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Competition between organisms is often mediated by environmental factors,
including temperature. In animal intestines, nonpathogenic symbionts com-
pete physically and chemically against pathogens, with consequences for
host infection. We used metabolic theory-based models to characterize
differential responses to temperature of a bacterial symbiont and a co-
occurring trypanosomatid parasite of bumblebees, which regulate body
temperature during flight and incubation. We hypothesized that inhibition
of parasites by bacterial symbionts would increase with temperature, due
to symbionts having higher optimal growth temperatures than parasites.
We found that a temperature increase over the range measured in bumblebee
colonies would favour symbionts over parasites. As predicted by our
hypothesis, symbionts reduced the optimal growth temperature for para-
sites, both in direct competition and when parasites were exposed to
symbiont spent medium. Inhibitory effects of the symbiont increased with
temperature, reflecting accelerated growth and acid production by sym-
bionts. Our results indicate that high temperatures, whether due to host
endothermy or environmental factors, can enhance the inhibitory effects of
symbionts on parasites. Temperature-modulated manipulation of microbiota
could be one explanation for fever- and heat-induced reductions of infection
in animals, with consequences for diseases of medical and conservation
concern.

1. Introduction

Temperature governs rates of the chemical interactions that underlie life, growth
and reproduction, shaping biological processes from the level of the enzyme to
the ecosystem [1]. One area of biology where temperature has demonstrated
effects is on species interactions such as parasitism, where temperature can
have profound effects on infection outcomes and transmission [2,3]. High
host body temperatures have been shown to reduce infection intensity and
infection-related mortality in both plants and animals [4-6], and metabolic
and behavioural fevers are common responses to infection in vertebrates and
insects [4,7,8].

Another factor that can influence infection outcome is the host-associated
microbiota. The microbiota of the skin and gut constitute barriers to infection
that can physically and chemically interfere with pathogen invasion, as well
as modify host immune responses [9]. Because microbial taxa can differ
widely in their optimal growth temperatures, alterations in temperature can
affect the relative competitive abilities of co-occurring species [10]. These differ-
ential responses of interacting species to temperature, referred to variously as
‘asymmetries’ or ‘mismatches’ between the two species’ thermal performance
curves [11], can affect inhibitory interactions between symbionts and parasites
[12]. This could have important consequences for the temperature dependence
of infection. However, few studies have considered the effects of elevated
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temperature on symbiotic microbiota [13,14], and the conse-
quences of elevated temperature for gut parasite—symbiont
competition remain unexplored.

Social bees present an ideal system in which to study
effects of temperature on competition between symbionts
and parasites. In this manuscript, we refer to core, apparently
non-pathogenic members of the gut microbiota as ‘sym-
bionts’, and to organisms with demonstrated negative
effects on the host as ‘parasites’. Both honeybees and bumble-
bees can be infected by a variety of parasites and pathogens,
transmission of which is facilitated by the high density of
hosts in colonies [15]. However, honeybees and especially
bumblebees are facultative endotherms; they can maintain
body and hive colony temperatures that are 30°C higher
than that of the surrounding air [16,17]. This thermoregula-
tory capacity
temperatures necessary for flight and brood development
during times of year when other insects are inactive [18].

allows bumblebees to maintain the

The elevated temperatures of bees facilitate not only foraging
and colony development, but also defence against infection.
In honeybees, high temperatures decreased infection with
Ascosphaera apis (34°C [19]), deformed wing virus (33°C
[20]), Varroa mites (45°C [21]), and Nosema apis and N. ceranae
(37°C [22]).

In addition to their own parasite resistance mechanisms
(including thermoregulation), honeybees and bumblebees
have a well-characterized microbiota with demonstrated
benefits against infection in larvae and adults [23]. The core
gut microbiota consists of five main clades that are found in
corbiculate (‘pollen-basket’) bees throughout the world [24].
The bumblebee microbiota is dominated by just three of
these five core taxa—Snodgrassella, Gilliamella and Lactobacil-
lus Firmicutes-5 (‘Firm-5")—which together often account
for over 80% of the total gut microbiota of worker bumble-
bees [25-27]. Bacteria isolated from the bumblebee gut had
in vitro inhibitory activity against several bee pathogens
[28], and microbiota rich in Gilliamella and Lactobacillus
Firm-5 have been negatively correlated with trypanosomatid
infection in bumblebees [25,27,29].

