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Abstract

The ability of bats to coexist with viruses without being harmed is an interesting issue that is still
under investigation. Here we use a mathematical model to show that the pattern of body temperature
variations observed in bats between day and night is responsible for their ability to keep viruses in check.
From the dynamical systems point of view, our model displays an intriguing quasi-periodic behavior that
might be relevant in making the system robust by avoiding viral escape due to perturbations in the body
temperature cycle.

Keywords:
Bats, IFN-α, Immunity, virus,

1. Background and motivation

Bats provide a natural reservoir for several viruses of clinical importance, including rabies virus, Nipah,
Hendra, Ebola and many coronaviridae [1] including SARS-CoV-2 [2]. It is, however, still unclear
how bats are able to sustain chronic viral infection without harm. Understanding this issue could have
tremendous relevance for the prevention and treatment of viral infections in humans and livestock. Bats
are represented by more than 1400 species, about one fourth of all existing mammal species, populating
every kind of habitat and being the only mammals capable of sustained flight [3].

Some species of bats are capable of hibernating during the winter season when the temperature
decreases, prey are scarce and food requirements can easily exceed available resources [4, 5]. During
the day, most bats decrease their activity and enter torpor in order to hunt at dawn when the external
temperature is lower and food is more abundant [6, 7]. During flight, the body temperature of bats rises
above 40◦C [8] while during daily torpor it is significantly lower [6], reaching in some cases 10◦ C [5].
This is an effective method of energy conservation which is particularly useful to bats since flight has a
high energetic cost [8, 5]. Recent work showed that neuronal stimulation is able to induce torpor and
decrease the body temperature [9, 10], suggesting that the day/night cycle might not be the only relevant
cause of torpor [11].

Here, we show that the variations in bats body temperature are at the core of their unconventional
coexistence with viruses. To this end, we construct a mathematical model of the interactions between
the virus and the bats immune system. We chose the model parameters so that they match the observed
time-dependent body temperature variations and other existing experimental measurements.

2. Bats body temperature variations

The gradient of body temperature (Tb) variations during day/night cycle in bats is estimated as 0.1-
0.2◦ C/min [12, 13, 14] (see Fig.1a, reporting data from [14]). While the range of variation of Tb depends
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on the species and is correlated to the environmental temperature [14, 15], the absolute value of Tb is
affected by the method used to measure it, with differences of 1 − 2◦C between internal body and skin
temperature. Considering four different datasets on seven species of bats where changes in body or skin
temperature was measured on single individuals in both torpid and active states at different environmental
temperatures [14, 15], we found that Tb changes roughly between 20-37◦C , and ∆Tb ≈ 10±4◦ C (Fig.1b).
The temperature interval might be even larger, since body temperatures during flight periods could easily
reach values as high as 40◦ C (Fig.1b).

To evaluate the reduction in viral reproduction rate α during the torpid phase, we considered the
model proposed by Chen and coworkers [16]. As reported in Fig.1c, under the hypothesis that the virus
has its optimal growth rate α0 = αA when Tb = Tawake, we can estimate a reduction of 50 − 80% of the
growth during the torpid phase (αT ). This reduction could also be influenced by other factors, including
the elevated presence in bats of heat shock-proteins that could also help control viral growth.

3. Model for viral-host interactions in bats

We developed a minimal model of virus/host interaction in order to evaluate how a reduced viral
growth during the torpid phase could contribute to the permanence of chronic viral infection in bats. We
investigate Virus-host interactions using a modified Lotka-Volterra predator-prey model with two species
representing a single type of virus and the host immune response, which increases in presence of the
pathogen and interacts with it by decreasing its diffusion in the organism. We modeled two different
kinds of immune responses: the lytic response where the infected cells are destroyed and the nonlytic
response where there is an inhibition of viral replication by soluble mediators such as interferons (IFNs)
[17].

3.1. Model description

Following [17], we describe virus/host interactions as
dv(t)

dt
=

α(t)

1 + λ I(t)
v(t)− β v(t)I(t)− µ v(t)

dI(t)

dt
= γ v(t)− δ I(t)

(1)

where v and I represent virus load and immune response strength, µ and δ are the virion and immune
response half-lives and α(t) is the virus growth rate as a function of time. In virus-host interaction models
for specific viruses (i.e. HIV), the population of susceptible and infected cells are usually included, since
the exhaustion of the healthy cells reservoir is an important feature of the infection dynamics. Here,
we aim to model virus-host interactions in bats considering viruses that do not target specific cell types.
Thus, we do not explicitly model susceptible and infected cells but consider an infinite reservoir of healthy
host cells. Similarly, we do not include in the model the source of the immune response. Hence I does
not represent a specific cell type or mediator but only the intensity of the response.

