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Abstract:  

The acute phase response is a component of innate immunity that helps fight infections. 1 

Understanding variation in this response is particularly critical in bats, which can be 2 

asymptomatic hosts of pathogens that cause disease in other animals. Although bats are most 3 

famously tolerant of viruses, research on the bat acute phase response has focused predominantly 4 

on bacterial antigens. To improve understanding of bat viral responses, we challenged wild 5 

Seba’s short-tailed bats (Carollia perspicillata) with a viral mimic (polyinosinic:polycytidylic 6 

acid; poly:IC). We injected nine bats subcutaneously with 2 mg/kg of poly:IC (n = 3), 5 mg/kg of 7 

poly:IC (n = 3), or phosphate buffered saline (n =3). Over the next 24 hours, we measured body 8 

temperature hourly and collected body mass and blood smears for leukocyte counts every four 9 

hours. Regardless of dose, poly:IC-challenged bats had higher body temperatures compared to 10 

control bats but did not exhibit leukocytosis or reduced body mass. These findings improve 11 

understanding of how wild bats physiologically respond to viral challenges. Moreover, in 12 

showing that as little as 2 mg/kg of polyI:C can induce a febrile response, our study provides a 13 

framework to facilitate future investigations into causes and consequences of wild bat viral 14 

responses. 15 
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Introduction 17 

The acute phase response is the first line of defence against pathogens (Cray et al. 2009). 18 

Mounting this immune response is energetically costly and manifests as a suite of behavioural 19 

and physiological symptoms that include but are not limited to lethargy, fever, and mass loss 20 

(Kelley et al. 2003; Adelman et al. 2009). Because these “sickness” effects can trade-off with 21 

other ecologically important processes, such as foraging, mating, or territorial defence, these 22 

responses can be deleterious to hosts (Lochmiller and Deerenberg, 2000). Yet despite its potential 23 

costs, sickness has also been hypothesized to be adaptive (Lopes et al. 2021). The behavioural 24 

and physiological changes that characterize sickness permit energy allocation towards fighting 25 

infections and thus can be ultimately advantageous to hosts. As such, characterizing the acute 26 

phase response within and among species can provide critical insight into variable infection 27 

outcomes including morbidity and mortality.  28 

Bats (order: Chiroptera) are a particularly interesting host group for investigating 29 

variation in the acute phase response, because they can harbour pathogens that cause clinical 30 

disease in other animals, including humans, yet often while presenting as asymptomatic (Baker 31 

et al. 2013; Banerjee et al. 2020; Irving et al. 2021). For instance, whereas Marburg virus 32 

(MARV) causes severe hemorrhagic fever in humans, Egyptian fruit bats (Rousettus 33 

aegyptiacus) inoculated with MARV do not show signs of clinical disease (Amman et al. 2015; 34 

Jones et al. 2015). A notable absence of disease also occurs for other bat species inoculated with 35 

other viruses, including Jamaican fruit bats (Artibeus jamaicensis) with Middle East respiratory 36 

syndrome coronavirus (MERS-CoV; Munster et al. 2016) and Pteropus species with both Hendra 37 

virus (HeV) and Nipah (NiV) virus (Halpin et al. 2011). Similarly, when experimentally 38 

challenged with antigens that mimic bacterial infections (in the absence of an actual pathogen), 39 



bats do not always show characteristic features of the acute phase response, such as fever and 40 

leukocytosis (e.g., Stockmaier et al. 2015; Melhado et al. 2020); however, these and other 41 

sickness responses do sometimes occur (e.g., reduced food intake, altered foraging and social 42 

behaviour, increased resting metabolic rates and body mass losses; Schneeberger et al. 2013a; 43 

Stockmaier et al. 2015; Otálora-Ardila et al. 2016; Otálora-Ardila et al. 2017; Cabrera-Martinez 44 

et al. 2018; Guerrero- Chacón et al. 2018; Stockmaier et al. 2018; Cabrera-Martinez et al. 2019; 45 

Melhado et al. 2020; Moreno et al. 2021; Viola et al. 2022; Viola et al. 2024). Understanding the 46 

causes and consequences of variation in the acute phase response across bats is foundational for 47 

research on the ecology and evolution of infections and could facilitate development of novel 48 

therapies to treat infections in humans and other wildlife (Banerjee et al. 2020; Becker et al. 49 