All of the core bumblebee gut symbionts have optimal
incubation temperatures of 35-37°C [30]. In contrast, wide-
spread trypanosomatid and microsporidian gut parasites
(Crithidia, Lotmaria and Nosema spp.) have optimal tempera-
tures of 25-27°C [31-33]. This difference in standard in
vitro growth temperatures suggests that temperatures above
the parasites’ thermal optima will favour core symbionts
over gut pathogens, due to differences in symbiont versus
pathogen growth rates at these temperatures. However, no
study has empirically quantified differences in the thermal
performance curves (i.e. the relationship between tempera-
ture and growth rate) for symbionts versus parasites, or the
temperature dependence of symbiont-mediated parasite inhi-
bition, both of which are likely to shape the effects of
temperature on infection in bumblebees.

We used a bumblebee-associated trypanosomatid gut
parasite (Crithidia bombi) and a bacterial gut symbiont (Lacto-
bacillus bombicola) of bumblebees to examine the temperature
dependence of bee parasite—symbiont interactions in vitro.
Crithidia bombi is a parasitic intestinal trypanosomatid that
is both widespread and abundant in bumblebees [34,35].
This parasite reduces foraging efficiency and starvation toler-
ance in worker bees, growth rates and reproductive output of
colonies, and post-hibernation survival and colony-founding

in queens [36]. Its introduction has been correlated with
decline of native bumblebees in South America [37], and its
relative Lotmaria passim (formerly reported as C. mellificae)
has been correlated with colony collapse in honeybees
[38,39]. Lactobacillus bombicola, the most widely distributed
bacterium found in a cross-species survey of bumblebees
[28], is a member of the Lactobacillus Firm-5 clade. This
clade of presumed mutualists is found in honeybees, bumble-
bees and other corbiculate bees worldwide [24]. In
honeybees, Firm-5 was the clade with the strongest effect
on gut metabolomics [40]. The abundance of Firm-5 bacteria
has been negatively correlated with infection success of
C. bombi [25,27].

The standard culturing temperatures for C. bombi and
related trypanosomatids (27°C for C. bombi [31], 25°C for
L. passim [32]) are lower than those used for L. bombicola
and other Firm-5 bacteria (37°C [41]). This difference suggests
different thermal optima in these two species, which could
result in temperature-dependent competition that favours
the symbiont L. bombicola over the parasite C. bombi at high
temperatures. However, the quantitative temperature depen—
dence of growth in these two species remains undescribed,
and the effects of temperature on competition between the
symbiont and the parasite remain unknown.

We measured in vitro growth of C. bombi and L. bombicola
grown alone, together and sequentially across a range of
incubation temperatures. We tested whether:

(1) Crithidia bombi and L. bombicola growth rates have differ-
ential responses to temperature, using metabolic-theory
derived models to describe their thermal performance
curves;

(2) competitive effects of L. bombicola on C. bombi increase with
temperature and decrease the temperature of peak parasite
growth, as predicted based on asymmetries in symbiont
versus parasite thermal performance curves; and

(3) temperature-dependent chemical alterations to the

growth environment made by L. bombicola are sufficient

to explain temperature-dependent parasite inhibition.

2. Material and methods

(a) Overview of experiments

Three series of experiments were conducted to determine the
temperature dependence of interactions between C. bombi and
L. bombicola. (1) To estimate thermal performance curves, we
measured each species’s growth rate across a 25°C range of incu-
bation temperatures. (2) To assess temperature dependence of
direct competition, we cocultured L. bombicola with C. bombi at
three temperatures (‘coculture experiment’). (3) To assess
whether a chemical mechanism could explain the temperature-
dependent inhibition of parasites in coculture, we compared
the effects of L. bombicola spent medium from different tempera-
tures on C. bombi growth (‘spent medium experiment’).
The following text summarizes the methods. For details, see
electronic supplementary material, Supplementary Methods.

