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Sick bats stay home alone: fruit bats practice social
distancing when faced with an immunological challenge
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Along with its many advantages, social roosting imposes a major risk of pathogen transmission. How social animals
reduce this risk is poorly documented. We used lipopolysaccharide challenge to imitate bacterial infection in both a
captive and a free-living colony of an extremely social, long-lived mammal—the Egyptian fruit bat. We monitored
behavioral and physiological responses using an arsenal of methods, including onboard GPS to track foraging,
acceleration sensors to monitor movement, infrared video to record social behavior, and blood samples to measure
immune markers. Sick-like (immune-challenged) bats exhibited an increased immune response, as well as classic
illness symptoms, including fever, weight loss, anorexia, and lethargy. Notably, the bats also exhibited behaviors that
would reduce pathogen transfer. They perched alone and appeared to voluntarily isolate themselves from the group
by leaving the social cluster, which is extremely atypical for this species. The sick-like individuals in the open colony
ceased foraging outdoors for at least two nights, thus reducing transmission to neighboring colonies. Together,
these sickness behaviors demonstrate a strong, integrative immune response that promotes recovery of infected
individuals while reducing pathogen transmission inside and outside the roost, including spillover events to other
species, such as humans.
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Introduction develop simultaneously with their illness, includ-
ing lethargy, depression, anxiety, malaise, loss
of appetite, sleepiness, hyperalgesia, reduction
in grooming and general movement, and a loss
of interest in their surroundings. Although first
believed to be merely a side effect of immuno-
logical processes, sickness behavior is now agreed
to also have adaptive functions that support the
physiological struggle of a sick individual against
the infection, for example, by reducing energy
expenditure.®

How social animals avoid transmission of
pathogens among group members is a funda-
mental question in the study of animal sociality.
One main hypothesis argues that sickness behavior
assists transmission prevention. Sickness behav-
ior, as first described by Hart,? is a set of well-
preserved*® behavioral changes that ill individuals

“These first authors contributed equally to this study.
bThese last authors contributed equally to this study.

The copyright line for this article was changed on October
19, 2021 after original online publication.

Sickness behavior has also been suggested as a
mechanism to reduce transmission of pathogens to
kin” and within the social group,® a feature that
might be critical for animals living in dense social
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populations. A few documented examples include
social isolation of sick individuals among euso-
cial insects, such as bees”!® and ants.''"'* But so
far, social isolation in vertebrates has only been
shown to be a case of avoidance by healthy indi-
viduals; that is, healthy individuals avoid con-
tact with sick ones. In multiple vertebrate species,
healthy individuals can discriminate between sick
and healthy conspecifics and spend more time
in proximity to healthy than sick individuals.>"'7
Additionally, there is mounting evidence that sick-
ness does not automatically induce classical sick-
ness behaviors like lethargy but may be exhibited
to varying degrees in species with different life-
history strategies'® or can be suppressed dur-
ing social contexts.”” Such variation demands
the refinement of the classical sickness behavior
hypothesis to account for interspecific and contex-
tual variation. Importantly, sickness behavior has
been rarely investigated in wild free animals*®*
with only three studies of behavioral change in free
wild mammals during sickness.??*

Current knowledge of the metabolic and sys-
temic changes during the first few days post
injury or immunological challenge (acute phase
response (APR)?) in bats suggests that differ-
ent species might respond differently to similar
threats. Immune responses have been measured in
a few bat species using lipopolysaccharide (LPS),
a bacterial endotoxin that induces an inflam-
matory response by stimulating the release of
cytokines.?®?” Fever has been documented in
response to an LPS challenge in three out of
four species examined (Myotis vivesi,”® Carollia
perspicillata,”® and Artibeus lituratus,® but not
in Molossus molossus®'). Some species exhibit
clear leukocytosis (C. perspicillata® and Desmodus
rotundus®®), while others shift the ratio of white
blood cell (WBC) types without a clear overall
increase (Artibeus literatus®®), and others do not
increase WBC production at all (M. molossus®').
Weight loss was observed in all instances body mass
was measured, likely due to increased metabolic
rate, as documented in the great fruit*’- and fish-
eating?® bats, and decreased food consumption,
as observed widely across animals® and recently
documented in bats.>* Molecular aspects of the
immune response to bacteria are understudied in
bats. One major acute-phase protein with bacte-
riostatic and immunomodulatory effects,®® hap-
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toglobin, increased following a fungal immune
challenge.® Lysozyme, despite its key role in the
immune response across species,’”*® has only been
recorded in bats as a component of the diges-
tive system® and a measure of environmental
disturbance.*’

Many bats are extremely social, roosting in large
colonies and clustering in tight groups. Still, sick-
ness behavior and its role in preventing pathogen
transmission is poorly studied in bats. In the only
previously studied species, vampire bats (D. rotun-
dus), LPS-injected individuals decreased overall
activity levels, reduced grooming toward others,
received less grooming from groupmates,®>*! and
had lower network centrality,** yet had no reduction
in the number of food donors or the amount of food
received following a night of food deprivation.*!
Such behavioral changes support the hypothesis
that sickness behaviors alter interactions by which
diseases are transmitted.”*?

We assess the APR and sickness behavior of the
highly social Egyptian fruit bat (Rousettus aegypti-
acus) in captive adults and free-ranging juveniles,
using LPS to simulate an infection without an
infectious pathogen. We expected a reduction in
movement and food consumption and avoidance of
sick-like individuals by healthy individuals. Unlike
previous reports in other mammals, we found that
sick-like individuals abandoned the social cluster
and remained distant from conspecifics. This reac-
tion was observed in both captive and free individ-
uals. GPS tracking demonstrated that wild sick-like
individuals failed to leave the roost to forage. We
suggest the inflammatory response and sickness
behaviors together serve to conserve resources
while maximizing swift bacterial eradication and
reducing transmission inside and outside the roost.