2025). 50 

Experimental immune challenges are desirable for studying the acute phase response in 51 

wildlife, because they isolate the effects of the immune response without possible confounding 52 

effects of an actual pathogen (Boughton et al. 2011). Moreover, in contrast to correlative 53 

observational work, these manipulations provide causal insight into how immune responses 54 

affect downstream processes (e.g., physiological responses). In bats specifically, where 55 

experimental infections can be prohibitively challenging for logistical and regulatory reasons, 56 

immune challenge in the wild can serve as a more tractable system for studying infection in vivo 57 

(Gilman et al. 2026). However, most experimental research in bats and other animals has focused 58 

on immunological responses to simulated bacterial infections using lipopolysaccharide (LPS), a 59 

Gram-negative bacterial cell wall component (Adelman and Martin, 2009). This work has 60 

advanced understanding of the mechanisms underlying variable host responses to bacterial 61 

infections, revealing substantial inter- and intra-specific differences in the acute phase response 62 



driven by organismal features (e.g., life history variation; Previtali et al. 2012) and environmental 63 

conditions (e.g., ambient temperature; Viola et al. 2024). LPS challenges have also shed light on 64 

consequences of the acute phase response, such as how sickness behaviour can alter pathogen 65 

transmission dynamics (e.g., Lopes et al. 2016). Given the eco-evolutionary, biomedical, and 66 

conservation importance of many bat-harboured viruses (e.g., MARV, HeV, NiV, lyssaviruses), a 67 

need exists for more focused work on how viral challenges (rather than bacterial challenges) 68 

affect the acute phase response in bats. 69 

Polyinosinic-polycytidylic acid (poly:IC) is a double-stranded RNA virus analogue that 70 

initiates immune responses similar to those trigged by viral infections (Caskey et al. 2011). In 71 

bats, in vitro poly:IC challenges have revealed diverse effects on gene expression and protein 72 

abundance (e.g., Cowled et al. 2012; Li et al. 2015; Banerjee et al. 2017; Irving et al. 2020; 73 

Schneor et al. 2023). To provide some examples, bat cell lines transfected with poly:IC 74 

upregulate interferon signalling and interferon-stimulated gene transcription, both of which work 75 

to control viral infections (e.g., Cowled et al. 2012; Mok et al. 2015). Moreover, poly:IC-76 

transfected black flying fox (Pteropus alecto) cell lines upregulate glycolysis-associated proteins, 77 

suggesting increased energy metabolism, and downregulate ribosomal-associated proteins, 78 

possibly to limit viral replication (Mok et al. 2015). As a final example, macrophages of greater 79 

mouse-eared bats (Myotis myotis) challenged with poly:IC show both proinflammatory and anti-80 

inflammatory responses, which are hypothesized to simultaneously control infections while 81 

minimizing damage to host cells (Kacprzyk et al. 2017).  82 

To our knowledge, only two studies have experimentally challenged wild bats in vivo 83 

with poly:IC. With M. myotis, a Eurasian vespertilionid species, Seltmann et al. (2022) found no 84 

evidence of fever, leukocytosis, or body mass changes following poly:IC treatment, although 85 



challenged bats displayed an overall increase in the neutrophil-to-lymphocyte ratio. Some of 86 

these findings contrast with work on the great fruit-eating bat (Artibeus lituratus), a phyllostomid 87 

distributed across the Greater Antilles, Central America, and northern South America, where 88 

poly:IC caused bats to lose body mass and develop fever in addition to increasing resting 89 

metabolic rate (Triana-Llanos et al. 2019). Much like responses to LPS, these poly:IC studies 90 

suggest a high extent of diversity in virus-associated acute phase responses. Yet given the 91 

scarcity of this work, additional studies in other species are critically needed to improve 92 

understanding of viral-associated acute phase responses in wild bats (Becker et al. 2025).  93 

Here, we investigated how simulated viral challenges with poly:IC affect the acute phase 94 

response in Seba’s short-tailed bat (Carollia perspicillata), a small-to-medium sized 95 

phyllostomid bat species that is likewise distributed across Central and South America (Cloutier 96 

and Thomas, 1992). We specifically injected wild-caught C. perspicillata in Panama with 97 

polyI:C and recorded changes to body temperature, body mass, and total leukocyte counts over a 98 

24-hour period. Our results show that C. perspicillata develop fever, but do not exhibit body 99 

mass losses or changes to leukocyte counts, following poly:IC challenge. These results improve 100 

understanding of how these bats respond to viral antigens while also providing a framework for 101 

future researchers conducting experimental immune challenges in wild bats. 102 

 103 

Methods 104 

Bat capture and immune challenge 105 

On February 12th, 2026, we captured nine adult male C. perspicillata using mist nets outside of a 106 

large roost in Gamboa, Parque Nacional Soberanía, Panama. We focused only on males because 107 



most captured females during this time were pregnant. Upon capture, we transferred bats to a 108 

large outdoor flight cage at the Smithsonian Tropical Research Institute, where they were housed 109 

together within a smaller tent (60 cm x 40 cm x 40 cm). We injected each bat with a thermo-110 

sensitive pit tag (Biotherm 13 PIT tag, Biomark) for individual identification and body 111 

temperature monitoring. Over the next several nights of acclimation, bats were provided water 112 

and banana ad libitum.  113 

The experiment began slightly less than three days after capture (~ 68 hours). Starting at 114 