(b) Cell cultures

Crithidia bombi cell cultures ‘C1.17, ‘IL13.2", ‘S08.1" and “VT1’ were
isolated from wild infected Bombus terrestris and B. impatiens by
flow cytometry [31] (see electronic supplementary material, Sup-
plementary Methods). Cultures were grown in 25 cm® culture
flasks in “FPFB’ culture medium with 10% heat-inactivated fetal
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bovine serum and incubated at 27°C for several weeks during the
isolation process, then cryopreserved at —80°C until several
weeks before the experiments began [31]. Lactobacillus bombicola
strain 70-3, isolated from Bombus lapidarius collected near
Ghent, Belgium (isolate ‘28288T’ [41]), was obtained from the
German Collection of Microorganisms and Cell Cultures
(DSMZ). Lactobacillus bombicola was grown from frozen stock in
2ml screw-cap tubes in MRS broth (Research Products Inter-
national, Mt. Prospect, IL) with 0.05% cysteine (hereafter
‘MRSC’) and incubated at 27°C for several weeks before the
experiment began.

(c) Thermal performance curves
Growth of each species was measured concurrently at six temp-
eratures (17-42°C in 5°C increments) by optical density (OD
630 nm) in 96-well plates (C. bombi) or 2 ml tubes (L. bombicola)
(see electronic supplementary material, Supplementary
Methods). The entire experiment was repeated five (C. bombi,
all strains) or six (L. bombicola) times, with each of six incubators
assigned to a different temperature treatment during each rep-
etition. We used metabolic theory equations to model the
relationship between temperature and maximum specific
growth rate, as calculated by a model-free spline fit (R package
‘grofit’ [42]) to the curve of log-transformed OD (In(OD,/
ODy)) with respect to time [43]. A separate spline was fit to
each replicate combination of incubator, strain and incubation
temperature to estimate the maximum specific growth rate.
Thermal performance curves were modelled for each species
and strain using the log-transformed Sharpe—Schoolfield
equation [44,45], with temperature as the predictor variable
and In(maximum specific growth rate) as the response variable
(equation (2.1)).

1 1

In(rate) = In(c) + E (Tc T

),ln(l L+ B RT=(ATYY (o 1)

In equation (2.1), rate is the maximum specific growth rate;
In(c) is the natural log of the growth rate (in h™') at an arbitrary
calibration temperature; E is the activation energy (in eV), which
is proportional to the slope of the log-transformed thermal per-
formance curve below the temperature of peak growth; T, is
the calibration temperature (in kelvin); k is Boltzmann’s constant
(8.62 x 107% eV K™ 1); T is the incubation temperature (in kelvin);
Ey, is the high-temperature deactivation energy (in eV), which
corresponds to the rate at which growth decreases at supraopti-
mal temperatures; and Ty is the supraoptimal temperature (in
kelvin) at which growth rate is reduced by 50% relative to peak
growth rate.

Solving equation (2.1) for the maximum growth rate yields
the temperature of peak growth, Ty, in kelvin [44]:

. EnTh
P T En + kTnIn (En/E) — 1)

(2.2)

Model fit was optimized for each species and strain using
nonlinear least squares with package nls.multstart, function
‘nls_multstart’ [46]. Model predictions with uncertainty esti-
mates for Ty, and predicted growth at each temperature were
estimated by bootstrap resampling (999 iterations). We con-
structed 95% bootstrap confidence intervals around the
predictions of the original model using the 0.025 and 0.9725
quantiles of predictions from the bootstrap model fits.