Methods

We established two consecutive colonies in the
same closed room from a mixture of 19 recently
caught male and 18 previously housed female Egyp-
tian fruit bats (R. aegyptiacus) (see Supplemen-
tary Methods for full details on experimental ani-
mals and housing conditions, online only). Each
colony contained five bats that were challenged via
subcutaneous injection with LPS (Sigma-Aldrich,
12630) at a concentration of 4 mg/kg bw, (0.577
+ 0.144 mg) diluted in sterile phosphate-buffered
saline (PBS; Sigma-Aldrich, P5493); five bats that
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were injected with an equivalent amount of PBS as
a control; and additional bats (13 in the first colony
and 6 in the second colony) to provide a full social
environment (see Supplementary Methods for full
details on the immune challenge, online only). Fol-
lowing these trials, we challenged five young adult
bats (approximately 7 months of age) in an open
colony where bats have free access to nature at
all times.*? These individuals received a reduced
dosage of 2 mg/kg bw (0.204 £ 0.031 mg) due to
their age, and an injection of PBS at a separate time
(three before LPS and two following LPS to coun-
terbalance order), thus serving as their own con-
trols (see Supplementary Methods for full details on
the open colony, online only). All animals involved
were assessed by an experienced veterinarian and
deemed clinically healthy before beginning data
collection.

Data were collected pre- and post-injection using
a combination of sources. On-animal small biolog-
ger devices (Vesper, ASD inc.) collected body sur-
face temperature (in both closed colony rounds),
acceleration (in the second closed colony round),
and GPS (in the open colony). Some data were lost
because of equipment failure, and data from a sixth
challenged bat in the closed colony’s second round
were discarded due to her death. Infrared cam-
eras continuously tracked food consumption and
social isolation. Handling for blood draws and body
weight measurements occurred outside the experi-
mental room before and at 12, 24, and 48 h post-
injection for the closed colonies and before and 48 h
post-injection for the open colony (see Supplemen-
tary Methods for full details on data collection and
processing, online only). Atleast three stained blood
smears®® were made for total and differential leuko-
cyte counts, and blood plasma was stored for hap-
toglobin and lysozyme analysis. Some samples con-
tained insufficient serum for laboratory analysis and
had to be excluded. To measure haptoglobin con-
centration, the standard procedure of the commer-
cial kit “PHASE”™ Haptoglobin Assay (Tridelta,
Maynooth, Ireland) was followed, matching the use
in other bat species.***" To measure lysozyme con-
centration, we adapted the lysoplate assay to low
sample volumes*****> (see Supplementary Meth-
ods for full details on laboratory analyses, online
only). Statistical analyses were conducted in SPSS”
(SPSS Inc, Chicago, IL) and MATLAB (Mathworks,
Carlsbad, CA). Generalized linear models were used

Moreno et al.

to assess changes in proximity to nearest neighbor
in both colonies and to assess changes in accel-
eration in the closed colony and distance flown
per night in the open colony. Binomial tests were
used to compare the proportion of treatment bats
recorded leaving the cluster relative to the propor-
tion of control bats leaving the cluster and to com-
pare the number of instances where the slope of
nearest-neighbor records became positive for treat-
ment bats relative to the number of instances in con-
trol bats over 320 recorded frames. Mixed ANOVAs
were used for the closed colony to assess changes
in body temperature, body weight, food consump-
tion, haptoglobin, lysozyme, WBC count, and the
neutrophil to lymphocyte ratio (NLR). Paired ¢-tests
were used for the open colony to assess changes in
body weight, haptoglobin, lysozyme, WBC count,
and the NLR. Repeated measures ANOVA was used
for the open colony to assess changes in food con-
sumption, while Fisher’s exact test was used to com-
pare the proportion of bats that exited the colony
at all pre- and post-injection (see Supplementary
Methods for full details on statistical analysis, online
only).

Results

Evidence of illness response

The immune-challenged bats showed a clear physi-
ological sickness-like response. Skin temperature of
the challenged group in the closed colony was ele-
vated following injection (Fig. 1A; F(1,44) = 6.49,
P = 0.029 main effect of treatment; F(3,44) = 1.17,
P = 0.33 main effect of time; and F(3,44) = 4.17,
P = 0.015 interaction between time and treatment
group; mixed ANOVA, with temperature as the
response variable, treatment as a between-subjects
predictor, and time as a within-subjects predic-
tor). Skin temperature reached its peak at around
80 min after injection at 37.6 £ 1.3 °C (mean =+
SD). Skin temperature was elevated continuously
for at least 8 h post-challenge (Fig. 1A, bottom),
with some indications of longer temperature eleva-
tion (over 18 h in three individuals, Fig. S1, online
only). We observed clear spikes in skin tempera-
ture in both the control and challenged groups every
time the bats were removed from the colony room
for weighing and taking blood samples. We suspect
this is due to stress associated with the handling pro-
cess, as stress has been demonstrated to cause body
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Figure 1. Evidence of illness response in LPS-challenged bats. (A, top) Skin temperature of challenged bats (1 = 5) was higher than
controls (1 = 6), mostly in the first 12 hours. Shading for each group’s respective mean line shows the 95% confidence interval. Gray
shadowed areas depict handling periods, which probably led to a temperature elevation. (A, bottom) ¢-statistic for measurements
taken every 2 hours. Red dashed line depicts a value of t = 2.262, which would imply a significant difference at P < 0.05 without
corrections. (B) Challenged bats (n = 10) lost weight, while controls (n = 10) did not. (C) Challenged (n = 10) bats, but not control

bats (n = 10), exhibited anorexia.

temperature elevation in bats.*® We did not measure
the temperature of free-ranging bats.

