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Abstract

Many parasites induce decreased host movement, known as lethargy, which can impact
disease spread and the evolution of virulence. Mathematical models have investigated
virulence evolution when parasites cause host death, but disease-induced decreased host
movement has received relatively less attention. Here, we consider a model where, due to
the within-host parasite replication rate, an infected host can become lethargic and shift
from a moving to a resting state, where it can die. We find that when the lethargy and
disease-induced mortality costs to the parasites are not high, then evolutionary bistability
can arise, and either moderate or high virulence can evolve depending on the initial
virulence and the magnitude of mutation. These results suggest, firstly, the transient
coexistence of strains with different virulence, which may explain the coexistence of low-
and high-pathogenic strains of avian influenza and human immunodeficiency viruses, and
secondly, that medical interventions to treat the symptoms of lethargy or prevent disease-
induced host deaths can result in a large jump in virulence and the rapid evolution of
high virulence. In complement to existing results that show bistability when hosts are
heterogeneous at the population-level, we show that evolutionary bistability may arise

due to transmission heterogeneity at the individual host-level.
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1. Introduction

Reduced host movement due to infection, known as lethargy, is a commonly observed

disease manifestation, which can affect the parasite transmission rate and disease spread

(Eames et al., [2010; Perkins et al., 2016). Many parasites, including those responsible for

common illnesses in humans such as measles and the flu, can alter host movement be-

haviour and induce lethargy, which can prevent infected individuals from socializing and

going to work and school (Hart| 1988 [Holmstad et al., 2006, [Eames et al., 2010; Van Ker-|

ckhove et al., 2013)). Like parasite-induced host mortality, parasite-induced host lethargy

can be a direct or an indirect consequence of the rate a parasite produces infectious stages

using host resources and/or the clearance rate of the parasite by the immune system of

the host (Zitzow et al., 2002; Belser et al., 2013)). The severity of lethargy can affect the

transmission of a parasite from one host to another because a lethargic host may be less

likely to make a direct contact with a susceptible host than a moving host (Ewald} |1983;

11994; Day, 2001). Thus a trade-off can emerge between the rate of host lethargy and the

rate a parasite produces infectious stages within a host.
Animal movement is frequently modelled as a Markov process with probabilistic tran-

sitions between discrete movement states, which are defined based on distributions of step

lengths and turning angles recovered from animal movement data (Morales et al., |2004;

Patterson et al., 2008} |Gurarie et al 2009; Moorter et al.| [2010; McKellar et al., 2014}

Edelhoff et al., [2016; Teimouri et al. [2018). These discrete state movement models in-

spire our model formulation, as our epidemiological model considers two infective classes:
moving and resting (or lethargic), which have distinct epidemiological characteristics due
to distinct movement behaviours. A number of previous studies have proposed similar

epidemic models with coupled behaviour-disease classes and transitions from one class

to another (Perra et al. [2011; Fenichel et al. 2011; Wang et al., |2015; [Verelst et al.

2016), and recent works highlight the need to combine modelling frameworks from the

epidemiological and animal movement literatures (Fofana & Hurford) 2017; |Dougherty|

Gt . 20T7).

We formulate a behaviour-disease model to investigate the role of host movement as an
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underlying process for an evolutionary trade-off between the rate of parasite transmission
and the production of parasite transmission stages within a host, which determines the
level of virulence a parasite causes in its host. During the past three decades the trade-

off theory has emerged as an accepted explanation for different levels of virulence (Read,

1994; Bull| 1994} [Ebert & Herre, 1996}, [Frank, [1996} [Lipsitch & Moxonl, [1997; [Alizon et al.,

2009; Alizon & Michalakis, [2015; (Cressler et al., |2016). This theory assumes that high

virulence or slow recovery rates are the consequence of the parasite producing transmission

stages at a high rate within a host (Anderson & May|, [1982; |Antia et al., 1994} |Gilchrist &/

Sasaki, [2002; |Alizon & van Baalen) 2005)). For example, when the transmission-virulence

trade-off has a saturating form then parasites will evolve towards an intermediate level of

virulence (Anderson & May, 1982; [Ebert & Herrel 1996; [Frank, 1996]).

The trade-off theory has received some empirical support (Paul et al., 2004; Fraser|

et all 2007, [de Roode et al., [2008; [Doumayrou et al.| [2013} [Fraser et al., [2014; Williams|

et al. 2014; Blanquart et al. 2016), but has been criticized for its restrictive definition

of the term virulence (Alizon et al. 2009). Theoretical analyses of the evolution of viru-

lence frequently define virulence as parasite-induced host mortality and ignore non-lethal

effects due to parasite infection (Anderson & Mayl, [1982; Frank, [1996} |Alizon et al., 2009).

Notable mathematical formulations that have investigated non-lethal parasite virulence

have considered parasite-induced host sterility (O’Keefe & Antonovics, [2002; [Bonds, 2006;

Lively|, |2006; Abbate et al., [2015; Best et al., 2017) and parasite-induced reduced host

growth (Schjerring & Koella, [2003), but reduced host movement due to infection has

received relatively less attention (but see |[Ewald, [1983; Dayl, 2001]).

The aim of this paper is to explicitly represent parasite-induced effects on host move-
ment as a process underlying the transmission-virulence trade-off. Notably, we consider
that infected hosts can shift between two discrete movement states: moving and resting

and we justify this formulation based on studies from the animal movement literature

(Edelhoff et al., 2016; Teimouri et al., |2018). We investigate the evolution of the rate of

parasite replication within a host when the infection is potentially lethal and when the

infection is non-lethal. We find that the main drivers of the evolutionary dynamics are


https://doi.org/10.1101/623660
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/623660; this version posted April 30, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

lethargy and disease-induced mortality costs to the parasite, and when the disease-induced
mortality or the lethargy cost is high, then evolution converges towards a parasite strain
that induces moderate virulence. For a range of parameter values, where the lethargy
and the disease-induced mortality costs are not high, a bistable evolutionary equilibrium
occurs. As such, depending on the initial virulence and the magnitude of the effect of
mutation, either a parasite strain that induces moderate virulence or a parasite strain
that induces high virulence in the host population can evolve. Finally, we discuss how our
results can aid in understanding the transient coexistence of parasite strains with different

virulence in avian influenza and human immunodeficiency viruses.

2. Epidemiological model

To formalize the epidemic model, we couple two discrete movement states (moving
and resting) with a Susceptible-Infected-Susceptible (SIS) model. Figure 1 describes the
epidemic model, and definitions for all the parameters and notations used in this paper

are provided in Table 1.

alcpnIy + ¢ IR) I
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S | d
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Figure 1: An epidemiological model where the compartments represent combinations of host epidemio-
logical statuses and movement states. The symbols S and I indicate susceptible and infected, and the
subscripts M and R indicate the moving and the resting states. The arrows indicate the flow of individuals
between each compartment with the corresponding rates. Susceptible hosts, Sy, are recruited through
immigration at the rate § and become infected at a per capita rate a(cp, + ¢.). Following infection the
infected host enters the moving state (I57). The infected host can become lethargic and enter the resting
state (Ir) at the rate ¥(a) or recover from the disease before lethargy and become susceptible again
at the rate v. When the infected host becomes lethargic it can die from the disease at the rate v(«a) or
recover from the disease and become susceptible again at the rate 7. Finally, we assume that a host can
die naturally at the rate d independently of the movement state and epidemiological status.
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Table 1: List of notations and definitions

Symbols Definitions

(Epidemic)

« Within-host parasite net replication rate.

() Parasite-induced host lethargy rate.

v(a) Parasite-induced host mortality rate.
@i The per capita host-host contact rate in the moving state.

op ¢ The per capita host-host contact rate in the resting state.
¥ Host recovery rate.
d Host natural mortality rate.
0 Host immigration rate.
Ry The expected number of secondary cases by a primary case in a susceptible population.
P The fraction of infected hosts that experience lethargy.
o Case fatality ratio given lethargy.
X Case fatality ratio (p x o).

Symbols Definitions
(Evolution)

a1 Within-host net replication rate of the resident strain.
%) Within-host net replication rate of the mutant strain.
o Evolutionarily stable or convergence stable net replication rates (ESS or CSS).

P(ag Parasite-induced host lethargy rate of the resident strain.

(g Parasite-induced host lethargy rate of the mutant strain.

(1)
(a2)

v(ay) Parasite-induced host mortality rate of the resident strain.
(a2) Parasite-induced host mortality rate of the mutant strain.