(d) Coculture experiment

To assess the temperature dependence of direct competition, we
cocultured L. bombicola with C. bombi strain VT1 at three incu-
bation temperatures (27, 32 and 37°C). These temperatures
were chosen for two reasons, one physiological and one

statistical. Physiologically, this is a relevant temperature range
for bumblebees. In the hive colony, thoracic temperatures of
workers are generally 27-33°C (range 23-36°C), with brood
(eggs, larvae and pupae) kept near 30°C [47]. During nest estab-
lishment, queens of Bombus vosnesenskii maintained even higher
temperatures (37.4-38.8°C, day and night [47]). Statistically,
27-37°C is the temperature range over which the thermal per-
formance curves of L. bombicola and C. bombi are differently or
oppositely sloped (referred to by other authors as an ‘asymme-
try” between the two species’ curves [48]). Growth rate of L.
bombicola continues to increase, whereas growth rate of C. bombi
plateaus and begins to decline.

Coculture experiments were conducted in 2 ml tubes in a
mixed medium of 50% Crithidia-specific FPFB and 50% Lactobacil-
lus-specific MRSC. Each experiment included three incubation
temperatures crossed with two C. bombi start densities (initial
OD = 0.010 and OD = 0.00 (cell free control)) and three L. bombi-
cola start densities (initial OD = 0.010, 0.020 and cell free control;
electronic supplementary material, figure S1). Growth measure-
ments were made after 6 and 24 h of incubation. Growth rates
of L. bombicola in monoculture were calculated using the 6 h
measurement and the equation

o ln(ODﬂ /ODtO)
V=
At

where 1 represents relative growth rate (h™Y, ODy represents
initial net OD of L. bombicola, ODy; represents OD at the time
of first measurement (6 h), and At is the amount of time between
the start of the experiment and the first measurement. Growth
rates of C. bombi in both monoculture and coculture were deter-
mined by haemocytometer cell counts, which allowed us to
differentiate the larger C. bombi from L. bombicola. Initial cell den-
sity was estimated based on cell counts from tubes at time 0 h
(OD = 0.010), averaged across all repetitions of the experiment.
Final partial OD of L. bombicola was approximated by subtracting
the estimated OD due to C. bombi from the total net OD, using a
best-fit linear relationship between C. bombi cell density and OD.
Growth rate of L. bombicola in coculture was approximated by
subtracting the estimated C. bombi OD after 6 h of incubation
from the total net OD (see electronic supplementary material,
Supplementary Methods). Motility of C. bombi cells, which are
mobile flagellates, was recorded during cell counts (see electronic
supplementary material, Supplementary Methods).

Effects of temperature and L. bombicola start density on C.
bombi growth rate were analysed by a general linear mixed
model in R package Ime4 [49] with experiment round as a
random effect. F-tests were used to evaluate significance of
model terms [50]; pairwise comparisons were made with R pack-
age ‘Ismeans’ [51]. Effects of temperature and L. bombicola start
density on C. bombi cell motility were analysed by a bias-reduced
binomial model [52] (see electronic supplementary material, Sup-
plementary Methods). Cell motility was considered as a binary
response variable (motility > 0). Likelihood ratio tests were
used to evaluate significance of model terms. The relationship
between C. bombi growth rate and L. bombicola OD after 24 h
was tested by linear regression.

(e) Spent medium experiment

We used L. bombicola spent medium (i.e. cell-free supernatant of
medium in which L. bombicola was grown for 20 h, then removed
by filter sterilization) to test whether temperature-dependent
inhibition observed in coculture experiments could be explained
by temperature-dependent production of inhibitory chemicals by
the symbiont. In the first stage of the experiment, L. bombicola
spent medium was generated at different temperatures. In the
second stage, growth of C. bombi (strain VT1) was measured in
the presence of 50% spent medium at the same temperature at
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which the spent medium was generated (electronic supplementary
material, figure S2). Experiments used the same three incubation
temperatures tested in the coculture experiment (27, 32 and 37°C)
crossed with three L. bombicola start densities (OD of 0, 0.001 or
0.010). Each temperature treatment was replicated in two
different incubators in each repetition of the experiment. The
entire experiment was repeated three times, for a total of six
incubator-level replicates.