The parameter λ is related to the effect of the nonlytic immune response, that decreases virus repro-
duction, while β is an effective contribution to virus degradation due to the lytic process. We study the
nonlytic (λ > 0, β = 0) and the lytic (λ = 0, β > 0) responses separately. The induction of an immune
response is controlled by the parameter γ and does not depend on the actual value of I. This assumption
is coherent with the known mechanism of production of IFN-α, that is not auto-activated but released
from infected cells. In principle, immune response induction should be limited (i.e. ∝ v(t)/(v(t) + ν)),
implying a limited growth of I when v(t) >> ν. Here, we focus on chronic, controlled virus infection
where the immune response is far from saturation and thus, in our model, the immune system is capable
of contrasting the virus producing a (virtually) infinite response.
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In both lytic and nonlytic systems, the first equilibrium point is a saddle point corresponding to the
extinction of both species (Ieq, veq) = (0, 0). The second equilibrium point for the lytic case is given by

(Ieq, veq) =

(
α(t)− µ

β
,
δ(α(t)− µ)

γ

)
(2)

and is stable for δ > 4(α(t)− µ) and a stable spiral otherwise.
In the nonlytic case, the second equilibrium point is instead given by

(Ieq, veq) =

(
α(t)− µ
µλ

,
δ(α(t)− µ)

µγ

)
(3)

and is stable for α(t) > µ.

3.2. Model parameters

The half-life of IFNα is estimated to be ≈ 4−5h, even if shorter lifetimes have been observed [18] and
free virions half-life in serum are in the same range for HIV, HCV and Influenza-A virus [19]. Thus, we
assume δ ≈ µ ≈ ln(2)/4 ≈ 0.15. If we identify the parameter δ with the decay rate of the IFN-induced
response genes (i.e. the decrease of the effective action of the immune response) δ ≈ ln(2)/8h ≈ 0.9h−1 is
of the same order of magnitude [20]. The viral growth rate is given by the product between the burst size
(how many virions are produced) and the first exit time. The burst size varies in the range 102 − 104 for
different kinds of viruses, while the first exit time can be estimated to be ≈ 6− 12h [21, 22]. Considering
the upper range of these values (i.e. aggressive, fast viruses), α can be estimated as ln(104)/6h ≈ 1.5h−1.
Values of β,λ and γ are more difficult to estimate. A fit of the dose-response curve to IFN-α for different
viruses [23, 20] shows that they vary in a wide range of values (i.e. 10− 103). We verified our results for
parameters in the 0.01− 100 range, noticing that the relative reduction of v and I are not influenced by
the specific value chosen.

4. Model solutions

When the model parameters are not time-dependent, we expect that the model reaches a stable
equilibrium point in both lytic and nonlytic conditions. As previously discussed, however, the viral
growth rate is expected to change in time (α(t)) as a consequence of changes in the host temperature
during daily torpor. For the sake of simplicity and due to the experimentally observed sharp transition of
Tb, we consider changes in α(t) between αA and αT to be instantaneous. We verified that considering a
smoother transition of α(t) and including a realistic change of decay rates with temperature δ and µ, the
results are not affected. Fig. 1d-f illustrates how a sharp change in α(t) during the day could influence
the level of both the virus load and the immune response in bats, leading to a pseudo-periodic behavior.
For a wide range of biological parameters, the lytic model effectively displays a stable spiral attractor for
both the torpid and the awake phase. As a consequence of this, its associated trajectory spans a larger
range of values (see Fig. 1e) while the presence of fixed points leads to more localized trajectories (see
Fig. 1f). For both models, a quasi-periodic behavior is reached after a short transient phase.

Fig. 1d shows the presence of daily oscillations with an effective quasi-period of 48h, with transition
points that do not coincide exactly from one cycle to the next. To investigate if the observed dynamical
behavior is chaotic, we estimate the associated Lyaupnov exponents Λ± showing that the maximum
exponent Λ+ can become transiently positive for a specific range of parameters (either γlytic � 1 or
β � 1) but does not display true long-term chaotic behavior (Fig.2a). The existence of pesudo-periodic
behavior with a period larger than 24h depends on the duration of torpid and awake states (i.e. on tnight)
and on the ratio αS/αT . Fig. 2b shows the amount of time spent, each day, below the equilibrium values of
the wake state over a period of 10 days. It is evident that for intermediate durations of the awake phase,
more than one value is possible, corresponding to 2-day or 4-days periods, as in Fig.1c. The nonlytic
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model shows a less variable behavior, and for longer time scales (≈ 100d) the system becomes effectively
periodic with period 24h for any duration of tnight and α. We verified that Λ+ is transiently positive also
in presence of noise in tnight or in tday. In particular, we tested the results with tnight = 8h±∆t, where ∆t
is uniformly distributed between [−∆0, 1Delta0] and ∆0 = 1, 2, 4h, and with similar fluctuations for tday.
Under these conditions, the quasi-periodic behavior observed in the absence of noise is still preserved.