We assume that susceptible hosts are always in the moving state, and infected hosts
are in the moving state before lethargy and in the resting state during lethargy. Let Sy,
Iy and Ir denote the numbers of susceptible hosts in the moving state, infected hosts in
the moving state, and infected hosts in the resting state respectively. The epidemiological

dynamics of the host population are described by,

d;sl'—the—F’y(IM—l-IR)_SM(A"i_d) (1)
‘Z_f — ASas = Ing [d+ 7 + 9(a)] (2)
%{% — () Ly — Ip[d+ v+ v(a)], (3)

where A = « (¢, Iy + ¢, 1) is the force of infection.
We assume that a susceptible host becomes infected by making a direct contact with
an infected host that is either in the moving or the resting state. We formulate these two

infection events separately because a lethargic host in the resting state is less likely to make
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a direct contact than a non-lethargic host in the moving state. In order to capture this idea,
we decompose the transmission coefficient frequently denoted 3, into two components: the
probability of making a direct contact and the probability of disease transmission given a
contact between a susceptible host and an infected host (Day), [2001)). The first component
depends on the movement state of the host, and we assume that an infected host is less
likely to make a direct contact in the resting state compared to the moving state (¢, < ¢;,)
(Ewald, 1983; 1994; Day, 2001} |Lloyd-Smith et al., 2004). The second component depends
on parasite properties only, and we assume that the probability of disease transmission
given an infectious contact is proportional to the net replication rate of a parasite within
a host which we denote « (Brauer}, |2008; |[Diekmann et al.,[2012)). The within-host parasite
net replication rate («) is the difference between parasite replication rate and the parasite
clearance rate by the immune system of the host (Lipsitch & Moxon, 1997). To formulate
the infection process we apply the mass-action law, thus the number of new infections per
unit time due to one infected host in the moving state is ac,, Sy, and in the resting state
is ac,.Sy. We assume that the parasite has a short incubation period, meaning that an
infected host is immediately infectious.

An infected host in the moving state can become lethargic and enter the resting state
at the rate ¥ («), which is the parasite-induced host lethargy rate, and the infected host
can die from the disease in the resting state at the rate v(«), which is the parasite-induced
host mortality rate. Both the rate of lethargy and the rate of host death due to infection
depend on the within-host parasite net replication rate, and we ignore the details of the
dynamics between the parasite replication rate and the immune system within the host for
simplicity. We assume that an infected host can recover either in the moving or the resting
state at a constant rate v and become susceptible again. A host can be reinfected multiple
times during the course of its life, thus this type of model is appropriate for infectious
diseases that confer no immunity such as rhinoviruses responsible for the common cold in
humans (May, |1986; Brauer, 2008]). Finally, we assume that susceptible and infected hosts
can die naturally at a constant rate d, and new susceptible hosts are recruited through

immigration at the rate 6.
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The system of equations (1-3) exhibits two equilibria: one disease-free and one en-
demic equilibrium. We use the next-generation matrix approach (see van den Driessche

& Watmough, 2002)) to derive the basic reproduction number which is given by,

. [676%% ac, ?,D(CY) *
Fo = d+7+w(a)+d+7+u(a)Xd+7+1/z(oz) Shr (4)

where S}, = 0/d represents the number of susceptible hosts in the absence of the disease
(see Appendix S1.1 of supporting information for the derivation of Ry). Equation (4) is
the expected number of secondary cases generated by a primary case in a completely
susceptible host population, and it informs the outcome of the disease when rare in the
host population (Diekmann et al., 2012). If equation (4) is less than one then no outbreak
occurs, and if equation (4) is greater than one then an epidemic occurs and the system
reaches a stable endemic equilibrium as long as the input of susceptible hosts through
immigration and recovery is permanent (Brauer, 2008)). Equation (4) is the sum of the

expected number of new infections generated by an infected host in the moving state,

acCy, Shy
d+ v +1(a)’

and the resting state multiplied by the probability of entering the resting state,

ac. Sty " ()
d+vy+v(a) d+v+9Y(a)

To characterize the degree of non-lethal and lethal virulence associated with the net

replication rate of a parasite within a host («) we define:

)
p= d+v+v(a)

vl
d+v+v(a)

and
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o) v(a)

T dty+v(a)  d+q+ () (7

X

where equations (5), (6) and (7) are the fraction of hosts that become lethargic, the case
fatality ratio given lethargy and the case fatality ratio, respectively. We consider equation
(5) as a measure of non-lethal virulence and equation (7) as a measure of lethal virulence

a parasite causes to the host.

3. Evolution model

To investigate the evolution of the within-host parasite net replication rate, we as-
sume that a resident parasite strain with a net replication rate «; is present in the host
population at a locally stable endemic equilibrium and a rare mutant strain with a net
replication rate s arises in the population. Assuming that only one strain can infect one
host at the same time, the evolutionary dynamics are described by the following system

of differential equations:

dSy

— =0+ (i + D + I+ Tp) = Sur (As + A + d) (8)
dzﬂfl = AiSar — Ian [d + 7 + ()] 9)
dilﬂt“ = Ao — Tz [d + 7 + ¥(as)] (10)
dglzwmgm“—hﬂw+w+umg] (11)
d$2:¢mgum—bmw+v+VWQL (12)

where A1 = oy (¢ Iy + ¢ 1r1) and Ay = o (¢ lpe + ¢ Igo) are the force of infections
associated with the resident and the mutant strains respectively. Let I, and Ig; denote
the number of infected hosts in the moving and the resting states respectively infected
with the resident strain, and I,;5 and Igs denote the number of infected hosts in the
moving and the resting states respectively infected with the mutant strain.

To investigate the evolutionary dynamics, we analyze the stability of the mutant-
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free equilibrium (the endemic equilibrium of the system (1-3)) using the next-generation
matrix approach for evolutionary invasion analysis (see, [Hurford et al., [2010). We derive
the expression for the invasion fitness, R(aq, ), which is the expected lifetime infection
success of a rare mutant strain, as, in a host population where the resident strain, ay, is
at endemic equilibrium, and it gives the conditions for ay to replace a; (see, Otto & Day,
2007} |[Dieckmann, 2002). The stability analysis of the mutant-free equilibrium reveals that

« replaces aq at the endemic equilibrium if,

Rlonon) - Qo (cm[d + v+ v(ag)] + crzp(ag)) ) {d +v+ u(al)] {d + v+ W&l)} .

{d + v+ u(aQ)} {d ++ zp(az)] o (cm[d + 7+ v()]+ crtb(on))

(13)
Details of the derivation of R(aw, ;) are provided in Appendix S1.2 of supporting infor-

mation. Equation (13) suggests that if,

QaCpm N [oPYe (o) Q10 N Q16 " (o)
d+y+(ag) d+v+v(a) d+y+y(an)  d+vy+la) d+y+rv(a) d+vy+dla)
(14)

then the mutant strain (as) replaces the resident strain («;). Therefore, a resident strain

that maximizes

. _ o1C, 1Cp ¢(al)
R(al)_d+7+¢(a1)+d+7+u(a1)Xd+7+¢(041)7 )

can not be invaded, and as such its net replication rate is evolutionarily stable (ESS o).
This result is valid provided that there is always susceptible hosts to infect (Dieckmann,
2002). The expression R*(«) is the expected secondary infections by a single infected host
per susceptible host in the moving and the resting states.

To investigate the evolutionary dynamics we need to determine the general form of the
functions ¥ (a) and v(«) which are parasite-induced host lethargy and parasite-induced
host mortality rates respectively. We assume that both ¢ (a) and the v(«) are determined
by the rate a parasite replicates within a host («), meaning that a trade-off exists between

a and ¥ («) on one hand and v(«) on the other hand. We consider parasite-induced host
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lethargy rate (¢)(«v)) to reflect a form of non-lethal virulence because the lethargic state
is harmful to the host as the host is less able to engage in activities essential to survival
(i.e., foraging, provisioning for offspring, evading predators), and parasite-induced host
mortality rate (v(a)) reflects a form of lethal virulence because the host dies due to
infection. A number of studies support the existence of a positive correlation between
parasite load (a measure of the net replication rate of a parasite within a host, «) and
host survival (Timms et al. |2001; Paul et al.|2004; Brunner et al., 2005} Bell et al.| |2006;
de Roode et al., |2006; [2008; [2009; de Roode & Altizer, |2010)). |[Finnerty et al. (2018) found
that both the total running time and the running distance of infected cane toads decreases
as the number of lungworms increases. Therefore, we assume that both ¢(«) and v(«)
are increasing functions.

To investigate the within-host parasite net replication rate that is evolutionarily stable
(ESS o) and to determine the conditions for the ESS o to be convergence stable (CSS
a*), we perform an evolutionary invasion analysis (Dieckmann) 2002} |Otto & Dayy, [2007).
When a parasite strain with the a value that is evolutionarily stable is dominant in the host
population then no parasite strain with a different o value can replace it. An evolutionarily
stable within-host net replication rate (ESS «*) that is also convergence stable (CSS o)
is an evolutionary attracting equilibrium, in other words parasites evolve towards a* by
a succession of small mutations and selection (Eshel, |1983; Dieckmann, [2002; Diekmann,
2004} Otto & Day, [2007)). To illustrate our analytical results we use Pairwise Invasibility
Plot (PIP), which is a graphical representation used for evolutionary invasion analysis,

and numerical simulation (Geritz et al., |1998; [Dieckmann, 2002; |[Diekmann, 2004)).

4. Results

We derive the within-host parasite net replication rate that is evolutionarily stable,
and the conditions for an ESS a* to be convergence stable. Also, we investigate the
effects of some important parameter values on the ESS o* and the corresponding virulence

(equations 5 and 7).