7 pm, we removed bats from their tent and recorded mass with a Pesola scale (to the nearest 0.1 115 

gram) and body temperature by scanning the thermo-sensitive PIT tags. Using 26- or 27-gauge 116 

sterile needles, we drew a small amount of blood (< 10 μL) by lancing the propatagial vein. We 117 

collected blood with heparinized capillary tubes and transferred a drop to a clean glass slide to 118 

make a thin blood smear. We next injected each bat subcutaneously with one of either a low-dose 119 

of poly:IC (2 mg/kg; n = 3 bats), a high-dose of poly:IC (5 mg/kg; n = 3 bats), or phosphate-120 

buffered saline (PBS; using the equivalent volume as a 5 mg/kg poly:IC dose; n = 3 bats). While 121 

injecting, we alternated through treatments rather than injecting all three bats within one 122 

treatment group first.  123 

Following injections, we immediately placed bats into small tents (n = 9 tents; each bat 124 

held individually), still within the outdoor flight cage. Within each tent, we provided 60 g of 125 

banana. Six of the tents were 60 cm x 40 cm x 40 cm, and the other three tents were 30 cm x 30 126 

cm x 30 cm. Every hour following the injections (for 24 hours), we recorded body temperature 127 

by scanning each bat with a portable PIT tag reader (GPR Plus, Biomark). We aimed to be as 128 

minimally disruptive as possible, by holding the PIT tag reader to the side of the tent to minimize 129 

disturbance. Every four hours following the challenges, we removed bats from their tents, re-130 



measured mass, and collected blood to prepare another thin blood smear. The total volume of 131 

blood collected over this 24-hour period represented substantially less than 1% body mass 132 

(Sikes, 2016). After the trial was complete, bats were released at their capture location. 133 

 134 

Hematological analysis 135 

We used blood smears to estimate total white blood cell counts (Maceda-Veiga et al. 2015). 136 

Specifically, we used a light microscope to quantify the mean number of leukocytes from 10 137 

fields of view at 400X magnification (Schneeberger et al. 2013b). One observer (AMH) 138 

performed all white blood cell counts.  139 

 140 

Statistical analysis 141 

We conducted all analyses in R v 4.3.1 (R Core Team, 2023). To test how immune challenges 142 

affect C. perspicillata body temperature (°C), body mass (g), and total white blood cell counts, 143 

we fit three generalized additive mixed models (GAMMs)—one for each physiological 144 

measurement—using the mgcv package (Wood, 2011). Rather than using the raw physiological 145 

measurements, we instead calculated the change from “baseline” (i.e., the measurement taken 146 

immediately prior to injections, at hour zero) for each sampling event. In each model, we 147 

included treatment (PBS, low-dose poly:IC, high-dose poly:IC) as an ordered factor as a fixed 148 

effect, along with smoothed effects of time and treatment–time interactions using thin plate 149 

regression splines (Wood, 2003). We also included bat identity as a random intercept to account 150 

for repeated measurements from the same individuals. All GAMMs were fit using restricted 151 

maximum likelihood and used Gaussian errors.  152 



 153 

Results 154 

We found that poly:IC treatment significantly increased C. perspicillata body temperature, and 155 

that temperature increased linearly with dose (i.e., PBS < low dose < high dose; Figure 1; Table 156 

1). Within the low-dose group, temperature changes differed non-linearly over time (EDF = 157 

2.50), whereas we did not detect a time effect for the high-dose group (Figure 1; Table 1). This 158 

GAMM explained 57% of the deviance and 55% of the variance in temperature (i.e., R2 = 0.55). 159 