Growth of C. bombi was measured in 96-well tissue culture
plates in 50% MRSC-based spent medium and 50% Crithidia-
specific FPFB medium. Crithidia bombi cell suspensions in
Crithidia-specific FPFB medium [31] were added to an equal
volume of spent medium for an initial net OD of 0.010, with 12
replicate wells per plate. Plates were incubated at the same temp-
erature used for generation of the spent medium. Relative growth
rate was computed using the 20h OD measurement as in
equation (2.1) above.

Effects of temperature and L. bombicola start density on
C. bombi growth rate were analysed by a general linear mixed
model with experiment round as a random effect [49]. F-tests
were used to evaluate the significance of model terms [50].
Relationships between spent medium OD before filtration and
temperature, spent medium pH and temperature, C. bombi
growth rate and spent medium OD before filtration, and
C. bombi growth rate and spent medium pH were tested by
linear regression.

3. Results

Thermal performance curves showed higher temperatures of
peak growth and upper limits of thermotolerance in
L. bombicola than in C. bombi (figure 1). All C. bombi strains
showed similar model-predicted peak growth temperatures
(Tpx), ranging from 33.9°C in strain S08.1 (95% CI: 32.5-
34.9°C) to 34.4°C in strain IL13.2 (95% CI: 32.9-35.3°C).
These estimates were at least 5°C lower than the estimated
Tpx for L. bombicola (39.8°C, 95% CI: 37.8-46.5°C; figure 1).
For all strains of C. bombi, the temperature that inhibited
growth by 50% (T},) was below 38°C, or at least 5°C lower
than the Ty, for L. bombicola (figure 1; electronic supplemen-
tary material, table S1 for full model parameters). Due to
the focus on higher temperatures, estimates of activation
energy had high uncertainty, and overlapped both across C.
bombi strains and between C. bombi and L. bombicola. For C.
bombi, estimates ranged from 0.68 eV in strain IL13.2 (95%
CI, 0.27-1.09) to 0.99 in strain VT1 (95% CI, 0.70-1.28), in
comparison with 0.94 eV in L. bombicola (95% CI, 0.69-1.19,
electronic supplementary material, table S1). These estimates
are within the range compiled by previous authors in cross-
taxon analyses, where 88% of activation energies lay between
0.2 and 1.2 eV [53]. The enzyme kinetics-based model imper-
fectly described the temperature dependence of C. bombi
growth. Relative to empirically observed growth rates, fitted
models consistently underestimated growth rates at 27°C
and overestimated rates at 32°C (figure 1b). Further investi-
gation, including study of the molecular and ecological
drivers of growth rate, would be needed to clarify why para-
site growth rates differ from metabolic theory-based model
predictions at these temperatures.

Coculture with L. bombicola inhibited C. bombi growth and
motility, and reduced temperature of peak C. bombi growth
(figure 2). Growth rate of C. bombi was reduced by over
50% in coculture (model-predicted mean at 32°C: 0.66 +
0.005 s.e. in monoculture versus 0.32 + 0.005 s.e. in coculture,
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Figure 1. Lactobacillus bombicola exhibited higher peak growth temperature
and greater tolerance to high temperatures than did C. bombi. (a) Model par-
ameters for four C. bombi strains and L. bombicola. Points and error bars
show means and 95% confidence intervals for peak growth temperature
(Tow based on predictions from Sharpe—Schoolfield model from 999 boot-
strap samples) and temperature at which growth was reduced by 50%
relative to peak growth (T, based on Sharpe—Schoolfield model fitted by
nonlinear least squares). (b) Full thermal performance curves used to
derive model parameters shown in (a). The y-axis shows log-transformed
specific growth rate (w (h™") based on spline fits. Points show raw data,
with one point per replicate (incubator). Trendlines show predictions from
Sharpe —Schoolfield models. Shaded bands show 95% bootstrap confidence
intervals. The curves are overlain with physiologically relevant temperature
ranges for bumblebee workers (yellow vertical region) and queens
(red vertical line), using data from [47]. (Online version in colour.)