10
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4.1. The evolutionarily stable within-host parasite net replication rate (ESS
a*)

At the within-host parasite net replication rate that is evolutionarily stable, the ex-
pected number of new infections generated by an infected host in the moving and the
resting state is maximal (equation 15). To determine the ESS o*, we evaluate the first
derivative of the invasion fitness (R(as, aq), equation 13) equal to zero at a; = ay = o,
and we solve for a*. To verify under what conditions o* is a maximum, we require the

second derivative of R(as, ) at a3 = ap = a* to be less than zero. We find that when

o [em(d+v+v) + e [d+y+ ] [d+7+ V] (16)
[(em — ) d+7) + emp] [d+7 + V] + [d+ 7 + ] egpr”

equation (15) is maximal, where ¢ and v/ respectively, are the first derivatives of ¥ («)
and v(a) with respect to oy evaluated at a*. When 1 («) is a concave up trade-off and
v(«) has a concave up or a linear form, then equation (16) is a maximum and a bio-
logically feasible evolutionarily stable within-host parasite net replication rate, ESS o*
(see Appendix S1.3 of supporting information for details). Where PIP and dynamical
simulation are presented, we model the parasite-induced host lethargy rate as ¥ (a) = a“
(a > 1 is the exponent parameter), and the parasite-induced host mortality rate pro-
portional to the parasite-induced host lethargy rate, v(a) = biy(«) (where b is the ratio
of the parasite-induced mortality rate to the lethargy rate). The lower the parameter b
the lower the fraction of lethargic hosts that die in the resting state, and so decreasing
b may represent host adaptations (host resistance) or medical interventions that prevent
disease-induced host death. Figures 2a and 2b illustrate the concave-up trade-offs (¢(«)
and v(«)), and the non-lethal and lethal virulence (equations 5 and 7) a parasite with a
given net replication rate causes to its host. Supporting details for the evolutionary inva-
sion analysis are provided in Appendix S1.3 and S1.4, and description of the simulation
is provided in Appendix S2. The code used for PIP, simulation and Movie is available
as electronic supplementary materials, Codes S1, S2 and S3, and is publicly available on

Figshare doi:10.6084/m9.figshare.8059781.

11


https://doi.org/10.6084/m9.figshare.8059781
https://doi.org/10.1101/623660
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/623660; this version posted April 30, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

[[— Parasite-induced lethargy rate (v (@) L

Y Parasite-induced mortality rate (v(a),b=0.16) | /|~ _=-"7
““““ Parasite-induced mortality rate ( »(a), b=0.016) e -
7t 0.8 P
.
L,
61 //
0.6
5F /
/
/
al
0.4+ /
3r /l
/

L 1

2 0.2 /
/ — Fraction that become lethargy ( p)
1F )/ — — Case fatality ratio (x, b=0.16)
S S Case fatality ratio (x, b=0.016)

O 0 L L L L L Il

0 0 0.5 1 1.5 2 25 3

Parasite net replication rate («) Parasite net replication rate («)
(a) (b)

Figure 2: The concave up trade-offs in (a), where solid line is 1(«), dashed and dotted lines are v(«a) for
different b, and the corresponding virulence in (b), where solid line is the fraction of hosts that experience
lethargy (equation 5), dashed and dotted lines are the case fatality ratios (equation 7) for different b. The
parameter b is the ratio of the parasite-induced mortality rate to the lethargy rate, and b can be seen
as medical interventions that prevent disease-induced host deaths. For example when the net replication
rate of the parasite strain that is present in the host population is o = 3, then ~ 100% of infected hosts
will experience lethargy and the case fatality ratio is = 95% and = 68% for b = 0.16 and b = 0.016
respectively. We model the concave-up trade-offs using a power function ¥(a) = a? and v(a) = ba?. We
set d = 0.0001 and v = 0.065.

4.2. Evolutionary bistability arises when hosts make contacts during lethargy

4.2.1. Hosts make no contacts in the resting state (¢, = 0)

We found that if hosts make no contact in the resting state (¢, = 0) then the evolution-
arily stable within-host net replication rate, ESS o, is also convergence stable, suggesting
that parasites will evolve towards o* by a succession of small mutations and selection (see
Appendix S1.4 for details). The numerical results confirm that when hosts make no con-
tacts in the resting state (¢, = 0) then parasites evolve towards an intermediate a* which
corresponds to moderate non-lethal virulence (moderate fraction of infected hosts becom-
ing lethargic, equation 5), and moderate lethal virulence (moderate case fatality ratio,
equation 7). The PIP shows that a resident strain with a within-host net replication rate
corresponding to a* can not be replaced by any rare mutant strain, and both the PIP and
the dynamical simulation show that no matter the initial a evolution converges towards
the intermediate ESS o* (Figures 3a and 3b).

When ¢, = 0, only the moving state contributes to the total number of secondary
infections and an intermediate value of o/f maximizes equation (15), which is the expected

secondary infections by a single infected host per susceptible host, R*(ay) (Figure 4a).
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Figure 3: Pairwise Invasibility Plots (PIP) and dynamical simulations illustrating the evolutionary dy-
namics when hosts make no contacts in the resting state (top row) and when hosts make contacts in the
resting state (bottom row). Panels (a) and (c) are PIPs, and the colours represent the fate of a rare mutant
strain in a host population where the resident strain is at endemic equilibrium for different combinations
of mutant-resident « values (a7 on the x-axis and as on the y-axis). For a given combination (a1, as),
white indicates that the rare mutant goes extinct (equation 13 is negative), and black indicates that
the rare mutant replaces the resident (equation 13 is positive). The transitions between black and white
occur where equation 13 equals zero, and the intersections are evolutionary equilibria. Panels (b), (d)
and (e) are dynamical simulations of the evolution of parasite net replication rate («) for different initial
a. Dotted lines are evolutionary trajectories for initial o values below the invasible repellor (a =~ 0.7)
and dashed lines are evolutionary trajectories for initial « values above the invasible repellor. In (a) the
unique intersection (af = 0.25) is an ESS because it can not be invaded by any rare mutant strain, and in
(b) evolution converges towards this ESS for all initial . In (¢) from low to high «, the first intersection
(" = 0.33) is an ESS (termed the lower ESS), the second (« ~ 0.7) is an invasible repellor, which is
an invasible and non-convergent evolutionary equilibrium, and the third (o* & 2) is an ESS (termed the
upper ESS). In (d) only small-effect mutations occur, and evolution converges towards the lower ESS for
all initial a below the invasible repellor, whereas for all initial o above the invasible repellor evolution
converges towards the upper ESS. In (e) large-effect mutations can occur, and initial « values below the
inwvasible repellor can evolve towards the upper ESS. For all figures, we model the concave-up trade-offs
using a power function (o) = a? and v(a) = 0.01a2, and we set ¢,, = 0.8, d = 0.0001, v = 0.065, and
¢ = 0.08, except the top row figures where ¢, = 0.

An intermediate value of «; is optimal because for low values of a the probability of
disease transmission given a contact is too low, and for high « values the duration of the
moving state, which is the only state where parasites can be transmitted, is too short due

to the concave up trade-off, ¢)(«). Therefore, decreased R*(«y) due to lethargy occurring
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earlier in the infection, which we term the lethargy cost, is the main factor that maintains

intermediate a* and prevents evolution towards higher virulence.
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Figure 4: The expected secondary infections by a single infected host per susceptible host (equation 15) in
the moving state (dashed black line), the resting states (dotted black line) and during the entire infectious
period (solid black lines) as a function of within-host net replication rate «. In (a) we set ¢, = 0, thus
infection is possible only in the moving state. Equation (15) is maximized at a* ~ 0.25, and maximizing
the number of secondary infections per susceptible hosts in the moving state also maximizes this quantity
for the entire infectious period. In (b) we set ¢, = 0.08, thus both moving and lethargic hosts contribute
to the total infections and equation (15) has two local maxima: «* & 0.33 and o* & 2, corresponding to
the lower and the upper ESS respectively. A parasite strain at the lower ESS is mainly transmitted in
the moving state, whereas a parasite strain at the upper ESS is mainly transmitted in the resting state.
For all graphs we model the concave-up trade-offs using a power function 1 (a) = o2, v(a) = 0.019(a),
and we set d = 0.0001 and ~ = 0.065.

4.2.2. Hosts make contacts in the resting state (¢, > 0)

We found that when hosts make contacts in the resting state (¢, > 0) evolutionary
bistability, with a lower and an upper ESS, is possible for a set of parameter values (Fig-
ure 3c). As such, the evolutionary trajectory can depend on the initial value of a. For
all initial within-host parasite net replication rates («) below a critical level, parasites
evolve towards the lower ESS a* by a succession of small mutations and selection. This
critical level corresponds to an invasible repellor which is an invasible and non-convergent
evolutionary equilibrium (Evans et al., |2010; Otto & Day, 2007; |Diekmann) 2004} Dieck-
mann, 2002)). In contrast, for initial « values above the invasible repellor parasites evolve
towards the upper ESS o* by a succession of small mutations and selection (Figures 3¢
and 3d).

When hosts make contacts in the resting state (¢, > 0) both moving and resting

states contribute to the total number of secondary infections, and the expected secondary
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infections by one infected host per susceptible host (R*(«;)) can have more than one
maxima (i.e., local and global maxima). The parasite strain with the lower ESS a* is
mostly transmitted in the moving state (Figure 4b, dashed line), whereas the parasite
strain with the upper ESS o* induces lethargy very early in the infection and is mostly
transmitted in the resting state (Figure 4b, dotted line). For any « above the upper ESS
the duration of the entire infectious period is too short due to the concave up trade-
off v(a), and the overall infection success of a parasite, R*(«y), decreases. Therefore,
decreased R*(c;) due to shorter infectious period, which we term the disease-induced
mortality cost, limits evolution towards much higher o and maintains the upper ESS o*
(Figure 4b). In absence of a concave-up v(a) trade-off, ever increasing values of o will
evolve.