Although our preliminary sample size precludes formal statistical investigation into 160 

pairwise hourly differences, body temperature was immediately elevated in the high-dose 161 

poly:IC group, while it initially decreased in the PBS and low-dose poly:IC groups (mean 162 

temperature change from pre-injection baseline at hour one = high-dose poly:IC: 0.23°C; low-163 

dose poly:IC: -1.87°C; PBS: -1.93°C). The high-dose and low-dose poly:IC groups differed by 164 

an average of >1°C only for the first three hours of the trial (3/24 hours); however, by hour four 165 

and throughout the remainder of the trial, the mean temperature difference between these groups 166 

was <1°C. By contrast, the high-dose poly:IC and PBS bats differed by an average of >1°C for 167 

most of the trial (17/24 hours), including in hours 21–23. 168 

Treatment did not affect body mass (Figure 2) or total leukocyte counts (Figure 3) 169 

independently or in interaction with time (Table 1). These GAMMs explained 77% and 28% of 170 

the deviance and 72% and 23% of the variance, for mass and leukocyte counts, respectively.   171 

  172 

Discussion 173 



Characterizing the acute phase response across species and contexts can help explain variation in 174 

infection outcomes (e.g., morbidity and mortality). These investigations are particularly 175 

interesting and epidemiologically relevant with bats, as these flying mammals often harbor 176 

pathogens—particularly viruses—that are dangerous to other animals, while seemingly 177 

remaining asymptomatic (Baker et al. 2013; Banerjee et al. 2020; Irving et al. 2021). To improve 178 

understanding how bats respond to viral challenges, we experimentally challenged wild 179 

phyllostomid bats with a viral mimic (i.e., poly:IC). Regardless of the dose administered (i.e., 2 180 

mg/kg vs 5 mg/kg), immune-challenged bats did not differ from control bats in body mass or 181 

total leukocyte counts over a 24-hour period. Instead, the primary indicator of an immunological 182 

response was fever; immune-challenged bats had higher body temperatures compared to control 183 

bats. Collectively, our preliminary findings improve understanding how wild bats respond to 184 

viral infections and will help facilitate future work on viral challenges in wild bats.  185 

 In our study, regardless of the poly:IC dose administered, C. perspicillata exhibited 186 

increased body temperature. Between the high-dose and control bats, this temperature difference 187 

was >1°C for 71% of the trial, revealing a substantial energetic cost to C. perspicillata. Indeed, 188 

foundational physiological work suggests a temperature increase of 1°C is associated with a 189 

metabolic rate increase of at least ~10% (Kluger 1991), and, in bats specifically, LPS challenges 190 

that increase body temperature by 1.5°C are associated with a 40% increase in resting metabolic 191 

rate (Guerrero- Chacón et al. 2018). Following poly:IC treatment, A. lituratus, another bat 192 

species from the same family as C. perspicillata (Phyllostomidae), also develops fever (Triana-193 

Llanos et al. 2019), whereas the more distantly related M. myotis does not—even at much higher 194 

doses (i.e., 25 mg/kg compared to our highest dose of 5 mg/kg; Seltmann et al. 2022). These 195 

results suggest that more closely related or more ecologically similar species could show similar 196 



febrile responses to viral challenges. However, methodological differences also point to the 197 

possibility that these discrepancies could be artefacts rather than shared ecology or evolutionary 198 

history. For instance, in addition to different doses, prior work on A. lituratus reported body 199 

temperature six hours after poly:IC treatment, whereas that on M. myotis reported body 200 

temperature 24 hours later (Triana-Llanos et al. 2019; Seltmann et al. 2022). As revealed in our 201 

study, febrile responses to poly:IC can vary in a time- and dose-dependent manner; as such, these 202 

sampling windows (six vs 24 hours) might be comparatively incompatible. This last point 203 

emphasizes the value of fine-scale temporal sampling for characterizing febrile responses to 204 

poly:IC and stresses that future comparative work with wild bats necessitates standardizing 205 

protocols to the fullest extent possible, while acknowledging that different species might require 206 

different doses to elicit similar responses and that these responses might differ under varying 207 

conditions or timescales (Kluger 1991).  208 

We did not observe any body mass or leukocyte count differences between poly:IC- and 209 

PBS-injected bats. Given our small sample size, it is possible that we simply did not have the 210 

statistical power to detect these effects. On the other hand, these findings could be biologically 211 

meaningful, and they are consistent with previous work on M. myotis, which also do not lose 212 

body mass or exhibit leukocytosis following poly:IC treatment (Seltmann et al. 2022). In A. 213 

lituratus, although leukocytosis was not measured, bats injected with poly:IC lost ~1 g of body 214 

mass more than control bats after six hours, although this effect had seemingly dissipated by 24 215 

hours post-treatment (Triana-Llanos et al. 2019). Variable body mass responses to viral 216 

challenges differ from many bacterial challenge studies, which are largely more consistent, at 217 

least for Neotropical bat species. Indeed, Neotropical bats, including but not limited to C. 218 

perspicillata, typically lose mass when challenged with LPS (e.g., Schneeberger et al. 2013a; 219 