In the closed colony, sick-like bats had a signifi-
cant decrease in weight following LPS injection, los-
ing on average 9.9 & 4.5 g over 48 h, while control
bats had no significant change across time (Fig. 1B;
F(3,54) = 12.486, P < 0.001 interaction between
time and treatment; mixed ANOVA as above, with
body weight as the response variable). Moreover,
monitoring the food bowl showed that weight loss
was at least partially a result of anorexia, as individ-
uals markedly reduced food consumption following
LPS injection (Fig. 1C; F(1,18) = 36.796, P < 0.001
main effect of treatment; F(3,54) = 2.876, P = 0.044
main effect of time; and F(3,54) = 12.506, P < 0.001

Ann. N.Y. Acad. Sci. 1505 (2021) 178-190 © 2021 The Authors. Annals of the New York Academy of Sciences

interaction; mixed ANOVA as above, with the num-
ber of pieces of food retrieved as the response vari-
able). Bats in the open colony also lost weight, but
the degree of loss was nonsignificant, likely due to
the small sample size and the age of these indi-
viduals (#,— 1.854, P = 0.137; paired ¢-test, with
weight as the response variable and time as a within-
subjects predictor).

Bats isolate themselves when they are sick

Distance to nearest neighbor (mm) and isolation
level (categorical 0-3) in the closed and open
colonies, respectively, was significantly explained by
the time of day, treatment group, and whether it was
pre- or post-LPS injection (Fig. 2A and B; GLMM
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Figure 2. Sick-like bats exhibit social isolation. Sick-like bats in both the closed (A; n = 5) and open (B; n = 5) colonies maintained
larger distances from neighbors. Nights are indicated by gray vertical shading. Confidence intervals (95%) are shaded for each
group’s respective line representing the mean. (C) Photos from the closed (left) and open (right) colonies show sick-like individuals
(circled in red) out of the bat cluster (greater detail in the top left inset) and distant from conspecifics (circled in blue). Note the
single control individual in the closed colony (top right) that perched near sick-like individuals (see Discussion). (D) Challenged
(n = 4) bats moved much less than control bats (n = 4). (E) This is also shown with an acceleration sequence example for the full
duration of the study (approximately 64 h) for a challenged bat (top) and a control bat (bottom) with the moment of the treatment

marked by a vertical dark red line.

normal distribution with the Laplace fit method
see Table 1 for model components’ coefficients and
significance). Healthy individuals in both colonies
displayed a cyclical pattern of distance from
their nearest neighbor following natural circadian
rhythms, with the lowest distances occurring dur-
ing daytime sleep when the bats tightly clustered
together and the highest distances during night-
time when they were active. Following LPS injec-
tion, sick-like bats in both the closed and open
colonies deviated from this pattern and increased
distances from the bat cluster during the daytime
(Fig. 2C). Interestingly, sick-like bats appeared to
isolate themselves from the cluster instead of being
rejected by other group members. Video observa-
tions revealed that during the initial post-injection
rest period, most individuals (4 out of 5 in each
round, 8 out of 10 overall) withdrew from the bat
cluster (Videos S1-S5, online only), and no treat-
ment individuals joined the cluster upon its for-
mation in the following rest period. This is in
contrast with only 3 out of 10 control individu-
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als recorded leaving the cluster (P = 0.002, 9.33
odds ratio of exiting after LPS instead of sham
injection, binomial test), and only one control bat
stayed out of the cluster for longer than 15 min-
utes. By analyzing the derivative of the distance to
nearest neighbor (Supplementary Methods, online
only), we also found that the distance of sick-
like bats to their nearest-neighbor began increas-
ing more often than control bats (P = 0.004, 1.27
odds ratio treatment compared with control, bino-
mial test, counts of positive inflection points out
of 320 time points). Moreover, during this isola-
tion period, sick-like individuals displayed dramat-
ically reduced movement, as we quantified with
accelerometers attached to the animals in the closed
colony (Fig. 2D and E; proportion of time in
high activity predicted by between-subjects mea-
sure of treatment § = 0.08, P = 0.036 and within-
subjects measures of day/night § = 0.142, P <
0.001 and whether it was post-injection $ = 0.058,
P = 0.077; an interaction was found between treat-
ment and day/night § = —0.127, P = 0.002. GLMM
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Table 1. Isolation prediction model coefficients

Sick fruit bats self-isolate

Predictor g SE t

Closed colony
Post-injection™** —77.336 12.141 —6.3699
Treatment™** —65.14 15.543 —4.1909
Time of day™** —30.635 2.6656 —11.493
Post*treatment™"* 57.945 6.1999 9.346
Post™*time™** 20.112 2.6922 7.4705
Treatment™time™** 14.964 1.6691 8.9653

Open colony
Nighttime™** 0.55816 0.14162 3.9413
Within 2 days of injection™** 0.47805 0.1242 3.849
2+ days after injection™* —0.3603 0.11846 —3.0415
Daytime*within 2 days —0.00612 0.19146 —0.03195
Daytime*after 2 days 0.36659 0.1875 1.9551

*Asterisks indicate significance as follows: *P < 0.05, **P < 0.01, and ***P < 0.001.

normal distribution with the Laplace fit method
n = 32). The action of moving out of the cluster for
self-isolation was a behavioral exception in light of
their general tendency to remain still.

Bats stay in when sick

Sick-like bats in the open colony dramatically
changed their foraging behavior. Following LPS
injection, individuals stayed in the colony for at least
two nights and up to five nights, whereas before the
injection, they consistently exited to forage (Fig. 2A;
P < 0.001; Fisher’s exact comparing the probabil-
ity of exiting before and after injection). Moreover,
once individuals resumed foraging, they initially
flew shorter distances than they had before LPS
injection (Fig. 3B and C, and Fig. S5, online only;
normalized distance flown predicted by within-
subjects measures of night f = 0.005, P = 0.984 and
treatment f = —2.962, P = 0.004. GLMM normal
distribution with the Laplace fit method n = 40).
We validated that the staying in behavior was not
an artifact of the food supplement that was given in
the open colony by showing that these bats ate sig-
nificantly less than expected given their body weight
(Fig. S6, online only; F(2,14) = 8.205, P = 0.012;
post-hoc: P = 0.012 night 1 to expected, P = 0.044
night 2 to expected; repeated ANOVA, with the
number of pieces of food retrieved as the response
variable and night at the within-subjects predictor).
The decrease in food consumption was similar in
the two colonies (bats consumed 23.39 4 24.83% vs.