In addition to the initial within-host parasite net replication rate (Figure 3d), its
variability within the parasite population can play an important role in the evolutionary
outcome. For example, when large-effect mutations can occur and a rare mutant strain
can be very different from the resident strain, then parasites can evolve towards the
upper ESS even if « is initially below the invasible repellor (Figure 3e). However when
« is less variable within the parasite population, because only small-effect mutations can
occur, the evolutionary outcome depends on the initial o value. The bistability suggests
that a transient coexistence of two strains with different virulence is possible in the host
population. For example, when a strain that induces moderate virulence corresponding to
the lower ESS o* is present in the host population and when large-effect mutations can
occur, then any mutant strain with a net replication rate higher than the invasible repellor
can emerge and produce an outbreak. As such, evolution can maintain two strains with
low and high virulence in a transient coexistence, before eventually the elimination of one

strain by competitive exclusion.

4.3. The effects of model parameters on the evolutionary dynamics

To gain a better understanding of how the parameter values affect the evolutionary
dynamics, we graph the case fatality ratio (equation 7) corresponding to the evolutionary

singular points as a function of the host contact rate during lethargy (¢,) and the constant
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b (the ratio of disease-induced host mortality rate to disease-induced host lethargy rate).
We found that reduced ¢, selects for parasite strains that induce lower virulence (Figure
ba, see also Movie in Figure S1 in Appendix S3 of supporting information). One way that
¢, could be reduced is through interventions to reduce infectious contacts (e.g., isolation
of infectious people), and our results suggest that these interventions would select for
parasite strains that induce lower virulence. In contrast, medical interventions that treat
the symptoms of lethargy, but do not prevent parasite transmission (e.g., painkillers),

might increase ¢, and select for parasite strains that induce higher virulence.

o
©

0.45

* Convergence stable o * Convergence stable «
— 04} ©° Evolutionary stable o —~08F} o ° Evolutionary stable «
< * Repellor a ks . * Repellor
80351 507+ °,
£ g o
T 03[ Bo6f °
g) S S ©
=025¢ ° >05 °
° : 5 :
'(*:g 0.2 . =04
R ©
2015 3 Zos| K
@ 0.1 © 0.2 T °
@ ] vese®
©0.05 ©o.1
o : ‘ ‘ ‘ 00000000000000008eesesssssssssssssssssas
0 X . . , ; ; ! ;
0 0.05 0.1 0.15 02 0 0005 001 0015 002 0025 003 0035 0.04
Host contact rate during lethargy (C ) Ratio of host mortality to lethargy rates (b)
(a) (b)

Figure 5: Increasing contact rate in the resting state (c¢,) and increasing the ratio of host mortality to
lethargy rates (b) induce a backward bifurcation in the evolutionary dynamics. In (a) we set ¢, = 0.8,
b = 0.016, d = 0.0001, v = 0.065 and we graph the case fatality ratio (equation 7) corresponding to
evolutionary equilibria for ¢, values from 0 to 0.2. For ¢, values between = 0.07 and 0.1 there are two
ESS (black open circles) separated by an invasible repellor (red filled circles), but outside this range
there is only one ESS which is also a CSS (black filled circles). In (b) we set ¢, = 0.8, ¢, = 0.08,
d = 0.0001, v = 0.065 and we graph the case fatality ratio corresponding to the evolutionary equilibria
for b values from 0 to 0.04. For b values between ~ 0.006 and 0.016 there are two ESS separated by
an invasible repellor, but outside this range there is only one ESS which is also a CSS. We choose to
plot only the corresponding lethal virulence (equation 7) in function ¢, and b, but the result is the same
for non-lethal virulence (equation 5). For all graphs we model the concave-up trade-offs using a power
function ¢ (a) = a? and v(a) = bp(a).

Similarly, as b decreases parasite strains that induce higher virulence are selected. One
way that b might decrease is through medical interventions that reduce disease-induced
host death rate, and our results suggest that these interventions are more likely to induce
higher virulence (Figure 5b, see also Movie in Figure S2 in Appendix S3 of supporting
information). Examples of these medical interventions are imperfect vaccines that decrease

the probability that the host dies due to infection, but do not prevent the transmission

of infectious stages (Gandon et al., 2001; 2003; Read et al., 2015). Moreover, when ¢, as
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well as b increases then virulence increases slowly except for a range of ¢, and b values
where a backward bifurcation occurs with an evolutionary bistable equilibrium (Figures
ba and 5b). As such, a small increase in ¢, or a small decrease in b within this range of
values can result in a large increase in the evolutionary equilibrium and the corresponding
virulence. When all other parameters are kept fixed, a 0.01 increase in ¢, can select for a
strain that is & 12-fold more virulent, and a 0.01 decrease in b can select for a strain that

is ~ 15-fold more virulent.

4.4. Evolutionary dynamics when parasite infection is non-lethal

We investigate the evolution of the within-host parasite net replication rate (o) when
no infected host dies from the disease (b = 0), and we derive the corresponding non-lethal
virulence (the fraction of infected hosts that become lethargic, equation 5). Many human
parasites such as rhinoviruses and chickenpox enter this category because they do cause
lethargy, but negligible or no host mortality (Walther & Ewald, 2004)). Also, for many
human parasites a large proportion of infected individuals eventually recover from the
disease after they receive appropriate medical treatment, and only a small proportion die
from the disease. When no infected host dies from the disease then the cost of lethargy is
the main factor that governs the evolutionary dynamics, and this cost is higher when ¢, =
0 or ¢, is small. Evolution converges towards a parasite strain that is mainly transmitted
in the moving state resulting in a high fraction of hosts that avoid lethargy when ¢, =0
(Figure 6a, and details of the model and the evolutionary dynamics are provided in
Appendix S1.5 of supporting information). In contrast, when the transmission rate in the
resting state increases due to increased c,, the incentive to avoid lethargy is lessened and
without a disease-induced mortality cost (b = 0), the parasite can evolve ever increasing
within host net replication rate with all infected hosts experiencing lethargy (Figure 6b).
Finally, when there is no disease-induced mortality the evolutionary bifurcation digram as
a function of host contact rate in the resting state (c,) is similar to Figure 5a but without
the upper ESS.

Throughout this paper, we assumed that the probability of disease transmission given

an infectious contact, which is proportional to the within-host parasite net replication
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Figure 6: Pairwise Invasibility Plots (PIP) illustrating the evolutionary dynamics when parasite infection
is non-lethal (b = 0). In (a) infected hosts make no contacts in the resting state (¢, = 0) and in (b)
infected hosts make contacts in the resting state (¢, > 0). See the caption of Figure 3 for how to read
a PIP. The unique equilibrium in (a) is an ESS (a* & 0.25) because it is non-invasible by any rare
mutant strain, and a CSS because parasites evolve towards this evolutionary equilibrium by a succession
of small mutations and selection independently of the initial o value. In (b) from low to high «, the first
equilibrium (a* ~ 0.35) is an ESS and the second equilibrium (a =~ 0.58) is an invasible repellor. For
all figures we model the concave-up trade-off using a power function ¥(a) = o2, and we set d = 0.0001,
~v = 0.065, ¢,, = 0.8 and ¢, = 0.08 except in (a) where ¢, = 0.

rate («), is the same in the moving and the resting states, but the probability of disease
transmission given an infectious contact may be higher in the resting state because of a
higher parasite load. We investigated the case where the probability of disease transmission
given an infectious contact (proportional to «) is higher in the resting state than the
moving state (a,, > «,, where o, and «, are the within-host parasite net replication
rates in the moving and the resting states respectively). We found that the results are
qualitatively similar to the case where the probability of disease transmission transmission
given an infectious contact is the same in the moving and the resting states (see Movie in

Figure S3 in Appendix S3 of supporting information).

5. Discussion

Disease-induced mortality as an unavoidable consequence of increasing parasite trans-
mission is the most frequently evoked explanation for the evolution and the maintenance
of virulence. While parasites rarely induce death in their hosts, it is common that para-
sites cause reduced movement (lethargy), which can result in a behavioural shift from a

moving to a resting state. As such, our epidemiological model considers discrete movement
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states, moving and resting, with a transition rate between the states, to understand how
non-lethal in combination with lethal parasite-induced harm influences the evolution of
the parasite net replication rate and the corresponding virulence.

We found that when infected hosts make no contacts in the resting state, ¢, = 0, or
when the ratio of the disease-induced mortality rate to the lethargy rate (b) is high, then
a parasite strain that is mainly transmitted in the moving state and induces moderate
virulence (non-lethal and lethal virulence) will evolve (Figures 3a, 3b and 6a). In contrast,
when ¢, > 0 and the ratio b is low then high virulence can evolve, and a bistable evolu-
tionary equilibrium is possible for a range of parameters values (Figures 3c, and 6b). As
such, either a parasite strain that is mainly transmitted in the moving state and induces
moderate virulence (lower ESS) or a parasite strain that is mainly transmitted in the
resting state and induces high virulence (upper ESS) can evolve, depending on the initial
virulence and the magnitude of the effect of mutation (Figures 3d and 3e). Furthermore,
we show that medical interventions to treat the symptoms of lethargy (increased ¢,) or
reduce disease-induced host death (decreased b) can select for high virulence, and a small
change in ¢, and b can result in a large shift in the evolutionary dynamics due to the
evolutionary bistability (Figures 5a and 5b).

