by MTE.

It is possible that we only observed start tempera-
ture effects on CT30,, because these data were collected
within 3 min of exposure to a particular start tempera-
ture, whereas CT!% measurements took ~9 min to
complete, by which time start-temperature effects
had mostly dissipated (although start temperature
became a significant predictor of CT 100 “after remov-
ing some data points with extreme values for high
zoospore density, low proportion moving, and high
heating rate). Follow-up experiments would be nec-
essary to confirm rapid Bd zoospore acclimation in
response to an experimental acclimation treatment,
perhaps with a much higher rate of temperature
increase to complete ramping trials in under 1 min.

There appeared to be a curvilinear effect of accli-
mation temperature on CT3, that would have been
consistent with an ‘optimal temperature' acclima-
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tion response (Fig. 1). However, this pattern appears
to have been caused by a confoundment between
our CT3, and zoospore density, and the quadratic
effect of acclimation temperature became nonsigni-
ficant when zoospore density was added to the
model (Fig. 1, Table 1). Zoospore density also had a
curvilinear relationship with acclimation tempera-
tures, with higher zoospore densities collected from
cultures that were grown at an intermediate accli-
mation temperature of 16.5°C. This is close to the
optimal temperature range for Bd growth in culture
(Piotrowski et al. 2004), which might account for
higher zoospore production. Observers might have
overestimated CT3Y,, when zoospores were denser
because it was more difficult to accurately estimate
the proportion of zoospores moving. Zoospore den-
sity was also a positive predictor of CT!%,, although
there was no significant quadratic effect of acclima-
tion temperature on this response variable. CT %,
measurements should have been less subject to
observer bias, but a positive effect of zoospore den-
sity makes biological sense because observing a
larger number of zoospores increases the probability
of at least 1 zoospore continuing to move as the
temperature is ramped up. Another potential source
of experimental confoundment is that zoosporangia
develop at temperature-dependent rates (Wood-
hams et al. 2008), which might result in different
distributions of zoosporangia developmental stages
or different age distributions of released zoospores
in different acclimation treatments. We tried to limit
this course of experimental error by waiting until
the end of the acclimation period to flood plates
with water, to encourage the release of fresh zoo-
spores, but controlling for zoosporangium develop-
mental rates might be useful in future experiments.

Our overall measurements of Bd zoospore thermal
tolerances, and the thermal performance curves for
maximum zoospore velocity, were consistent with
aspects of Bd thermal biology measured in prior
studies (Stevenson et al. 2013, Voyles et al. 2017).
Half of the zoospores became immobile at 26.59 +
2.27°C (SD) and 100% became immobile at 31.71 +
2.89°C. These CT,,.x values correspond well with the
known thermal limits of Bd, with 27°C often cited for
zero growth in culture (Longcore et al. 1999, Pio-
trowski et al. 2004) and 30°C sometimes used as a tar-
get temperature for heat treatments to clear frogs of
Bd infection (Chatfield & Richards-Zawacki 2011,
McMahon et al. 2014). Interestingly, high zoospore
velocities persisted at temperatures well above the
optimal ranges established for Bd growth rates in cul-
ture (Voyles et al. 2017, Sheets et al. 2021). Faster zoo-

spores are likely to be better at infecting potential
hosts (Canter & Jaworski 1981, Appiah et al. 2005), so
our results suggest that Bd might be intrinsically
better at infecting hosts at higher temperatures (not
accounting for changes in host resistance; Raffel et al.
2013), at least until zoospores reach their CT,,,, and
become immobile.

5. CONCLUSIONS

We found some evidence for curvilinear acclima-
tion effects on maximum zoospore velocity when
measured within 15 min of a temperature shift, con-
sistent with the beneficial acclimation hypothesis.
We found no clear effects of our experimental accli-
mation treatments on CT,,,,, but the presence of start
temperature effects suggests that Bd zoospores might
have undergone physiological acclimation within the
1—18 min it took to collect data following removal of
zoospores from their acclimation treatments. Assum-
ing these reflect real patterns of thermal plasticity, it
is worth considering whether acclimation responses
on this time scale might have any relevant effects on
infection dynamics in amphibian hosts. The tempera-
ture variability hypothesis of Rohr & Raffel (2010)
assumes that pathogens have either (1) constitutive
thermal responses or (2) more rapid thermal acclima-
tion responses than their hosts, following an unpre-
dictable shift in temperature. Regardless of how one
interprets our results, they are consistent with this
assumption. These findings could have implications
for climate change effects on Bd disease dynamics. If
Bd zoospores are better equipped than their hosts to
perform under variable temperature regimes due to
either very rapid or constitutive thermal responses,
then this effect might exacerbate chytrid-associated
amphibian declines if climate conditions become
more variable and unpredictable in the future (Raffel
et al. 2013).

Data availability. Code and data can be accessed at https://
github.com/huntercraig248/ZoosporeAcclimation
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