Ann. N.Y. Acad. Sci. 1505 (2021) 178-190 © 2021 The Authors. Annals of the New York Academy of Sciences

49.87 £ 29.6% of the expected amount in the closed
and open colonies, respectively).

APR in fruit bats
Immunologically, there was a clear APR as demon-
strated by multiple blood parameters. Total WBC
count showed no significant difference between
challenged and control groups at all times in both
the closed and open colonies. However, the NLR,
a ratio of the count of the two WBC types most
involved in the APR that also serves as an indi-
cator of physiological stress, was found to be sig-
nificantly higher in the treatment group follow-
ing LPS injection for the closed colony (Fig. 4A;
F(3,43) = 5.068, P = 0.007 interaction between
treatment and time; mixed ANOVA as above,
with NLR as the response variable). In the closed
colony, the challenged group maintained a similar
NLR throughout the experiment, while the control
group’s ratio decreased after the initial measure-
ment. The NLR was higher before LPS injection in
the open colony (¢, — —4.118, P = 0.015; paired t-
test as above, with NLR as the response variable).
Haptoglobin concentration was significantly
higher following LPS injection (Fig. 4B). In the
closed colony, haptoglobin was significantly higher
after injection in the challenged group than the
control (F(3,71) = 41.716, P < 0.001 interaction
between treatment and time; mixed ANOVA as
above, with haptoglobin as the response variable)
particularly after 24 and 48 h (24 h post: 1.17
mg/mL compared with 6.73 mg/mL, P = 0.004;
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Figure 3. Sick-like bats stop foraging. Following LPS injection, individuals (n = 5) in the open colony (A) did not exit to forage,
shown in yellow, and (B) flew shorter distances on their first trip back out than on trips before injection. This can also be seen
through GPS tracks of one individual (Polishuk) with examples (C) before injection (top, in blue and yellow), on the first night
out after injection (bottom left, in orange), and after recovery (bottom right, in dark orange).

48 h post: 0.23 mg/mL compared with 11.38
mg/mL, P < 0.001. Averages for the control and
challenged groups, respectively). In the open
colony, the young adults had higher haptoglobin
levels after 48 h than before LPS injection (t, — 5.22,
P = 0.006; paired t-test as above, with haptoglobin
as the response variable). Lysozyme concentra-
tion was higher following LPS injection in the
experimental group in the closed colony but not
in the open colony (Fig. 4C; F(3,70) = 9.087, P
< 0.001 interaction between treatment and time;
mixed ANOVA as above, with lysozyme as the
response variable; t, — 1.352, P = 0.25; paired t-test
as above, with lysozyme as the response variable;
respectively).

Discussion

Egyptian fruit bats present a valuable opportunity to
understand sickness responses in long-lived, highly
social mammals that live in densely populated,
high-contact groups. We sought to understand the
behavioral and physiological response to bacteria, a
common yet relatively understudied cause of illness,
in R. aegyptiacus and other bat species. We used a
standard immune challenge in order to induce an
APR of the innate immune system and the accom-

panying sickness behavior. Despite using a rela-
tively medium dosage of LPS compared with sim-
ilar experiments in other bat species,’*323>40 our
bats were very clearly sick. LPS-challenged bats had
fever, lost weight, consumed less food than before
the challenge, and developed clear sickness behav-
ior, including lethargy, reduction in social interac-
tion, and general movement.

Skin temperature was found to be a reliable
proxy of body temperature, as the values measured
prechallenge are known to fit normal healthy fruit
bats.”” Body temperature elevation in response to an
immune challenge is observed across bat species, as
it is in other mammals, although Melhado et al.**
point out this only occurs in bats challenged dur-
ing the resting phase,?*-**** and not for bats chal-
lenged during the active phase.’"** We challenged
bats in both active and resting phases, although we
did not have a large enough sample to compare
between the two. The observed temperature eleva-
tion in our study of 1-1.5 °C is similar to that found
in other bat species, including C. perspicillata®® and
A. lituratus.®® Rousettus elevated fever was main-
tained for over 8 h post-challenge, longer than
reported for other bat species (up to 6 h), although
a few individuals showed elevated temperature for
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Figure 4. Immunological responses. Changes in (A) the neutrophil to lymphocyte count ratio (red, challenged, n = 6; blue,
control n = 6; and light green, open n = 5), (B) haptoglobin concentration, and (C) lysozyme concentration in both the closed
(red, challenged, n = 10; and blue, control, n = 10) and open (light green, n = 5) colonies.