Classic models of virulence evolution which ignore disease-induced lethargy and restrict
virulence to parasite-induced host death suggest that the disease-induced mortality cost
is the main factor that maintains intermediate virulence (Anderson & May, 1982} [Frank,
1996)). However, our results suggest that lethargy cost can also maintain an intermediate
virulence whether parasite infection is lethal or non-lethal (see also Day, [2001). It has
been challenging to validate the tradeoff theory in the context of lethal virulence (Alizon
et al., [2009; |Alizon & Michalakis, 2015; Cressler et al., [2016), but formulating the trade-off
as a lethargy cost may facilitate experimental validation of the trade-off theory.

Previous studies have demonstrated that evolutionary bistable virulence can emerge
from a variety of ecological factors. Gandon et al.| (2003)) showed that imperfect vaccines
that do not prevent infection, but limit parasite growth in infected hosts, can select for

either low or highly virulent strains depending on the initial parasite virulence for interme-
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diate vaccination coverage. Bistability occurs because intermediate vaccination coverage
creates an heterogenous host population, with vaccinated and unvaccinated hosts, and
the anti-growth component of the vaccine can maintain high virulence whereas the anti-
infection component can maintain low virulence. Similar conclusions are reached in the
case where the vaccine increases the efficacy of host immunity, and the functional relation-
ship between virulence and transmission emerges from within-host dynamics (André &
Gandon) 2006). Boots et al.| (2004) found that for infectious diseases that confer long-lived
immunity, when some of the infections occur globally, whereas others occurs locally, then
either an avirulent or a highly virulent strain can evolve depending on the initial parasite
virulence, and several other examples of evolutionary bistability are given in [van Baalen
(1998)), Boldin & Kisdi (2012) and |[Fleming-Davies et al. (2015). In our work, evolutionary
bistability arises due to the two movement states with distinct epidemiological character-
istics that create temporal heterogeneity in disease manifestation at individual host-level.
As such, disease transmission in the moving state maintains parasite strains with moder-
ate virulence, whereas disease transmission in the resting state maintains parasite strains
that induce high virulence.

In the formulation of our model, we made several assumptions that require further dis-
cussion. We assumed that the parasite affects host movement via a trade-off between the
parasite net replication rate and the parasite-induced host lethargy rate (¢(«)). Finnerty
et al.| (2018) demonstrates this relationship, and a number of studies have reported that
human and non-human parasites frequently induce lethargy in their hosts (Hart, |1988;
Holmstad et al., 2006, Ghai et al., 2015). This trade-off could be assessed experimentally
by measuring the relationship between parasite load or within host parasite growth rate
and the fraction of infected hosts that become lethargic using a scoring system based on
the activity level of infected hosts (Reuman et al., [1989; |Zitzow et al., |2002). We assumed
that infected hosts shift from a moving to a resting state, where the host-host contact rate
decreases and an infected host can die from the disease. The clinical manifestation of many
infectious diseases that induce lethargy prior to host death can justify this assumption,

and public health initiatives such as encouraging sick people to stay home from workplace
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and social distancing policies can also result in two infective classes with distinct epidemi-
ological characteristics and a behavioural shift from moving to resting state (Hart, |1988;
Halloran et al., [2008; Fenichel et al.| 2011;|Ghai et al., [2015)). We focus on parasite-induced
reduced movement rates, while there are other examples of parasites (e.g., the so-called
furious strain of rabies virus) that can cause increased movement in infected hosts (Ba-
conl, [1985; [Hemachudha et al., |2002; Susilawathi et al., 2012). Evolutionary bistability
may not arise in the case where the parasite increases host movement (¢, > ¢,,) because
the lethargy cost is no more present, and the higher the disease-induced mortality cost
the lower the ESS o* that is favoured by natural selection. Our model formulation is not
specific to parasites that cause lethargy, but is applicable to any host-parasite system with
two infective classes with distinct epidemiological characteristics such as Ebola or human
immunodeficiency viruses, which have asymptomatic and symptomatic disease stages.
In the result section, we show that for a range of parameter values a bistable evolution-
ary equilibrium is possible, and as such, transient coexistence of low and high virulence is
possible. The coexistence of two strains with different levels of virulence is not uncommon
in nature, and we provide two examples where host movement and/or medical interven-
tions can explain the coexistence of a low and a high virulent strains, and rapid emergence

of high virulence.

Example 1: The emergence of highly pathogenic avian influenza (HPAI)
viruses

Avian influenza is caused by a type A influenza virus which infects domestic poultry
(e.g., chickens and turkeys), free-living and wild bird populations (e.g., ducks, gulls and
terns) (Stallknecht, [2003; |Causey & Edwards|, 2008; Yoon et al., 2014)). Our model as-
sumptions are valid for the avian influenza virus because it is mainly transmitted through
direct contact with infected hosts or their secretions and infection does not confer long-
lasting immunity (Stallknecht et al., [1990; |Alexander, 2000; |2007). The avian influenza
virus induces symptoms such as lethargy, depression and anorexia prior to death in in-

fected hosts, and the different virus strains are often classified as low pathogenic (LPAI)
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and highly pathogenic (HPAI) strains based on the severity of lethargy and the case fatal-
ity rate/ratio they cause in birds (Perkins & Swayne, |2001; Mutinelli et al., 2003; Bertran
et al., 2011; Belser et all [2013; [Wu et al., 2017). Infected chickens may have more con-
tacts before lethargy because they are more active in the chicken pen or more likely to be
transported between locations. As symptoms of lethargy appear, infected chickens may
experience a decrease in their contact rate because they are less active in the chicken pen
or less likely to enter the global poultry market.

Our results suggest an alternative to the current best explanations for the emergence
of HPAI in domestic poultry: 1) that HPAI strains result from infection spillover from
strains endemic to wild bird populations; and 2) that HPAI can arise in poultry as a
consequence of genetic mechanisms such as mutation, insertion, substitution and reas-
sortment from an already circulating LPAI strain (Perdue et all (1997 |Alexander} 2000
Banks et al., 20005 2001} |Sims et al., [2005; [Taubenberger & Kashl [2010; |[Nao et al. 2017}
Qi et al., [2018). We show that when lethargic infected chickens can transmit the disease
(¢, > 0), then a HPAT strain can emerge rapidly even when a LPAI strain reached a local
ESS. In addition, our results suggest that a HPAI strain will not evolve if chickens make
no contacts during lethargy (¢, = 0) or if a high fraction of lethargic chickens die (b is
high). Therefore, our results suggest a dual benefit of quarantining or culling lethargic
chickens, in that not only is infection transmission prevented, but the evolution of highly

pathogenic strains becomes less likely.

Example 2: Human Immunodeficiency Viruses 1 and 2 (HIV-1/HIV-2)
HIV is a human lentivirus that is transmitted through sexual contact, from mother-
to-child, through transfusion and needle sharing (Jaffar et al., 2004; [Shaw & Hunter,
2012; Patel et al., 2014)). HIV disease is characterized by an acute, an asymptomatic stage
followed by a symptomatic stage with acquired immunodeficiency syndrome (AIDS), and
HIV can be transmitted during all stages with variable probability (Moylett & Shearer,
2002; |Pinkerton) 2008; |Levy, [2009; Maartens et al., [2014). Two HIV types are known:

HIV-1 which may originate from a virus that infects chimpanzees in central Africa (Pan
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trogolodytes), and HIV-2 which has been traced back to a virus found in Sooty mangabey
(Cercocebus atys) in west Africa (Sharp & Hahn, 2010; Ndung'u & Weiss|, 2012).

The HIV symptomatic stage can be viewed as the resting state in our model because
individuals with AIDS symptoms may experience a decrease in sexual contacts during
the symptomatic stage. To apply our model to HIV, we set the recovery rate equal zero
(v = 0) because HIV infection is invariably lethal. For HIV, virulence is often measured as
the rate of progression to AIDS in the absence of treatment, whereas in treated individuals
plasma viral load, set-point viral load and CD4 T-cells decline rate are frequently used
as proxies for virulence (Cheng-Mayer et al., [1988; |Carré et al., |1997; |Pantazis et al.,
2014; Roberts et al., |2015). To be consistent with our model formulation, we measure
virulence as the fraction of asymptomatic hosts that progress to AIDS (¢ (a)/[d + ¥ («)])
corresponding to a within-host parasite net replication rate («).

Our results suggest that when symptomatic AIDS individuals do not transmit HIV
(¢, = 0) then a strain with low replication rate and slow progression to AIDS will evolve.
As such, reduced needle sharing and protected sex can reduce HIV transmission and
prevent the evolution of HIV strains with a high replication rate and rapid progression
to AIDS. In contrast, when symptomatic AIDS individuals can transmit HIV then one
strain with a long asymptomatic stage and a second strain with a short asymptomatic
stage can coexist. The strain with the long asymptomatic stage has a lower within-host
replication rate and induces slower progression to AIDS, whereas the strain with the short
asymptomatic stage has a higher within-host replication rate and induces rapid progres-
sion to AIDS. These relationships are consistent with a number of studies showing that
plasma viral load is ~ 30 times lower in HIV-2-infected individuals than HIV-1-infected
individuals, and this lower plasma viral load explains the observed faster progression to
AIDS in HIV-1-infected individuals (Berry et al., [1998; Popper et al. |1999; |Andersson
et al., 2000; MacNeil et al., 2007, Drylewicz et al., | 2008; |Tchounga et al., 2016)). Our find-
ings suggest that the rapid progression to AIDS in HIV-1-infected individuals is due to
a higher within-host replication rate, and most of the secondary infections are generated

from an HIV-1-infected individual during the symptomatic stage. Moreover, our findings
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suggest that medical interventions that improve the health of HIV-infected individuals
(e.g., antiretroviral treatments (ART)) can select for strains with higher replication rate
and faster progression to AIDS. This result is in accordance with a number of studies
that have shown that when ART is initiated early after infection at high coverage then
HIV strains (whether HIV-1 or HIV-2) with higher virulence are favoured (Herbeck et al.,
2016; |Porco et al., 2005; [Herbeck et al., [2012; Pantazis et al., 2014).