Since we are interested in long-term effects, we evaluate the amount of both v and I averaged over ten
days (i.e. more than one period). Interestingly, the average amount of virus and immune response load
are very similar for both models, indicating a pronounced reduction compared to equilibrium values even
at larger tnight and for minimal changes in α (see Fig. 2c). Evaluating the amount of time spent by the
system in the region v < vawake and I < Iawake shows that the nonlytic model is capable of maintaining a
more stable viral reduction (Fig. 2d) while a more complex picture, corresponding to the existence of two-
days period is shown by the lytic model (Fig.2e,f). Furthermore, the results highlight the different nature
of lytic model trajectories, that allows the system to stay in the phase space region where v > vawake and
I > Iawake. Note that the model parameters estimated from biological data to describe effective virus-host
interactions (β,γ and λ), affect the location of the stable point and the global velocity of the system, but
do not affect the values reported in Fig. 2 that are all relative to the equilibrium point. Thus, these
results could in principle apply to a wide variety of viruses with different strength and efficiency of the
immune response.

5. Conclusion

Using a minimal model of virus-host interactions, we were able to evaluate the contribution of daily
torpor in the maintenance of viral infections in bats. The model is clearly simplified since it does not
consider how the virus spreads in the body nor the details of the immune cells. Despite this, the model
shows that even with short torpor periods, corresponding to a small virus growth rate reduction, bats are
able to achieve a significant reduction of the virus concentration. A comparison of two different models
of the immune response shows that the nonlytic response, that is typical of innate immunity triggered
by IFN-α, is more efficient in maintaining constantly low viral levels. Furthermore, the presence of daily
torpor contributes to a reduction of the immune response, preventing the risks correlated to a sustained
inflammation. Recent work demonstrates that virus replication could increase with temperature, without
affecting Tb [24, 25]. This could suggest that viral load is limited by torpor, rather than by temperature
variations, in contrast with the ‘flight as fever’ hypothesis [26].

From the dynamical systems point of view, at biologically relevant time scales, both models show
intriguing quasi-periodic but non-chaotic behavior. It is possible that the observed quasi-periodic behavior
would make the system more robust to noise, such as the one coming from variations in the sleep-wake
periodicity.
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Figure 1: a) Representative illustration of Tb for a bat during night (shaded area) and its drastic reduction when entering
torpor during the day. Data from [14]. b)Change of temperature between torpid and awake phase for five different species or
genera of bats, as in legend. Average temperature of 21 bats species are also reported (orange dots) [26]. c) Thermal response
curve of viral growth rate. Shaded region corresponds to typical range of ∆T for bats during daily torpor. Curve is obtained
as in Ref.[16]. d-f) Typical trajectory from the numerical solutions of lytic (d,e) and nonlytic models (f) including day/night
cycle. Starting point is stable point corresponding to day parameters (torpor condition, red star in Panels (e,f). When bats
awake, virus growth rate increases and the system moves toward the new equilibrium point ((vawake, Iawake), red dots in
Panels (e,f). After a given time (tnight), parameters are reverted to diurnal values for a time tday = 24− tnight and the system
tend to return to torpor stable state. Blue/purple dots in Panel (d) and black dots in Panels (e,f) indicate transition point
between night/day when virus growth rate is switched on/off. For both the models tnight = 8,αA = 1.5,αT = 0.4,δ = 0.15,
µ = 0.15; β, γ, λ are chosen to have the same equilibrium points for the two models: β = γ = 1, λ = 6.67,γ = 0.15.
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Figure 2: a) An example of transiently positive Lyaupnov exponent calculated for the lytic model. Light and dark green lines
represent the two Lyaupnov exponents. Parameters are set as follows: tnight = 8h, αA = 1.5,αT = 0.4,δ = 0.15, µ = 0.15,
β = 1, γ = 50. b) For lytic model, we evaluated the fraction of time that is spent by the system in the region v < vawake

(tvred) each day over 10 days period for different values of tnight. The existence of 2-3 points for the same duration of awake
phase indicates the period of the system is longer than 24h and thus reduction varies between one day and the next one. c)
Average value of v was calculated over 10 days for both lytic and nonlytic models and the ratio between < v > and vawake

is reported for different values of the parameters. d-f) Average fraction of time that is spent by the system in the region
v < vawake and I < Iawake id reported for nonlytic (d) and lytic (e,f) models. The initial condition of the system is always
set to torpid equilibrium point. We considered data from day 50 onward, to avoid transient adaptation phase. Parameters
as follows: αA = 1.5,δ = 0.15, µ = 0.15,β = 1, λ = 6.67,γ = 0.15.
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