figure 2a). We found stronger inhibitory effects of L. bombicola
at higher temperatures (temperature x L. bombicola start den-
sity interaction, F; 43 =3.30, p = 0.019). Competition with
L. bombicola altered the shape of the C. bombi thermal
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Figure 2. Competition with L. bombicola inhibited growth of C. bombi and
reduced peak growth temperature, due to higher L. bombicola growth rates at
high temperatures. (a) Crithidia bombi growth rate at three different temp-
eratures in the presence of three starting optical densities (OD) of
L. bombicola: 0 (i.e. no L. bombicola, hollow circles and dotted line), 0.01
(triangles and dashed line) and 0.02 (squares and solid line). Each small
point represents specific growth rate (w (h™")) based on cell counts for a
single incubator and repetition of the experiment. Large symbols and error
bars show means and standard errors for each L. bombicola start density.
Points have been offset by 0.5° to the left and right to reduce overplotting.
(b) Crithidia bombi cell motility, observed microscopically after 24 h of cocul-
ture at the time of cell counts used to calculate growth rates in (a). Points
and error bars indicate means and standard errors, and have been offset to
the left and right to reduce overplotting. No movement of C. bombi was
observed for any of the . bombi cocultured with L. bombicola at 32 or
37°C. (¢) Crithidia bombi growth rate was negatively correlated with OD of
L. bombicola after 24 h of coculture. Partial OD of L. bombicola was estimated
as net 0D after subtraction of estimated OD due to C. bombi, based on cor-
relation between 0D and C. bombi cell concentration. Symbol fill indicates
temperature; symbol shape indicates L. bombicola start density. Trendline
shows linear model fit; shaded band shows 95% confidence interval.
(Online version in colour.)

performance curve. Whereas C. bombi grew well throughout
the range of 27-37°C in monoculture, growth was poor
above 27°C in coculture (figure 24). In addition to reducing
growth, coculture with L. bombicola profoundly reduced
C. bombi cell motility in a temperature-dependent fashion
(temperature x L. bombicola interaction: x2 =16.36, p <
0.001, figure 2b). Whereas cells remained motile regardless
of temperature in monoculture, no motility was observed

above 27°C in coculture. The stronger effects of L. bombicola
on C. bombi at high temperatures reflected increased
L. bombicola cell densities, which were negatively correlated
with C. bombi growth rate (estimate = —0.094 + 0.013s.e.,
t= =752, p <0.001, R* = 0.521).

Whereas L. bombicola had negative effects on C. bombi,
C. bombi appeared to increase growth rate of L. bombicola
under the conditions of our experiments. Estimated L. bombi-
cola growth rate was nearly threefold higher in the presence
of C. bombi than in its absence (temperature-adjusted mean
growth rate=0.515+ 0.008s.e. with C. bombi versus
0.181 + 0.008 s.e. without C. bombi, t=29.8, p<0.001;
electronic supplementary material, figure S3).

Lactobacillus bombicola spent medium reduced C. bombi
growth rate and peak growth temperature (figure 3). As in the
coculture experiment, we found temperature-dependent inhi-
bition of C. bombi by L. bombicola in the spent medium
experiment. Whereas C. bormbi grew well at all temperatures in
control medium, growth was decreased at high temperatures
in the presence of L. bombicola spent medium produced at
high temperatures (temperature x L. bombicola start density
interaction: Fy43 =828, p <0.001; figure 3a; electronic sup-
plementary material, table S2). The temperature x L. bombicola
start density interaction remained significant (Fs4> = 10.57,
p < 0.001) after exclusion of one outlier (32°C, L. bombicola
start density = 0.01), which had a standardized residual over
threefold higher than that of any other data point. The stronger
inhibitory effects of spent medium from higher temperatures
reflected faster growth of L. bombicola at higher temperatures,
which led to greater OD (t =3.56, p < 0.001) and lower pH
(t= —3.84, p < 0.001) achieved at higher temperatures during
generation of the spent medium. As in the coculture experiment,
C. bombi growth rate was negatively correlated with final OD of L.
bombicola (estimate = —0.083 + 0.017 s.e., t = —4.79, p < 0.001,
R*=0.29; figure 3b), and even more strongly negatively corre-
lated with acidity of spent medium (effect of pH: estimate =
10.72 + 1.64, t = 6.54, p < 0.001, R* = 0.44; figure 3c).