Inspired by Markov models used to describe animal movement, we considered an epi-
demic model with two movement states and a parasite-induced shift from a moving to a
resting state. Previous studies have illustrated that evolutionary bistability can arise due
to host population heterogeneity (Gandon et al., 2003 and transmission mode hetero-
geneity (Boldin & Kisdi, 2012). We find that a parasite-induced shift from a moving to a
resting state can also result in evolutionary bistatbility, and for our model the bistability
arises due to heterogeneity at the individual host-level rather than at the host population-

level or beyond.

Acknowledgements

A. Hurford was supported by an NSERC Discovery Grant (RGPIN 2014-05413). The
authors thank S. Andrews, S.R. Chalise J. Ebel, F. Frazao, J. MacSween, J. Marino, A.
McLeod, E.J. Moran, M. Rittenhouse, M. Rizzuto and S. Yalcin for their helpful comments

on this manuscript.

24


https://doi.org/10.1101/623660
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/623660; this version posted April 30, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Literature cited

Abbate, J., Kada, S. & Lion, S. 2015. Beyond mortality: Sterility as a neglected component of

parasite virulence. PLoS Pathog 11: €1005229.

Alexander, D. 2000. A review of avian influenza in different bird species. Vet. Microbiol. 74:

3-13.
Alexander, D. 2007. An overview of the epidemiology of avian influenza. Vaccine 25: 5637-5644.

Alizon, S., Hurford, A., Mideo, N. & van Baalen, M. 2009. Virulence evolution and the trade-off

hypothesis: history, current state of affairs and the future. J. Fvol. Biol. 22: 245-259.

Alizon, S. & Michalakis, Y. 2015. Adaptive virulence evolution: the good old fitness-based

approach. Trends Ecol. Evol. 30: 248-254.

Alizon, S. & van Baalen, M. 2005. Emergence of a convex trade-off between transmission and

virulence. Am. Nat. 165: E155-E167.
Anderson, R. & May, R. 1982. Coevolution of hosts and parasites. Parasitology 85: 411-426.

Andersson, S., Norrgren, H., da Silva, Z., Biague, A., Bamba, S., Kwok, S., Christopherson, C.,
Biberfeld, G. & Albert, J. 2000. Plasma viral load in HIV-1 and HIV-2 singly and dually
infected individuals in Guinea-Bissau, West Africa: significantly lower plasma virus set point

in HIV-2 infection than in HIV-1 infection. Arch. Intern. Med. 160: 3286-3293.

André, J. & Gandon, S. 2006. Vaccination, within-host dynamics, and virulence evolution.

FEvolution 60: 13-23.

Antia, R., Levin, B. & May, R. 1994. Within-host population dynamics and the evolution and

maintenance of microparasite virulence. Am. Nat. 144: 457-472.
Bacon, P. 1985. Population dynamics of rabies in wildlife. Academic Press Inc.(London) Ltd.

Banks, J., Speidel, E., McCauley, J. & Alexander, D. 2000. Phylogenetic analysis of h7 haemag-

glutinin subtype influenza a viruses. Arch. Virol. 145: 1047-1058.

Banks, J., Speidel, E., Moore, E., Plowright, L., Piccirillo, A., Capua, L., Cordioli, P., Fioretti,

A. & Alexander, D. 2001. Changes in the haemagglutinin and the neuraminidase genes prior

25


https://doi.org/10.1101/623660
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/623660; this version posted April 30, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

to the emergence of highly pathogenic H7N1 avian influenza viruses in italy. Arch. Virol. 146:
963-973.

Bell, A., de Roode, J., Sim, D. & Read, A. 2006. Within-host competition in genetically diverse

malaria infections: parasite virulence and competitive success. Evolution 60: 1358-1371.

Belser, J., Gustin, K., Pearce, M., Maines, T., Zeng, H., Pappas, C., Sun, X., Carney, P.,
Villanueva, J. & Stevens, J. 2013. Pathogenesis and transmission of avian influenza A (H7N9)

virus in ferrets and mice. Nature 501: 556—559.

Berry, N., Ariyoshi, K., Jaffar, S., Sabally, S., Corrah, T., Tedder, R. & Whittle, H. 1998. Low
peripheral blood viral HIV-2 RNA in individuals with high CD4 percentage differentiates

HIV-2 from HIV-1 infection. J. Hum. Virol. 1: 457-468.

Bertran, K., Pérez-Ramirez, E., Busquets, N., Dolz, R., Ramis, A., Darji, A., Abad, F., Valle,
R., Chaves, A., Vergara-Alert, J., Barral, M., Hofle, U. & Majé, N. 2011. Pathogenesis and
transmissibility of highly (H7N1) and low (H7N9) pathogenic avian influenza virus infection

in red-legged partridge (alectoris rufa). Veterinary Research 42: 24.

Best, A., White, A. & Boots, M. 2017. The evolution of host defence when parasites impact

reproduction. Fvol. Ecol. Res. 18: 393-409.

Blanquart, F., Grabowski, M., Herbeck, J., Nalugoda, F., Serwadda, D., Eller, M., Robb, M.,
Gray, R., Kigozi, G., Laeyendecker, O., Lythgoe, K., Nakigozi, G., Quinn, T., Reynolds,
S., Wawer, M. & Fraser, C. 2016. A transmission-virulence evolutionary trade-off explains

attenuation of HIV-1 in Uganda. eLife 5: €20492.

Boldin, B. & Kisdi, E.. 2012. On the evolutionary dynamics of pathogens with direct and

environmental transmission. FEvolution 66: 2514-2527.

Bonds, M. 2006. Host life-history strategy explains pathogen-induced sterility. Am. Nat. 168:

281-293.

Boots, M., Hudson, P. & Sasaki, A. 2004. Large shifts in pathogen virulence relate to host

population structure. Science 303: 842-844.

Brauer, F. 2008. Compartmental models in epidemiology. In: Mathematical epidemiology,

chap. 2, pp. 19-79. Springer.

26


https://doi.org/10.1101/623660
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/623660; this version posted April 30, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Brunner, J., Richards, K. & Collins, J. 2005. Dose and host characteristics influence virulence

of ranavirus infections. Oecologia 144: 399-406.
Bull, J. 1994. Perspective: virulence. Evolution 48: 1423-1437.

Carré, N., Prins, M., Meyer, L., Brettle, R., Robertson, J., McArdle, H., Goldberg, D., Zangerle,
R., Coutinho, R. & van den Hoek, A. 1997. Has the rate of progression to AIDS changed in

recent years? AIDS 11: 1611-1618.

Causey, D. & Edwards, S.V. 2008. Ecology of avian influenza virus in birds. J. Infect. Dis. 197:
529-S33.

Cheng-Mayer, C., Seto, D., Tateno, M. & Levy, J. 1988. Biologic features of HIV-1 that correlate

with virulence in the host. Science 240: 80.

Cressler, C., McLEOD, D., Rozins, C., van Den Hoogen, J. & Day, T. 2016. The adaptive
evolution of virulence: a review of theoretical predictions and empirical tests. Parasitology

143: 915-930.

Day, T. 2001. Parasite transmission modes and the evolution of virulence. Fvolution 55: 2389—

2400.

de Roode, J. & Altizer, S. 2010. Host-parasite genetic interactions and virulence-transmission

relationships in natural populations of monarch butterflies. Fvolution 64: 502-514.

de Roode, J., Chi, J., Rarick, R. & Altizer, S. 2009. Strength in numbers: high parasite bur-
dens increase transmission of a protozoan parasite of monarch butterflies (Danaus plexippus).

Oecologia 161: 67-75.

de Roode, J., Gold, L. & Altizer, S. 2006. Virulence determinants in a natural butterfly-parasite

system. Parasitology 134: 657—-668.

de Roode, J., Yates, A. & Altizer, S. 2008. Virulence-transmission trade-offs and population
divergence in virulence in a naturally occurring butterfly parasite. Proc. Natl. Acad. Sci. U.

S. A. 105: 7489-7494.

27


https://doi.org/10.1101/623660
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/623660; this version posted April 30, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Dieckmann, U. 2002. Adaptive dynamics of pathogen-host interactions. In: Adaptive Dynamics
of Infectious Diseases: In Pursuit of Virulence Management, chap. 4, pp. 39-59. Cambridge

University Press.

Diekmann, O. 2004. A beginner’s guide to adaptive dynamics. Banach Center Publications 63:

47-86.

Diekmann, O., Heesterbeek, H. & Britton, T. 2012. The epidemic in a closed population.
In: Mathematical tools for understanding infectious diseases dynamics, chap. 1, pp. 3-36.

Princeton University Press.