much longer periods. Notably, the behavior sickness
affects lasted longer than the fever for all bats.
During sickness, bats isolate themselves and hang
apart from conspecifics either by failing to join a
cluster during its formation or by actively leaving
the cluster during daily sleeping hours (see Sup-
plementary Videos, online only). Perching alone is
extremely atypical for this species. This behavior
was initiated spontaneously by the sick-like bat and

did not appear to be a response to any behavior of
the healthy controls, although this possibility could
not be ruled out based on the current study. Sick-
like individuals then maintained their isolation
for about 2 days. While general listlessness during
illness, which we could accurately estimate using
acceleration measurements, clearly contributes to
distance from conspecifics, particularly during the
sleeping hours of the second day, multiple instances
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of individuals leaving the cluster or changing
locations within the room from one isolated loca-
tion to another demonstrate this is not the sole
explanation. To our knowledge, this is the first
documented instance detailing a sick mammal
actively moving away from a social group, although
it is probably not unique to R. aegyptiacus and
remains to be described in other species. Such
self-isolation behavior is notably different from
what has been observed in other nonhuman mam-
mals. Despite social withdrawal being considered a
hallmark of sickness behavior,® previous findings of
mammalian social isolation are of healthy individu-
als avoiding sick conspecifics,'>*3*° or sick individ-
uals reducing interactions*” or shared space use**
because of lethargy. Interestingly, we observed one
healthy female that consistently approached sick-
like isolated females, which she had been housed
with for months, and hung near them. While this
is only a single anecdote, it is the exact opposite
of what we would expect if healthy individuals
were avoidant in order to protect themselves from
catching a disease. Additionally, it indicates the
possibility of a role of social history or demograph-
ics in moderating behavior between healthy and
sick individuals, such as in vampire bats.*!
Removal from the cluster may directly benefit the
infected individual in multiple ways. First, hanging
in a less insulated location may keep an individ-
ual’s fever from becoming dangerously high. Alter-
natively, moving outside of the bat cluster might
instead incur a health cost as it sacrifices the ther-
mal benefits of clustering.”! More research is needed
to tell these two options apart. Isolation behavior
contrasts with the behavior of free-ranging kudu,
where sick individuals sought warm environments
to support the febrile response.?” Interestingly, the
timing of body temperature increase and cluster
removal are offset from one another, indicating
some behavioral lag, with the earliest cluster-exiting
event occurring later than the beginning of the tem-
perature increase (about 2.5 h after injection) and
social isolation effects continuing through the next
sleeping phase when temperature differences are
less clear. Some of these connections may have also
been obscured due to the timing of LPS injection
and the natural cycles of healthy bats, as the begin-
ning of the active period (when the control bats
were more spread out) overlapped with the 6-8-h
post-injection window when the temperature dif-
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ferences were the greatest, potentially hiding iso-
lation effects in the sick-like bats during this time.
Second, bats within clusters frequently squabble and
push one another.”* By not being in the cluster, sick
individuals would not have to expend energy on
interindividual conflict or maintaining cluster posi-
tion. If true, this would explain why the self-removal
behavior was observed in this species and has not
been documented in other social species who do
not sleep in such high-density conditions. Finally,
self-isolation may prevent an already sick individ-
ual from catching an additional illness, as multiple
concurrent illnesses are far more deadly than lone
infections.’

While most likely driven by benefits to the indi-
vidual, this behavior may serve to reduce transmis-
sion and benefit the group as a byproduct. Previous
analysis suggests that the roostmates of Egyptian
fruit bats are not more related to one another
than would be expected by chance,” making kin
selection an unlikely evolutionary driver, but group
selection might still play a role. This emphasizes
the importance of byproduct benefits in the evo-
lution of sickness behavior. Like humans reducing
contacts when sick® or social distancing efforts
made in 2020 to slow the spread of COVID-19,%
increasing space between individuals may reduce
infection rates, particularly in densely populated
groups, such as the ones Egyptian fruit bats live in.

This study is the first to record changes in for-
aging of sick-like bats in the wild at the individ-
ual level. All sick-like individuals in the open free
colony failed to exit to forage for at least two nights.
This was clearly not exclusively a result of the food
supplement as these bats always flew out to forage
before the treatment and as they consumed little
food during the treatment, similar to the decrease
in food consumption observed in the closed colony.
While we cannot exclude the possibility that fully
wild bats may engage in short flights while sick,
the clear pattern of well-known sickness behav-
iors, such as anorexia and extreme lethargy, due
to the APR of the immune system, documented
here, makes this highly unlikely. These findings
demonstrate the lack of food consumption widely
observed in laboratory and livestock settings®>¢->?
also occurs in free-ranging animals, supporting the
highly conserved presence of anorexia in sick ani-
mals. As our bats in the open colony exhibit forag-
ing behavior very similar to other wild bats,*®® we

186 Ann. N.Y. Acad. Sci. 1505 (2021) 178-190 © 2021 The Authors. Annals of the New York Academy of Sciences
published by Wiley Periodicals LLC on behalf of New York Academy of Sciences



Moreno et al.

predict that this behavior is general for other bat
species as well. In the wild, foraging can take con-
siderable effort and exposes animals to predation
risk, particularly for individuals that are not in good
condition. Thus, staying in place and not traveling
to forage benefits sick animals by conserving energy
and increasing safety. Anorexia is also thought
to support the immune response to bacteria,®:%2
and laboratory studies in mice have demonstrated
increased survival in individuals with restricted
food intake either before®? or during® infection.
Finally, it may also reduce disease transmission by
decreasing the number of contacts between sick
individuals and shared food sources.”

The APR has been examined in six species
of bats, revealing much variability. Some show
clear leukocytosis (Chaerephon plicatus®* and
D. rotundus®), but in others, this response
is unclear (A. lituratus®), totally absent
(M. molossus®'), or present in some sce-
narios (C. perspicillata®®) but not in others
(C. perspicillata®**). We did not find leukocytosis.
Normal, healthy captive R. aegyptiacus display
an extremely wide range in leukocyte count (see
Abdel-Rachied et al.®®), making it difficult to follow
leukocytosis even if leukocytosis did occur. We
believe that a significant leukocytosis in the chal-
lenged group might have been masked by a stress
leukogram (also known as NLR, see Davis et al.?)
that was caused by the handling of bats from both
groups, reflected in elevation of neutrophil and
decrease in lymphocyte counts in the blood sample
before the challenge. Stress leukogram was found to
maintain the higher ratio in the challenged group,
similar to previous findings in D. rotundus® and
food-deprived C. perspicillata® in reaction to LPS
challenge.