Stockmaier et al. 2015; Otálora-Ardila et al. 2016; Otálora- Ardila et al. 2017; Cabrera-Martinez 220 

et al. 2018; Cabrera-Martinez et al. 2019; Melhado et al. 2020; Viola et al. 2022; Viola et al. 221 

2024). Body mass loss following an immune challenge can be due to decreased appetite or 222 

increased energy metabolism, both of which facilitate allocating resources towards fighting 223 

infection (Lochmiller and Deerenberg 2000). The mechanisms for why bats do not always lose 224 

mass following viral challenges remain unclear. Future comparative work could aim to determine 225 

the extent to which this effect is a feature of the bacterial versus viral response and by how much 226 

this variation can be explained by ecological (e.g., diet), evolutionary, or methodological (e.g., 227 

time in captivity, challenge dose) differences between individuals, species, and studies.   228 

Despite the lack of mass or leukocyte effects associated with poly:IC treatment, the 229 

febrile response in our study provides the practically useful information that as little as 2 mg/kg 230 

of poly:IC is sufficient to elicit an acute phase response in C. perspicillata. Similar results were 231 

observed with 5 mg/kg of poly:IC, with the timing of body temperature changes being the 232 

apparent difference between our two doses. Specifically, body temperature of the high-dose 233 

group (i.e., 5 mg/kg) was seemingly elevated relative to the control group immediately, whereas 234 

temperature of the low-dose group (i.e., 2 mg/kg) increased more gradually, converging with the 235 

high-dose group approximately four hours after treatment. Although these hourly pairwise 236 

comparisons were not validated statistically, and must therefore be interpreted cautiously, we 237 

highlight them to help inform the methodological decisions of researchers studying viral-238 

associate responses in wild bats. In short, depending on the goals of a study and the timing of 239 

desired physiological effects, either dose could be suitable to administer to wild bats. 240 

Our work therefore reveals that while C. perspicillata do not show all the classically 241 

expected components of the acute phase response to viral challenge, a febrile response does 242 



develop following subcutaneous injection with poly:IC. Discussing our findings in the context of 243 

other bat immunology research emphasizes that study-level and species-level variation in the 244 

acute phase response is the norm. More widespread challenge trials with viral mimics are needed 245 

in wild bats to untangle the sources and extent of this variation and its ecological and 246 

evolutionary implications. Our study provides practically useful information on the dosage and 247 

timing of the acute phase response initiated by poly:IC in one of the most studied Neotropical bat 248 

species. Our findings are therefore useful to guide this future work for researchers interested in 249 

making comparisons within or across species and for designing studies investigating how the 250 

acute phase response affects, or is affected by, other behavioural or physiological processes. 251 

More broadly, bats harbour many viruses that cause disease in other animals while presenting as 252 

asymptomatic, yet most past work with bats has focused on their responses to bacterial antigens. 253 

In monitoring fine-scale physiological changes following challenge with a viral mimic, our study 254 

begins to fill an important gap in understanding how wild bats respond to viral infections. 255 

 256 

Acknowledgements: The authors would like to thank Nair Cabezón, Jorge López, and Ashly 257 

Chávez, for helping to capture the bats, and Richa Singh for helping with equipment set-up. The 258 

authors would also like to thank Gregg Cohen for logistical support.  259 

 260 

Funding: AMH was supported by a Natural Sciences and Engineering Research Council of 261 

Canada – Postdoctoral Fellowship. AMH, CAC, RAP, RS, and DJB were supported by the 262 

Human Frontier Science Program (RGP002/2023; DOI: 263 

10.52044/HFSP.RGP0022023.pc.gr.168588). VB, AP, MY, and KZ were supported by the 264 



Scientists for Scientists Initiative from the Human Frontier Science Program. DJB was further 265 

supported by the Edward Mallinckrodt, Jr. Foundation. 266 

 267 

References 268 

Adelman JS, Martin LB. Vertebrate sickness behaviors: adaptive and integrated neuroendocrine 269 

immune responses. (2009). Integrative and Comparative Biology, 49(3):202-14.  270 

Amman BR, Jones ME, Sealy TK, Uebelhoer LS, Schuh AJ, Bird BH, Coleman-McCray JD, 271 

Martin BE, Nichol ST, Towner JS. (2015). Oral shedding of Marburg virus in 272 

experimentally infected Egyptian fruit bats (Rousettus aegyptiacus). The Journal of 273 

Wildlife Diseases, 51(1):113-24.  274 

Baker, M. L., Schountz, T., & Wang, L. F. (2013). Antiviral immune responses of bats: a review. 275 