Dougherty, E.; Seidel, D., Carlson, C., Speigel, O. & Getz, W. 2017. Going through the motions:

incorporating movement analyses into disease research. Fcol. Lett. 21: 588—604.

Doumayrou, J., Avellan, A., Froissart, R. & Michalakis, Y. 2013. An experimental test of the

transmission-virulence trade-off hypothesis in a plant virus. Evolution 67: 477-486.

Drylewicz, J., Matheron, S., Lazaro, E., Damond, F., Bonnet, F., Simon, F., Dabis, F., Brun-
Vezinet, F., Chéne, G. & Thiébaut, R. 2008. Comparison of viro-immunological marker

changes between HIV-1 and HIV-2-infected patients in france. AIDS 22: 457.

Eames, K., Tilston, N., White, P., Adams, E. & Edmunds, W. 2010. The impact of illness and

the impact of school closure on social contact patterns. Health Technol Assess 14: 267-312.

Ebert, D. & Herre, E. 1996. The evolution of parasitic diseases. Parasitol. Today 12: 96-101.

Edelhoff, H., Signer, J. & Balkenhol, N. 2016. Path segmentation for beginners: an overview of
current methods for detecting changes in animal movement patterns. Movement Ecology 4:

21.

Eshel, I. 1983. Evolutionary and continuous stability. J. Theor. Biol. 103: 99-111.

Evans, T., Bowers, R. & Mortimer, M. 2010. Adaptive dynamics of temperate phages. Fwvol.

FEcol. Res. 12: 413-434.

Ewald, P. 1983. Host-parasite relations, vectors, and the evolution of disease severity. Annu.

Rev. Ecol. Syst. 14: 465—485.

28


https://doi.org/10.1101/623660
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/623660; this version posted April 30, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Ewald, P. 1994. Vectors, vertical transmission, and the evolution of virulence. In: Fvolution of

infectious disease, chap. 3, pp. 75—114. Oxford University Press.

Fenichel, E., Castillo-Chavez, C., Ceddia, M., Chowell, G., Parra, P., Hickling, G., Holloway,
G., Horan, R., Morin, B., Perrings, C., Springborn, M., Velazquez, L. & Villalobos, C. 2011.
Adaptive human behavior in epidemiological models. Proc. Natl. Acad. Sci. U. S. A 108:
6306-6311.

Finnerty, P., Shine, R. & Brown, G. 2018. The costs of parasite infection: Effects of removing
lungworms on performance, growth and survival of free-ranging cane toads. Funct. FEcol. 32:

402-415.

Fleming-Davies, A., Dukic, V., Andreasen, V. & Dwyer, G. 2015. Effects of host heterogeneity

on pathogen diversity and evolution. Ecol. Lett. 18: 1252-1261.

Fofana, A. & Hurford, A. 2017. Mechanistic movement models to understand epidemic spread.

Phil. Trans. R. Soc. B 372: 20160086.

Frank, S. 1996. Models of parasite virulence. Q). Rev. Biol. 71: 37-78.

Fraser, C., Hollingsworth, T., Chapman, R., de Wolf, F. & Hanage, W. 2007. Variation in
HIV-1 set-point viral load: epidemiological analysis and an evolutionary hypothesis. Proc.

Natl. Acad. Sci. U. S. A. 104: 17441-17446.

Fraser, C., Lythgoe, K., Leventhal, G., Shirreff, G., Hollingsworth, T., Alizon, S. & Bonhoeffer,
S. 2014. Virulence and pathogenesis of HIV-1 infection: an evolutionary perspective. Science

343: 1243727.

Gandon, S., Mackinnon, M., Nee, S. & Read, A. 2001. Imperfect vaccines and the evolution of

pathogen virulence. Nature 414: 751-756.

Gandon, S., Mackinnon, M., Nee, S. & Read, A. 2003. Imperfect vaccination: some epidemio-

logical and evolutionary consequences. Proc. R. Soc. Lond. B Biol. Sci. 270: 1129-1136.

Geritz, S., Mesze, G. & Metz, J. 1998. Evolutionarily singular strategies and the adaptive growth

and branching of the evolutionary tree. Evol. Ecol. 12: 35-57.

29


https://doi.org/10.1101/623660
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/623660; this version posted April 30, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Ghai, R., Fugere, V., Chapman, C., Goldberg, T. & Davies, T. 2015. Sickness behaviour
associated with non-lethal infections in wild primates. Proc. R. Soc. Lond. B Biol. Sci. 282:

20151436.

Gilchrist, M. & Sasaki, A. 2002. Modeling host-parasite coevolution: a nested approach based

on mechanistic models. J. Theor. Biol. 218: 289-308.

Gurarie, E., Andrews, R. & Laidre, K. 2009. A novel method for identifying behavioural changes

in animal movement data. Ecol. Lett. 12: 395-408.

Halloran, M., Ferguson, N., Eubank, S., Longini, I., Cummings, D., Lewis, B., Xu, S., Fraser,
C., Vullikanti, A., Germann, T., Wagener, D., Beckman, R., Kadau, K., Barrett, C., Macken,
C., Burke, D. & Cooley, P. 2008. Modeling targeted layered containment of an influenza

pandemic in the United States. Proc. Natl. Acad. Sci. U. S. A. 105: 4639-4644.

Hart, B. 1988. Biological basis of the behavior of sick animals. Neurosci. Biobehav. Rev. 12:

123-137.

Hemachudha, T., Laothamatas, J. & Rupprecht, C. 2002. Human rabies: a disease of complex

neuropathogenetic mechanisms and diagnostic challenges. Lancet Neurol. 1: 101-109.

Herbeck, J., Mittler, J., Gottlieb, G., Goodreau, S., Murphy, J., Cori, A., Pickles, M. & Fraser,
C. 2016. Evolution of HIV virulence in response to widespread scale up of antiretroviral

therapy: a modeling study. Virus Evolution 2: vew(028.

Herbeck, J., Miiller, V., Maust, B., Ledergerber, B., Torti, C., Di Giambenedetto, S., Gras,
L., Gunthard, H., Jacobson, L., Mullins, J. & Gottlieb, G. 2012. Is the virulence of HIV
changing? a meta-analysis of trends in prognostic markers of HIV disease progression and

transmission. AIDS 26: 193.

Holmstad, P., Jensen, K. & Skorping, A. 2006. Vector-borne parasites decrease host mobility:

a field test of freeze or flee behaviour of willow ptarmigan. Int. J. Parasitol. 36: 735-740.

Hurford, A., Cownden, D. & Day, T. 2010. Next-generation tools for evolutionary invasion

analyses. J. Royal Soc. Interface 7: 561-571.

Jaffar, S., Grant, A., Whitworth, J., Smith, P. & Whittle, H. 2004. The natural history of HIV-1

and HIV-2 infections in adults in Africa: a literature review. Bull. W.H.O 82: 462-469.

30


https://doi.org/10.1101/623660
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/623660; this version posted April 30, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Levy, J. 2009. HIV pathogenesis: 25 years of progress and persistent challenges. AIDS 23:
147-160.

Lipsitch, M. & Moxon, E. 1997. Virulence and transmissibility of pathogens: what is the

relationship? Trends Microbiol. 5: 31-37.
Lively, C. 2006. The ecology of virulence. Ecol. Lett. 9: 1089-1095.

Lloyd-Smith, J., Getz, W. & Westerhoff, H. 2004. Frequency-dependent incidence in models of
sexually transmitted diseases: portrayal of pair-based transmission and effects of illness on

contact behaviour. Proc. R. Soc. Lond. B Biol. Sci. 271: 625-634.

Maartens, G., Celum, C. & Lewin, S. 2014. HIV infection: epidemiology, pathogenesis, treat-

ment, and prevention. The Lancet 384: 258-271.

MacNeil, A., Sarr, A., Sankalé, J., Meloni, S., Mboup, S. & Kanki, P. 2007. Direct evidence of
lower viral replication rates in vivo in human immunodeficiency virus type 2 (HIV-2) infection

than in HIV-1 infection. J. Virol. 81: 5325-5330.

May, R. 1986. Population biology of microparasitic infections. In: Mathematical ecology: An

Introduction, pp. 405-442. Springer.

McKellar, A., Langrock, R., Walters, J. & Kesler, D. 2014. Using mixed hidden markov models

to examine behavioral states in a cooperatively breeding bird. Behav. Ecol. 26: 148-157.

Moorter, B., Visscher, D., Jerde, C., Frair, J. & Merrill, E. 2010. Identifying movement states

from location data using cluster analysis. J. Wildl. Manag. 74: 588-594.

Morales, J., Haydon, D., Frair, J., Holsinger, K. & Fryxell, J. 2004. Extracting more out of
relocation data: building movement models as mixtures of random walks. Ecology 85: 2436—

2445.

Moylett, E. & Shearer, W. 2002. HIV: clinical manifestations. J. Allergy Clin. Immunol. 110:

3-16.

Mutinelli, F., Capua, I., Terregino, C. & Cattoli, G. 2003. Clinical, gross, and microscopic find-
ings in different avian species naturally infected during the H7N1 low-and high-pathogenicity

avian influenza epidemics in italy during 1999 and 2000. Avian Dis. 47: 844-848.