Molecularly, we are the first to measure lysozyme
and the second to measure haptoglobin in bats dur-
ing a bacterial immune challenge. Haptoglobin has
only been measured in a few bats, which showed a
clear elevation in response to bacterial,®’ fungal,36
and human stress.”’ In both free and captive bats,
we observed a clear, continuous increase in hap-
toglobin during the entire period of the study, as
also observed in other mammals.®® It is interesting
to see that even at baseline, some individuals™ hap-
toglobin level was not zero, perhaps due to the stress
of handling. The free-ranging colony’s higher base-
line levels could have been due to the younger age

Sick fruit bats self-isolate

of these bats or their potential nightly exposure to
bacterial pathogens outdoors.

Lysozyme levels were higher following LPS injec-
tion in the experimental group in the closed colony
but not in the open colony. This finding has sev-
eral potential explanations. First, the open colony
was examined only before and 48 h after challenge,
which was later than the peak in lysozyme levels at
24 h post-challenge in the closed colony; thus, the
lysozyme levels may have decreased by that point.
Second, there may be an age difference between
adults and adolescents in the lysozyme level, as was
found in bison.*” Third, the relatively small number
of bats examined in the open colony and high vari-
ation between individuals may have obscured any
potential effect.

Conclusion

We demonstrate that in addition to showing
the classica]l mammalian sickness physiological
response, sick-like Egyptian fruit bats exhibit vol-
untary, apparently self-imposed, social distancing.
This is the first time that social self-isolation has
been recorded in a mammal, rather than isolation
through avoidance by conspecifics or as a byprod-
uct of lethargy. Such isolation behavior stands in
stark contrast to the normal behavior in this species,
reflecting a temporary shift in the need to prioritize
survival. Moreover, anorexia, a well-documented
aspect of sickness behaviors, is also documented
in the context of staying in the sleeping shelter,
as expected based on our current understanding
of the role of anorexia during bacterial infection.
The bats’ self-isolation together with their staying
in the colony rather than foraging outdoors sug-
gests how sickness behavior can reduce the trans-
mission of pathogens both inside and outside the
colony, including reducing the probability of inter-
species spillover events. This supports previous
findings that spillover events are primarily caused
by human disturbance,”’ emphasizing the impor-
tance of leaving critical habitat features, such as
roosts, alone to reduce the likelihood of future
events like the COVID-19 pandemic.
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Figure S1. Skin temperature of challenged (red) and
control (blue) bats with solid lines for the group
average and dotted lines for each individual.

Figure S2. Distance from nearest neighbor is shown
for control (blue) and sick-like (red) bats in the
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Figure S3. The isolation level is shown for bats in
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Figure S6. Individuals ate less than expected
(shown as a black line) during their first two nights
staying inside the colony).

Supplementary Material
Competing interests

The authors declare no competing interests.

References

1. Moller, A.P, R.E.LJ.A. Dufva & K. Allander. 1993. Parasites
and the evolution of host social behavior. Adv. Study Behav.
22: 60402-60405.

2. Loehle, C. 1995. Social barriers to pathogen transmission in
wild animal populations. Ecology 76: 326-335.

3. Hart, B.L. 1988. Biological basis of the behavior of sick ani-
mals. Neurosci. Biobehav. Rev. 12: 123-137.

4. Johnson, R.W. 2002. The concept of sickness behavior: a
brief chronological account of four key discoveries. Vet.
Immunol. Immunopathol. 87: 443-450.

5. Hart, B.L. 2009. Beyond fever: comparative perspectives on
sickness behavior. In: Encyclopedia of Animal Behavior. M.D.
Breed & J. Moore, Eds.: 205-210. Elsevier Inc.

6. Dantzer, R. 2006. Cytokine, sickness behavior, and depres-
sion. Neurol. Clin. 24: 441-460.

7. Shakhar, K. & G. Shakhar. 2015. Why do we feel sick when
infected—can altruism play a role? PLoS Biol. 13. e1002276.

8. Ugelvig, L.V. & S. Cremer. 2007. Social prophylaxis: group
interaction promotes collective immunity in ant colonies.
Curr. Biol. 17: 1967-1971.

188 Ann. N.Y. Acad. Sci. 1505 (2021) 178-190 © 2021 The Authors. Annals of the New York Academy of Sciences
published by Wiley Periodicals LLC on behalf of New York Academy of Sciences



Moreno et al.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Ann. N.Y. Acad. Sci. 1505 (2021) 178-190 © 2021 The Authors. Annals of the New York Academy of Sciences

Kazlauskas, N., M. Klappenbach, A.M. Depino & EE
Locatelli. 2016. Sickness behavior in honey bees. Front. Phys-
iol. 7: 261.

Ruepplle, O. 2010. Altruistic self-removal of health-
compromised honey bee workers from their hive. J. Evol.
Biol. 23: 1538-1546.

Bos, N. 2012. Sick ants become unsociable. J. Evol. Biol. 25:
342-351.

Heinze, J. & B. Walter. 2010. Moribund ants leave their nests
to die in social isolation. Curr. Biol. 20: 249-252.

Pull, C.D., L.V. Ugelvig, F. Wiesenhofer, et al. 2018. Destruc-
tive disinfection of infected brood prevents systemic disease
spread in ant colonies. eLife 7. €32073.

Stroeymeyt, N., A.V. Grasse, A. Crespi, et al. 2018. Social net-
work plasticity decreases disease transmission in a eusocial
insect. 945: 941-945.

Arakawa, H., K. Arakawa & T. Deak. 2010. Sickness-related
odor communication signals as determinants of social
behavior in rat: a role for inflammatory processes. Horm.
Behav. 57: 330-341.

Godbout, J.P, J. Chen, J. Abraham, et al. 2005. Exaggerated
neuroinflammation and sickness behavior in aged mice after
activation of the peripheral innate immune system. FASEB J.
19: 1329-1331.