Zoonoses and public health, 60(1), 104-116. 276 

Banerjee, A., Baker, M. L., Kulcsar, K., Misra, V., Plowright, R., & Mossman, K. (2020). Novel 277 

insights into immune systems of bats. Frontiers in immunology, 11, 507886. 278 

Becker DJ, Vicente‐Santos A, Reers AB, Ansil BR, O'Shea M, Cummings CA, Roistacher AJ, 279 

Quintela‐Tizon RM, Pereira MM, Rosen J, Banerjee A. (2025). Diverse hosts, diverse 280 

immune systems: evolutionary variation in bat immunology. Annals of the New York 281 

Academy of Sciences, 1550(1):151-72.  282 

Boughton RK, Joop G, Armitage SA. (2011). Outdoor immunology: methodological 283 

considerations for ecologists. Functional Ecology, 25(1):81-100.  284 



Cabrera-Martinez, L. V., & Cruz-Neto, A. P. (2018). The energetic cost of mounting an immune 285 

response for Pallas’s long-tongued bat (Glossophaga soricina). PeerJ, 6, e4627.  286 

Cabrera-Martinez, L. V., & Cruz-Neto, A. P. (2019). Food restriction, but not seasonality, 287 

modulates the acute phase response of a Neotropical bat. Comparative Biochemistry and 288 

Physiology Part A: Molecular & Integrative Physiology, 229, 93-100.  289 

Caskey, M., Lefebvre, F., Filali-Mouhim, A., Cameron, M. J., Goulet, J. P., Haddad, E. K., ... & 290 

Sékaly, R. P. (2011). Synthetic double-stranded RNA induces innate immune responses 291 

similar to a live viral vaccine in humans. Journal of experimental medicine, 208(12), 292 

2357-2366. 293 

Cloutier, Danielle, and Donald W. Thomas. (1992). Carollia perspicillata. Mammalian species, 294 

417, 1-9.  295 

Cowled, C., Baker, M. L., Zhou, P., Tachedjian, M., & Wang, L. F. (2012). Molecular 296 

characterisation of RIG-I-like helicases in the black flying fox, Pteropus alecto. 297 

Developmental & Comparative Immunology, 36(4), 657-664. 298 

Cray, C., Zaias, J., & Altman, N. H. (2009). Acute phase response in animals: a review. 299 

Comparative medicine, 59(6), 517. 300 

Gilman Duane E, Frank HK, Smith CA, Aguilar-Setién A, Aréchiga-Ceballos N, Cárdenas-301 

Canales EM, Falendysz EA, Fraser D, Moore MS, Fujimoto GR, Hudson TW. (2026). 302 

Field safety considerations during work with bats: Returning to the laboratory 303 

environment. Applied Biosafety, 31(1):24-47.  304 



Guerrero-Chacón, A. L., Rivera-Ruíz, D., Rojas-Díaz, V., Triana-Llanos, C., & Niño-Castro, A. 305 

(2018). Metabolic cost of acute phase response in the frugivorous bat, Artibeus lituratus. 306 

Mammal Research, 63(4), 397-404. 307 

Halpin, K., Hyatt, A. D., Fogarty, R., Middleton, D., Bingham, J., Epstein, J. H., ... & 308 

Henipavirus Ecology Research Group. (2011). Pteropid bats are confirmed as the 309 

reservoir hosts of henipaviruses: a comprehensive experimental study of virus 310 

transmission. The American journal of tropical medicine and hygiene, 85(5), 946. 311 

Irving AT, Zhang Q, Kong PS, Luko K, Rozario P, Wen M, Zhu F, Zhou P, Ng JH, Sobota RM, 312 

Wang LF. (2020). Interferon regulatory factors IRF1 and IRF7 directly regulate gene 313 

expression in bats in response to viral infection. Cell reports. 33(5).  314 

Irving, A. T., Ahn, M., Goh, G., Anderson, D. E., & Wang, L. F. (2021). Lessons from the host 315 

defences of bats, a unique viral reservoir. Nature, 589(7842), 363-370. 316 

Jones, M. E., Schuh, A. J., Amman, B. R., Sealy, T. K., Zaki, S. R., Nichol, S. T., & Towner, J. S. 317 

(2015). Experimental inoculation of Egyptian rousette bats (Rousettus aegyptiacus) with 318 

viruses of the Ebolavirus and Marburgvirus genera. Viruses, 7(7), 3420-3442.  319 

Kacprzyk, J., Hughes, G. M., Palsson-McDermott, E. M., Quinn, S. R., Puechmaille, S. J., 320 