4. Discussion

As expected based on temperatures conventionally used in cell
cultures, the symbiont L. bombicola had higher temperatures of
peak growth and grew at higher temperatures than those
tolerated by the parasite C. bombi. All four tested parasite
strains exhibited similar thermal performance curves and
inhibitory temperatures. This was somewhat surprising,
given the documented among-strain variation in growth
rate, infectivity, and ability to tolerate dessication, phytochem-
icals, antimicrobial peptides and gut microbiota [36,54]. The
similarities between thermal performance profiles across
strains could reflect strong stabilizing selection for enzymes
and metabolic processes involved in thermotolerance, or
adaptation to a consistent range of temperatures experienced
in the bee abdomen. Regardless of the physiological underpin-
ning, consistent upper limits of thermotolerance across
parasite strains suggest that elevated temperature would be
an effective defence against a range of C. bombi parasite
genotypes.

The differently shaped thermal performance curves of
L. bombicola and C. bombi indicate that a temperature increase
over the range recorded in bumblebees would favour growth
of symbionts over parasites, while the inhibitory effects of
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Figure 3. Spent medium from L. bombicola reduced growth rate and peak
growth temperature of C. bombi, due to higher rates of L. bombicola growth
and acid production at high temperatures. (a) Crithidia bombi growth rate at
three different temperatures in the presence of spent medium. Spent medium
was generated by growth of L. bombicola for 24 h from three starting den-
sities: OD = 0 (i.e. no L. bombicola, hollow circles and dotted line), 0.001
(grey circles and dashed line) and 0.01 (black circles and solid line). Each
small point represents specific growth rate (w (h™")) based on cell counts
for a single incubator and repetition of the experiment. Large symbols and
error bars show means and standard errors for each L. bombicola start density.
Points have been offset by 0.5°C to the left and right to reduce overplotting.
(b) Crithidia bombi growth rate was negatively correlated with OD of
L. bombicola at the time when spent medium was filtered (i.e. after 24 h
incubation). Symbol fill indicates temperature; symbol shape indicates
L. bombicola start density. Note higher ODs achieved at higher temperatures,
except in the L. bombicola-free controls (start density = 0, circles). Growth of
(. bombi was assayed at the same temperature at which the spent medium
had been generated. Trendline shows linear model fit, pooled across start
densities and temperatures. Shaded band shows 95% confidence interval.
(c) Growth rate of C. bombi was negatively correlated with acidity of L. bom-
bicola spent medium. X-axis shows pH of spent medium after 20 h growth of
L. bombicola, at the beginning of the C. bombi growth assay. As in (b),
symbol fill indicates incubation temperature, symbol shape indicates
L. bombicola start density, and trendline with shaded band shows linear
model fit with 95% confidence bands. Note higher acidity (lower pH)
achieved at higher temperatures, except in the L. bombicola-free controls
(start density = 0, circles). (Online version in colour.)

L. bombicola on C. bombi indicate that this increased symbiont [ 6 |

growth could constrain the ability of parasites to persist at
high temperatures. Growth rates of C. bombi plateaued over
the 27-33°C range found in bumblebee nests [47], and
began to drop at the 38°C temperatures found in post-
hibernation queens [47], the life stage at which bumblebees
are most vulnerable to the effects of C. bombi [55]. In contrast,
growth rate of L. bombicola continued to increase throughout
this interval, rising nearly threefold between 27°C and 37°C.
As a result, any effects of L. bombicola on C. bombi should
become more pronounced at higher temperatures.