Kiesecker, ].M., D.K. Skelly, K.H. Beard & E. Preisser. 1999.
Behavioral reduction of infection risk. Proc. Natl. Acad. Sci.
USA 96: 9165-9168.

Martin, L.B., Z.M. Weil & R.J. Nelson. 2008. Fever and sick-
ness behaviour vary among congeneric rodents. Funct. Ecol.
22: 68-77.

Lopes, P.C., J. Adelman, ].C. Wingfield & G.E. Bentley. 2012.
Social Context Modulates Sickness Behavior. 1421-1428.
Adelman, J.S., G.E. Bentley, J.C. Wingfield, et al. 2010. Pop-
ulation differences in fever and sickness behaviors in a wild
passerine: a role for cytokines. J. Exp. Biol. 213: 4099-4109.
Adelman, J.S., S.C. Moyers & D.M. Hawley. 2014. Using
remote biomonitoring to understand heterogeneity in
immune-responses and disease-dynamics in small, free-
living animals. Integr. Comp. Biol. 54: 377-386.

Hetem, R.S., D. Mitchell, S.K. Maloney, et al. 2008. Fever
and sickness behavior during an opportunistic infection in
a free-living antelope, the greater kudu (Tragelaphus strep-
siceros). Am. ]. Physiol. Integr. Comp. Physiol. 294: R246-R54.
Ripperger, S.P, S. Stockmaier & G.G. Carter. 2020. Tracking
sickness effects on social encounters via continuous proxim-
ity sensing in wild vampire bats. Behav. Ecol. 31: 1296-1302.
Lopes, P.C., P. Block & B. Konig. 2016. Infection-induced
behavioural changes reduce connectivity and the potential
for disease spread in wild mice contact networks. Sci. Rep. 6:
1-10.

Baumann, H. &J. Gauldie. 1994. The accute phase response.
Immunol. Today 15: 74-80.

Bonneaud, C,, J. Mazuc, G. Gonzalez, et al. 2003. Assessing
the cost of mounting an immune response. Am. Nat. 161:
367-379.

Demas, G.E., D.A. Zysling, B.R. Beechler, et al. 2011. Beyond
phytohaemagglutinin: assessing vertebrate immune func-
tion across ecological contexts. J. Anim. Ecol. 80: 710-730.

28.

29.

30.

31.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Sick fruit bats self-isolate

Otélora-Ardila, A., M.L.G. Herrera, ].J. Flores-Martinez
& K.C. Welch. 2016. Metabolic cost of the activation of
immune response in the fish-eating myotis (Myotis vivesi):
the effects of inflammation and the acute phase response.
PLo0S One 11. €0164938.

Cabrera-Martinez, L.V,, M.L.G. Herrera & A.P. Cruz-Neto.
2019. Food restriction, but not seasonality, modulates the
acute phase response of a neotropical bat. Comp. Biochem.
Physiol. Part A Mol. Integr. Physiol. 229: 93-100.
Guerrero-Chacon, A.L., D. Rivera-Ruiz, V. Rojas-Diaz, et al.
2018. Metabolic cost of acute phase response in the frugivo-
rous bat, Artibeus lituratus. Mammal Res. 63: 397-404.
Stockmaier, S., D.K.N. Dechmann, R.A. Page & M.T.O.
Mara. 2015. No fever and leucocytosis in response to a
lipopolysaccharide challenge in an insectivorous bat. Biol.
Lett. 11. 20150576.

Schneeberger, K., G.A. Czirjék & C.C. Voigt. 2013. Inflam-
matory challenge increases measures of oxidative stress in
a free-ranging, long-lived mammal. J. Exp. Biol. 216: 4514
4519.

. Stockmaier, S., D.I. Bolnick, R.A. Page & G.G. Carter. 2018.

An immune challenge reduces social grooming in vampire
bats. Anim. Behav. 140: 141-149.

Melhado, G., M.L.G. Herrera & A.P. Cruz-Neto. 2020. Bats
respond to simulated bacterial infection during the active
phase by reducing food intake. J. Exp. Zool. Part A: Ecol.
Integr. Physiol. 333: 536-542.

Cray, C.,]. Zaias & N.H. Altman. 2009. Acute phase response
in animals: a review. Comp. Med. 59: 517-526.

Fritze, M., D. Costantini, J. Fickel, et al. 2019. Immune
response of hibernating European bats to a fungal challenge.
Biol. Open 8. bio046078.

Callewaert, L. & C.W. Michiels. 2010. Lysozymes in the ani-
mal kingdom. J. Biosci. 35: 127-160.

Ragland, S.A. & A.K. Criss. 2017. From bacterial killing to
immune modulation: recent insights into the functions of
lysozyme. PLoS Pathog. 13. e1006512.

He, C., Y. Wei, Y. Zhu, et al. 2019. Adaptive evolution of C-
type lysozyme in vampire bats. J. Mol. Evol. 87: 309-316.
Costantini, D., G. Czirjak, P. Bustamante, et al. 2019. Impacts
of land use on an insectivorous tropical bat: the importance
of mercury, physio-immunology and trophic position. Sci.
Total Environ. 671: 1077-1085.

Stockmaier, S., D.I. Bolnick, R.A. Page & G.G. Carter. 2020.
Sickness effects on social interactions depend on the type
of behaviour and relationship. J. Anim. Ecol. 89: 1387-
1394.

Kolodny, O., M. Weinberg, L. Reshef, et al. 2019. Coordi-
nated change at the colony level in fruit bat fur microbiomes
through time. Nat. Ecol. Evol. 3: 116-124.

Schneeberger, K., G.A. Czirjak & C.C. Voigt. 2013. Measures
of the constitutive immune system are linked to diet and
roosting habits of neotropical bats. PLoS One 8. €54023.
Rowe, M., G.A. Czirjék, J.T. Lifjeld & M. Giraudeau. 2013.
Lysozyme-associated bactericidal activity in the ejaculate of
a wild passerine. Biol. J. Linn. Soc. 109: 92-100.