O'neill, L. A., & Teeling, E. C. (2017). A potent anti-inflammatory response in bat 321 

macrophages may be linked to extended longevity and viral tolerance. Acta 322 

chiropterologica, 19(2), 219-228. 323 

Kelley K, Bluthe R, Dantzer R, Zhou J, Shen W, Johnson R, Broussard S. (2003). Cytokine-324 

induced sickness behavior. Brain Behav Immun 17:S112–S118 325 



Kluger, M. J. (1991). Fever: role of pyrogens and cryogens. Physiological reviews, 71(1), 93-326 

127.  327 

Li, J., Zhang, G., Cheng, D., Ren, H., Qian, M., & Du, B. (2015). Molecular characterization of 328 

RIG-I, STAT-1 and IFN-beta in the horseshoe bat. Gene, 561(1), 115-123. 329 

Lochmiller RL, Deerenberg C. (2000). Trade-offs in evolutionary immunology: just what is the 330 

cost of immunity? Oikos, 88(1):87-98. 331 

Lopes, P. C., Block, P., & König, B. (2016). Infection-induced behavioural changes reduce 332 

connectivity and the potential for disease spread in wild mice contact networks. Scientific 333 

reports, 6(1), 31790.  334 

Lopes PC, French SS, Woodhams DC, Binning SA. (2021). Sickness behaviors across vertebrate 335 

taxa: proximate and ultimate mechanisms. Journal of Experimental Biology. 336 

224(9):jeb225847.  337 

Maceda-Veiga, A., Figuerola, J., Martínez-Silvestre, A., Viscor, G., Ferrari, N., & Pacheco, M. 338 

(2015). Inside the Redbox: applications of haematology in wildlife monitoring and 339 

ecosystem health assessment. Science of the Total Environment, 514, 322-332. 340 

Melhado G, Herrera M LG, da Cruz‐Neto AP. Bats respond to simulated bacterial infection 341 

during the active phase by reducing food intake. (2020). Journal of Experimental Zoology 342 

Part A: Ecological and Integrative Physiology, 333(8):536-42.  343 

Mok, L., Wynne, J. W., Ford, K., Shiell, B., Bacic, A., & Michalski, W. P. (2015). Proteomic 344 

analysis of Pteropus alecto kidney cells in response to the viral mimic, Poly I: C. 345 

Proteome science, 13(1), 25. 346 



Moreno, K. R., Weinberg, M., Harten, L., Salinas Ramos, V. B., Herrera M, L. G., Czirják, G. Á., 347 

& Yovel, Y. (2021). Sick bats stay home alone: fruit bats practice social distancing when 348 

faced with an immunological challenge. Annals of the New York Academy of Sciences, 349 

1505(1), 178-190. 350 

Munster, V. J., Adney, D. R., van Doremalen, N., Brown, V. R., Miazgowicz, K. L., Milne-Price, 351 

S., ... & Bowen, R. A. (2016). Replication and shedding of MERS-CoV in Jamaican fruit 352 

bats (Artibeus jamaicensis). Scientific Reports, 6(1), 21878.  353 

Otálora-Ardila, A., Herrera M, L. G., Flores-Martínez, J. J., & Welch Jr, K. C. (2016). Metabolic 354 

cost of the activation of immune response in the fish-eating myotis (Myotis vivesi): the 355 

effects of inflammation and the acute phase response. PLoS One, 11(10), e0164938. 356 

Otálora-Ardila, A., M, L. G. H., Flores-Martínez, J. J., & Welch Jr, K. C. (2017). The effect of 357 

short-term food restriction on the metabolic cost of the acute phase response in the fish-358 

eating myotis (Myotis vivesi). Mammalian Biology, 82(1), 41-47. 359 

Previtali, M. A., Ostfeld, R. S., Keesing, F., Jolles, A. E., Hanselmann, R., & Martin, L. B. 360 

(2012). Relationship between pace of life and immune responses in wild rodents. Oikos, 361 

121(9), 1483-1492. 362 

R Core Team (2023). R: A Language and Environment for Statistical Computing. R Foundation 363 

for Statistical Computing, Vienna, Austria. <https://www.R-project.org/>.  364 

Schneeberger, K., Czirják, G. Á., & Voigt, C. C. (2013a). Inflammatory challenge increases 365 

measures of oxidative stress in a free-ranging, long-lived mammal. Journal of 366 

Experimental Biology, 216(24), 4514-4519.  367 



Schneeberger, K., Czirjak, G. A., & Voigt, C. C. (2013b). Measures of the constitutive immune 368 

system are linked to diet and roosting habits of neotropical bats. PLoS One, 8(1), e54023. 369 