Within the gut, interactions between species may be posi-
tive, negative or neutral. For example, the bee gut symbionts
Snodgrassella and Gilliamella facilitate one another’s growth
physically, via formation of multi-species biofilms [56], and
chemically, via cross-feeding and modification of gut oxygen
concentration and pH [40,57]. The effects of L. bombicola on
C. bombi were strongly inhibitory. We have shown this
inhibition to be chemically mediated by L. bombicola’s
production of lactic acid, which was necessary and sufficient
for inhibition of C. bombi growth [58]. Because L. bombicola
rates of growth and acid production increased over the temp-
erature range found in bees, we predict that increases in bee
body temperature would reduce infection by increasing
growth rate of L. bombicola and related Firm-5 bacteria,
thereby decreasing gut pH to the point where parasites
cannot grow. Thus, although parasites in monoculture are
capable of growth throughout the range of temperatures
found in bees, our results predict that competitive exclusion
by symbionts could limit the parasite’s thermal niche to
cooler temperatures.

In contrast to the inhibitory effects of L. bombicola on C.
bombi, C. bombi appeared to facilitate growth of L. bombicola.
Given that L. bombicola did not grow at all in full-strength
FPFB medium, this facilitation could reflect C. bombi’s catabo-
lism of L. bombicola-inhibitory components in the mixed
MRSC/FPFB growth medium. For example, FPFB medium
contains 10% fetal bovine serum; complement proteins in
mammalian serum can inhibit growth of bacteria [59]. Still,
our findings indicate highly asymmetric competition between
these two species, to the advantage of the symbiont.

The equilibrium outcome of competitive interactions
depends on both interaction strengths and initial densities
[60]. In the case of L. bombicola and C. bombi, initial symbiont
densities had the strongest effects at intermediate tempera-
tures typical of a bumblebee colony (27-33°C). At these
moderate temperatures, lower symbiont and higher parasite
growth rates might allow parasites to establish if initial sym-
biont densities are low. In contrast, at higher temperatures
typical of those found in queens (greater than 37°C), high
symbiont growth rates and direct high-temperature inhibition
of parasites quickly made up for low initial symbiont density.
In the social Bombus and Apis bees, core symbionts such as
Lactobacillus Firm-5 are rapidly acquired by newly emerged
bees from nest-mates and hive materials [26,61]. This socially
mediated inoculation with core symbionts can establish
a protective barrier against infection in colonies with
microbiota that contain acid-producing Gilliamella and
Lactobacillus ~ Firm-5 [25,27]. However, symbiont-based
defences might be weakened by treatment with antibiotics,
which reduced populations of core gut symbionts and resist-
ance to C. bombi [62]. Symbiont-based defences might also be
relatively weak in solitary bees, which can be infected by the
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same trypanosomatids that infect honeybees and bumblebees
[32]. These bees lack a thermoregulated nest environment and
a socially transmitted core gut microbiota, instead acquiring
acidophilic gut symbionts from their environment [63]. As a
result, solitary bees might be vulnerable to trypanosomatid
infection during maturation of their gut microbiota,
especially at cooler temperatures. However, no study has
experimentally investigated trypanosomatid infections in
solitary bee species, let alone the temperature dependence
of such infection.

In our in vitro host—parasite—symbiont system, we found
that high temperatures favoured symbionts over pathogens.
This suggests that infection-related increases in body temp-
erature, such as fever observed in honeybees [19], might
allow hosts to clear pathogens while sparing beneficial sym-
bionts. However, maintenance of elevated temperature comes
at an energetic cost in both endothermic mammals and
insects such as bumblebees [16,47]. In bees and other
endothermic hosts, the ability to maintain parasite-inhibiting
temperature will depend on sufficient caloric resources.
Changing climates could result in phenological mismatch
between queen emergence and floral blooms, and food
shortages due to late-spring frosts [64]. Both phenomena
could make queens vulnerable to parasites and threaten suc-
cess of their colonies. Further study of temperature-
dependent changes to microbiota and infection in live bees,
and the effects of infection on endogenous thermoregulation
and temperature preference, will be necessary to determine
how our in vitro findings scale up to the organismal scale.

Studies of other host—symbiont—parasite systems are
needed to determine whether high temperatures achieved
during febrile states can be detrimental to symbiont
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