31


https://doi.org/10.1101/623660
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/623660; this version posted April 30, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Nao, N., Yamagishi, J., Miyamoto, H., Igarashi, M., Manzoor, R., Ohnuma, A., Tsuda, Y.,
Furuyama, W., Shigeno, A., Kajihara, M. et al. 2017. Genetic predisposition to acquire a
polybasic cleavage site for highly pathogenic avian influenza virus hemagglutinin. MBio 8:

€02298-16.
Ndung'u, T. & Weiss, R. 2012. On HIV diversity. Aids 26: 1255-1260.

O’Keefe, K. & Antonovics, J. 2002. Playing by different rules: the evolution of virulence in

sterilizing pathogens. Am. Nat. 159: 597—-605.

Otto, S. & Day, T. 2007. Evolutionary invasion analysis. In: A biologist’s guide to mathematical

modeling in ecology and evolution, chap. 12, pp. 454-566. Princeton University Press.

Pantazis, N., Porter, K., Costagliola, D., De Luca, A., Ghosn, J., Guiguet, M., Johnson, A.,
Kelleher, A., Morrison, C., Thiebaut, R., Wittkop, L. & Touloumi, G. 2014. Temporal trends

in prognostic markers of HIV-1 virulence and transmissibility: an observational cohort study.

Lancet HIV 1: e119-e126.

Patel, P., Borkowf, C., Brooks, J., Lasry, A., Lansky, A. & Mermin, J. 2014. Estimating per-act

HIV transmission risk: a systematic review. Aids 28: 1509-1519.

Patterson, T., Thomas, L., Wilcox, C., Ovaskainen, O. & Matthiopoulos, J. 2008. State-space

models of individual animal movement. Trends Ecol. Evol. 23: 87-94.

Paul, R., Lafond, T., Miiller-Graf, C., Nithiuthai, S., Brey, P. & Koella, J. 2004. Experimental
evaluation of the relationship between lethal or non-lethal virulence and transmission success

in malaria parasite infections. BMC' Ewvol. Biol. 4: 30.

Perdue, M., Garci’a, M., Senne, D. & Fraire, M. 1997. Virulence-associated sequence duplication

at the hemagglutinin cleavage site of avian influenza viruses. Virus Res. 49: 173-186.

Perkins, L. & Swayne, D. 2001. Pathobiology of a/chicken/Hong Kong/220/97 (H5N1) avian

influenza virus in seven gallinaceous species. Veterinary Pathology 38: 149-164.

Perkins, T., Paz-Soldan, V., Stoddard, S., Morrison, A., Forshey, B., Long, K., Halsey, E.,
Kochel, T., Elder, J., Kitron, U., Scott, T. & Vazquez-Prokopec, G. 2016. Calling in sick:
impacts of fever on intra-urban human mobility. Proc. R. Soc. Lond. B Biol. Sci. 283:

20160390.

32


https://doi.org/10.1101/623660
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/623660; this version posted April 30, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Perra, N., Balcan, D., Gongalves, B. & Vespignani, A. 2011. Towards a characterization of

behavior-disease models. PloS one 6: €23084.

Pinkerton, S. 2008. Probability of HIV transmission during acute infection in Rakai, Uganda.
AIDS Behav 12: 677-684.

Popper, S., Sarr, A., Travers, K., Gueye-Ndiaye, A., Mboup, S., Essex, M. & Kanki, P.
1999. Lower human immunodeficiency virus (HIV) type 2 viral load reflects the difference in

pathogenicity of HIV-1 and HIV-2. J. Infect. Dis. 180: 1116-1121.

Porco, T., Lloyd-Smith, J., Gross, K. & Galvani, A. 2005. The effect of treatment on pathogen

virulence. J. Theor. Biol. 233: 91-102.

Qi, W., Jia, W., Liu, D., Li, J., Bi, Y., Xie, S., Li, B., Hu, T., Du, Y., Xing, L. et al. 2018.
Emergence and adaptation of a novel highly pathogenic H7TN9 influenza virus in birds and

humans from a 2013 human-infecting low-pathogenic ancestor. J. Virol. 92: e00921-17.
Read, A. 1994. The evolution of virulence. Trends Microbiol. 2: 73-76.

Read, A., Baigent, S., Powers, C., Kgosana, L., Blackwell, L., Smith, L., Kennedy, D., Walkden-
Brown, S. & Nair, V. 2015. Imperfect vaccination can enhance the transmission of highly

virulent pathogens. PLoS Biol. 13: €1002198.

Reuman, P., Keely, S. & Schiff, G. 1989. Assessment of signs of influenza illness in the ferret

model. J. Virol. Methods 24: 27-34.

Roberts, H., Goulder, P. & McLean, A. 2015. The impact of antiretroviral therapy on population-

level virulence evolution of HIV-1. J. Royal Soc. Interface 12: 20150888.

Schjgrring, S. & Koella, J. 2003. Sub-lethal effects of pathogens can lead to the evolution of

lower virulence in multiple infections. Proc. R. Soc. Lond. B Biol. Sci. 270: 189-193.

Sharp, P. & Hahn, B. 2010. The evolution of HIV-1 and the origin of AIDS. Philos. Trans. R.

Soc. Lond. B Biol. Sci. 365: 2487-2494.

Shaw, G. & Hunter, E. 2012. HIV transmission. Cold Spring Harbor perspectives in medicine
2: a006965.

33


https://doi.org/10.1101/623660
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/623660; this version posted April 30, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Sims, L., Domenech, J., Benigno, C., Kahn, S., Kamata, A., Lubroth, J., Martin, V. & Roeder,
P. 2005. Origin and evolution of highly pathogenic H5N1 avian influenza in asia. Veterinary

Record 157: 159.

Stallknecht, D. 2003. Ecology and epidemiology of avian influenza viruses in wild bird popula-

tions: waterfowl, shorebirds, pelicans, cormorants, etc. Avian Dis. 47: 61-69.

Stallknecht, D., Shane, S., Kearney, M. & Zwank, P. 1990. Persistence of avian influenza viruses

in water. Avian Dis. 34: 406-411.

Susilawathi, N., Darwinata, A., Dwija, L., Budayanti, N., Wirasandhi, G., Subrata, K., Susilarini,
N., Sudewi, R., Wignall, F.S. & Mahardika, G. 2012. Epidemiological and clinical features of

human rabies cases in bali 2008-2010. BMC' Infect. Dis. 12: 81.

Taubenberger, J. & Kash, J. 2010. Influenza virus evolution, host adaptation, and pandemic

formation. Cell Host Microbe 7: 440-451.

Tchounga, B., Ekouevi, D. & Balestre, F., E.and Dabis 2016. Mortality and survival patterns

of people living with HIV-2. Current Opinion in HIV and AIDS 11: 537-544.

Teimouri, M., Indahl, U., Sickel, H. & Tveite, H. 2018. Deriving animal movement behaviors

using movement parameters extracted from location data. ISPRS Int. J. Geo-Inf. T: 78.

Timms, R., Colegrave, N., Chan, B. & Read, A. 2001. The effect of parasite dose on disease

severity in the rodent malaria Plasmodium chabaudi. Parasitology 123: 1-11.

van Baalen, M. 1998. Coevolution of recovery ability and virulence. Proc. R. Soc. Lond. B Biol.

Sci. 265: 317-325.

van den Driessche, P. & Watmough, J. 2002. Reproduction numbers and sub-threshold endemic

equilibria for compartmental models of disease transmission. Math. Biosci. 180: 29-48.

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

1655-1662.

Verelst, F., Willem, L. & Beutels, P. 2016. Behavioural change models for infectious disease

transmission: a systematic review (2010-2015). J. Royal Soc. Interface 13: 20160820.

34


https://doi.org/10.1101/623660
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/623660; this version posted April 30, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Walther, B. & Ewald, P. 2004. Pathogen survival in the external environment and the evolution

of virulence. Biol. Rev. 79: 849-869.

Wang, Z., Andrews, M., Wu, Z., Wang, L. & Bauch, C. 2015. Coupled disease-behavior dynamics

on complex networks: A review. Phys. Life Rev. 15: 1-29.

Williams, P., Dobson, A., Dhondt, K., Hawley, D. & Dhondt, A. 2014. Evidence of trade-offs

shaping virulence evolution in an emerging wildlife pathogen. J. Evol. Biol. 27: 1271-1278.

Wu, Z., Zhang, Y., Zhao, N., Yu, Z., Pan, H., Chan, T., Zhang, Z. & Liu, S. 2017. Comparative
epidemiology of human fatal infections with novel, high (H5N6 and H5N1) and low (H7N9
and HIN2) pathogenicity avian influenza A viruses. Int. J. Environ. Res. Public Health 14:
263.

Yoon, S., Webby, R. & Webster, R. 2014. Evolution and ecology of influenza a viruses. In:

Influenza Pathogenesis and Control-Volume I, pp. 359-375. Springer.

Zitzow, L., Rowe, T., Morken, T., Shieh, W., Zaki, S. & Katz, J. 2002. Pathogenesis of avian

influenza A (H5N1) viruses in ferrets. J. Virol. 76: 4420-4429.

35


https://doi.org/10.1101/623660
http://creativecommons.org/licenses/by/4.0/

	Introduction
	Epidemiological model
	Evolution model
	Results
	The evolutionarily stable within-host parasite net replication rate (ESS *)
	Evolutionary bistability arises when hosts make contacts during lethargy
	Hosts make no contacts in the resting state (cr=0)
	Hosts make contacts in the resting state (cr>0)

	The effects of model parameters on the evolutionary dynamics
	Evolutionary dynamics when parasite infection is non-lethal

	Discussion