Giraudeau, M., G.A. Czirjak, C. Duval, et al. 2010. Effect
of restricted preen-gland access on maternal self mainte-

189

published by Wiley Periodicals LLC on behalf of New York Academy of Sciences



Sick fruit bats self-isolate

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

190

nance and reproductive investment in mallards. PLoS One
5.e13555.

Muise, K.A., A.K. Menzies & C.K.R. Willis. 2018. Physiology
& behavior stress-induced changes in body temperature of
silver-haired bats (Lasionycteris noctivagans). Physiol. Behav.
194: 356-361.

Barclay, R.M.R., D.S. Jacobs, C.T. Harding, et al. 2017. Ther-
moregulation by captive and free-ranging Egyptian rousette
bats (Rousettus aegyptiacus) in South Africa. J. Mammal. 98:
572-578.

Boillat, M., L. Challet, D. Rossier, et al. 2015. The
vomeronasal system mediates sick conspecific avoidance.
Curr. Biol. 25: 251-255.

Renault, J., G. Gheusi & A. Aubert. 2008. Changes in social
exploration of a lipopolysaccharides-treated conspecific in
mice: role of environmental cues. Brain Behav. Immun. 22:
1201-1207.

Fishkin, R.J. & J.T. Winslow. 1997. Endotoxin-induced
reduction of social investigation by mice: interaction with
amphetamine and anti-inflammatory drugs. Psychopharma-
cology (Berl.) 132: 335-341.

Gilbert, C., D. McCafferty, Y. Le Maho, et al. 2009. One
for all and all for one: the energetic benefits of huddling in
endotherms. Biol. Rev. 85: 545-569.

Prat, Y., M. Taub & Y. Yovel. 2016. Everyday bat vocalizations
contain information about emitter, addressee, context, and
behavior. Sci. Rep. 6. 39419.

Harten, L., Y. Prat, S. Ben Cohen, et al. 2019. Food for sex in
bats revealed as producer males reproduce with scrounging
females. Curr. Biol. 29: 1895-1900.e3.

Kerckhove Van, K., N. Hens, W.]. Edmunds & K.T.D. Eames.
2013. The impact of illness on social networks: implications
for transmission and control of influenza. Am. J. Epidemiol.
178: 1655-1662.

Anderson, R.M., H. Heesterbeek, D. Klinkenberg & T.D.
Hollingsworth. 2020. How will country-based mitigation
measures influence the course of the COVID-19 epidemic?
Lancet 395: 931-934.

Hopwood, N., T. Maswanganyi & L.M. Harden. 2009. Com-
parison of anorexia, lethargy, and fever induced by bacterial
and viral mimetics in rats. Can. J. Physiol. Pharmacol. 87:
211-220.

Johnson, R.W. & E. von Borell. 1994. Lipopolysaccharide-
induced sickness behavior in pigs is inhibited by pre-

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Moreno et al.

treatment with indomethacin. J. Anim. Sci. 72: 309-
314.

Johnson, R.W,, S.E. Curtis, R. Dantzer, et al. 1993. Sickness
behavior in birds caused by peripheral or central injection of
endotoxin. Physiol. Behav. 53: 343-348.

O’Reilly, B., A.J. Vander & M.J. Kluger. 1988. Effects of
chronic infusion of lipopolysaccharide on food intake and
body temperature of the rat. Physiol. Behav. 42: 287-291.
Harten, L., A. Katz, A. Goldshtein, et al. 2020. The ontogeny
of a mammalian cognitive map in the real world. Science
369: 194-197.

Exton, M.S. 1997. Infection-induced anorexia: active host
defence strategy. Appetite 29: 369-383.

Wang, A., S.C. Huen, H.H. Luan, et al. 2016. Opposing
effects of fasting metabolism on tissue tolerance in bacterial
and viral inflammation. Cell 166: 1512-1525.e12.

Murray, M.J. & A.B. Murray. 1979. Anorexia of infection as
a mechanism of host defense. Am. J. Clin. Nutr. 32: 593-
596.

Weise, P, G.A. Czirjak, O. Lindecke, et al. 2017. Simu-
lated bacterial infection disrupts the circadian fluctuation of
immune cells in wrinkle-lipped bats (Chaerephon plicatus).
Peer] 5. €3570.

Abdel-Rachied, H.G., S.A. Zaahkouk, E.I. EL-Zawhry, et al.
2014. Flying or running stress effect on some hematological
and biochemical parameters in some birds and mammals. J.
Entomol. Zool. Stud. 2: 153-158.

Davis, A.K., D.L. Maney & J.C. Maerz. 2008. The use of
leukocyte profiles to measure stress in vertebrates: a review
for ecologists. Funct. Ecol. 22: 760-772.

Voigt, C.C., M. Fritze, O. Lindecke, et al. 2021. The immune
response of bats differs between pre-migration and migra-
tion seasons. Sci. Rep. 10: 1-11.

Giffen, P.SS., J. Turton, C.M. Andrews, et al. 2003. Markers of
experimental acute inflammation in the Wistar Han rat with
particular reference to haptoglobin and C-reactive protein.
Arch. Toxicol. 77: 392-402.

Gill, J. 1995. Serum lysozyme level in the European bison,
Bison bonasus. Comp. Biochem. Physiol. — Part B Biochem.
110: 235-240.

Gottdenker, N.L., D.G. Streicker, C.L. Faust & C.R. Car-
roll. 2014. Anthropogenic land use change and infectious
diseases: a review of the evidence. EcoHealth 11: 619-
632.

Ann. N.Y. Acad. Sci. 1505 (2021) 178-190 © 2021 The Authors. Annals of the New York Academy of Sciences
published by Wiley Periodicals LLC on behalf of New York Academy of Sciences