Schneor, L., Kaltenbach, S., Friedman, S., Tussia-Cohen, D., Nissan, Y., Shuler, G., ... & Hagai, 370 

T. (2023). Comparison of antiviral responses in two bat species reveals conserved and 371 

divergent innate immune pathways. iScience, 26(8).  372 

Seltmann, A., Troxell, S. A., Schad, J., Fritze, M., Bailey, L. D., Voigt, C. C., & Czirják, G. Á. 373 

(2022). Differences in acute phase response to bacterial, fungal and viral antigens in 374 

greater mouse-eared bats (Myotis myotis). Scientific Reports, 12(1), 15259.  375 

Sikes, R. S., & Animal Care and Use Committee of the American Society of Mammalogists. 376 

(2016). 2016 Guidelines of the American Society of Mammalogists for the use of wild 377 

mammals in research and education. Journal of mammalogy, 97(3), 663-688. 378 

Stockmaier S, Dechmann DK, Page RA, O'Mara MT. (2015). No fever and leucocytosis in 379 

response to a lipopolysaccharide challenge in an insectivorous bat. Biology Letters. 380 

1;11(9)  381 

Stockmaier, S., Bolnick, D. I., Page, R. A., & Carter, G. G. (2018). An immune challenge reduces 382 

social grooming in vampire bats. Animal Behaviour, 140, 141-149.  383 

Triana-Llanos, C., Guerrero-Chacón, A. L., Rivera-Ruíz, D., Rojas-Díaz, V., & Niño-Castro, A. 384 

(2019). The acute phase response elicited by a viral-like molecular pattern increases 385 

energy expenditure in Artibeus lituratus. Biologia, 74(6), 667-673.  386 



Viola, M. F., Gerardo Herrera M, L., & da Cruz-Neto, A. P. (2022). The acute phase response in 387 

bats (Carollia perspicillata) varies with time and dose of the immune challenge. Journal 388 

of Experimental Biology, 225(24), jeb244583.  389 

Viola, M. F., Herrera M, L. G., & Cruz-Neto, A. P. (2024). Combined effects of ambient 390 

temperature and food availability on induced innate immune response of a fruit-eating bat 391 

(Carollia perspicillata). PLOS One, 19(5), e0301083.  392 

Wood, S. N. (2003). Thin plate regression splines. Journal of the Royal Statistical Society Series 393 

B: Statistical Methodology, 65(1), 95-114. 394 

Wood, S.N. (2011) Fast stable restricted maximum likelihood and marginal likelihood estimation 395 

of semiparametric generalized linear models. Journal of the Royal Statistical Society (B) 396 

73(1):3-36  397 



Tables and figures 398 

Table 1. Effects of treatment (as an ordered factor) on change from pre-injection baseline for 399 

each physiological measurement. Effects are presented as model coefficients or estimated 400 

degrees of freedom (EDF) and test statistics. All GAMMs include a random intercept of bat 401 

identity.  402 

Response Term β t EDF F p 

Body 

temperature 

Intercept -0.90 -7.73   <0.001 

Treatment (linear) 0.86 4.27   <0.001 

Treatment (quadratic) -0.25 -1.25   0.213 

s(time point)   1.39 11.39 <0.001 

s(time point) : low-dose poly:IC   2.50 2.85 <0.001 

s(time point) : high-dose poly:IC   0.40 0.15 0.12 

Body mass  Intercept 1.76 7.45   <0.001 

Treatment (linear) -0.20 -0.49   0.62 

Treatment (quadratic) 0.70 1.71   0.09 

s(time point)   4.03 19.05 <0.001 

s(time point) : low-dose poly:IC   0.00 0.00 0.24 

s(time point) : high-dose poly:IC   0.00 0.00 0.77 

Leukocyte count Intercept 0.46 3.39   <0.01 

Treatment (linear) -0.36 -1.54   0.13 

Treatment (quadratic) -0.24 -1.00   0.32 

s(time point)   0.92 2.60 <0.001 



s(time point) : low-dose poly:IC   0.00 0.00 0.35 

s(time point) : high-dose poly:IC   0.14 0.04 0.19 

  403 



 404 

Figure 1. Effect of time on change in body temperature, body mass, and total leukocyte count 405 

from baseline. The trendlines with 95% confidence intervals were estimated from the GAMM, 406 

and the data points reflect raw data. The data, trend lines, and ribbons are colored by treatment, 407 

and the horizontal dashed line reflects baseline (i.e., measurement at hour 0). 408 


