
Supplementary Information Text 
 
 
S1 Text. Population-level dynamics and R0  
 
To begin, we follow Miller et al. (2006) (1), assuming a simple population dynamics system which allows 
for infection-induced mortality. However, since we are interested in examining virus evolution in reservoir 
hosts, we first assume that hosts maintain persistent lifelong infections following initial exposure.  
 
We assume that hosts are born at rate 𝑏! and die of natural death at rate	𝜇!, where 𝑏! > 𝜇!. All hosts are 
assumed to be born susceptible and population density is regulated via a crowding term (𝑞!). The 
subscript “R” on the birth, death, and crowding terms emphasizes that these rates are specific to the 
reservoir host. Because our goal in this endeavor is to allow for the evolution of rates that link to within-
host dynamics (Text S3), we represent transmission and virulence as functions of the virus causing the 
infection respectively, (𝛽"! and 𝛼"!) where 𝑟! denotes the intrinsic virus growth rate. Our system is 
described by the following system of ordinary differential equations (ODE), where ‘S’ represents hosts 
susceptible to infection and ‘I’ represents infected hosts and (𝑁 = 𝑆 + 𝐼): 
 
#$
#%
= 𝑁(𝑏! − 𝑞!𝑁) − 𝛽"!𝑆𝐼 − 𝜇!𝑆         [1a] 

#&
#%
= 𝛽"!𝑆𝐼 − 𝜇!𝐼 −	𝛼"!𝐼          [1b] 

 
There exists both a disease-free equilibrium (DFE) at (𝐼'()∗ , 𝑆'()∗ ) = (0, +!,-!

.!
 ), as well as an endemic 

infection equilibrium (EE), (𝐼))∗ , 𝑆))∗ ) (see below, [2a], [2b]).  
 
𝑆))∗ =

/"!0-!
1"!

            [2a] 

𝐼))∗ =	
21"!31"!4+!,-!,/"!5

#
0		7	/"!.!4-!0	/"!5801"!4+!,-!,/"!5,9.!4	/"!0	-!5

9	1"!.!
     [2b] 

 
From [1], we can then formulate the Jacobian matrix, 𝐽, to decipher the local stability of the DFE: 
 

𝐽 = 	 4
𝑏! − 2𝑞!𝑆 − 2𝑞!𝐼 − 𝛽"!𝐼 − 𝜇! 𝑏! − 2𝑞!𝑆 − 2𝑞!𝐼 − 𝛽"!𝑆

𝛽"!𝐼 𝛽"!𝑆 − 𝜇! − 𝛼"!
6      [3a] 

 
Next, we evaluate the Jacobian at the DFE: 
 

𝐽'() =	 7
−𝑏! + 𝜇! −𝑏! + 2𝜇! −

1"!(+!,-!)

.!

0
1"!(+!,-!)

.!
− 𝜇! − 𝛼"!

8        [3b] 

 
The DFE is locally unstable when at least one of the eigenvalues of the Jacobian is non-negative. The 
eigenvalues can be read off the diagonal (JDFE is upper triangular).  
 
Clearly, the first eigenvalue is negative since 𝑏! > 𝜇!:	𝜇! − 𝑏! < 0. A little algebra will establish that the 
second eigenvalue is negative when: 
 
𝑅< =	

1"!(+!,-!)

.!(-!0	/"!)
< 1          [4] 

 



Therefore, if 𝑅< > 1, the DFE is no longer locally asymptotically stable, resulting in an increase in infected 
hosts within the population.  
 
When 𝑅< > 1, the EE is globally asymptotically stable in the interior of  Ω = {(𝑆, 𝐼) ∈ 𝑅09 	|𝑆 ≥ 0, 𝐼 ≥ 0, 𝑆 +
𝐼 ≤ 	 +!,-!

.!
	}. We demonstrate this by first establishing the local asymptotic stability of the EE, then by 

determining that there are no limit cycles in the region, Ω. 
 
If we evaluate the Jacobian, once again, at the EE (which we can refer to now as 𝐽))), we will find that the 
trace (Trace(𝐽)))) of that matrix is negative: 
 

𝑇𝑟𝑎𝑐𝑒(𝐽))) =
,49.!01"!521"!31"!4+!,-!,/"!5

#
0		7	/"!.!4-!0	/"!58,1"!=1"!4+!,-!,/"!5,9.!4-!0	/"!5>

9.!1"!
< 0 [5] 

 
Note that 𝑏 ≥ 𝜇 + 𝛼" (a necessary condition for the existence of the EE). In addition, the determinant of 
the JEE is positive:  
 

𝐷𝑒𝑡(𝐽))) =
21"!31"!4+!,-!,/"!5

#
0		7	/"!.!4-!0	/"!58=?,9.!4-!0/"!5>01"!4+!,-!,/"!5

9.!1"!
> 0   [6] 

 
Note that 0 < 𝑞! ≪ 1. Therefore, the eigenvalues of the Jacobian matrix (𝐽))) have negative real parts, 
and therefore the EE (when it exists) is locally asymptotically stable.  We now use the Dulac criterion to 
establish that no limit cycles exist in Ω. Consider the Dulac function: Φ(𝑆, 𝐼) = 1/(𝛽𝑆𝐼), and let the 
function 𝐹(𝑆, 𝐼) represent the right hand side of [1a], and let the function 𝐺(𝑆, 𝐼) represent the right hand 
side of [1b]. Then we have: 
 
@(A()
@$

+ @(AB)
@&

= − (+!)&
1$#&

+ 𝑞 &
#,$#

1$#&
< 0        [7] 

 
since 0 < 𝑞! ≪ 1. Thus, system [1] has no limit cycles present in Ω. Therefore, the EE is globally 
asymptotically stable in Ω when 𝑅< > 1. 
 
 
S2 Text. Invasion of a mutant parasite under SI assumptions 
 
Next, we aim to establish under what conditions a mutant pathogen can invade this system. We 
accomplish this task by first re-writing system [1] to include hosts infected with a resident wild-type 
pathogen, 𝐼?, or a novel mutant pathogen, 𝐼9 where now, 𝑁 = 𝑆 + 𝐼? + 𝐼9: 
 
#$
#%
= 𝑁(𝑏! − 𝑞!𝑁) − 𝛽"$!𝑆𝐼? − 𝛽"#!𝑆𝐼9 − 𝜇!𝑆       [8a] 

#&$
#%
= 𝛽"$!𝑆𝐼? − 𝜇!𝐼? −	𝛼"$!𝐼?         [8b] 

#&#
#%
= 𝛽"#!𝑆𝐼9 − 𝜇!𝐼9 −	𝛼"#!𝐼9         [8c] 

 
 
Notice that the novel mutant pathogen has a different intrinsic viral growth rate than that of the resident 
(wild-type) pathogen (𝑟?! ≠ 𝑟9!). It then follows from [1] that there exists a mutant-free equilibrium (MFE) 
in system [8] which recapitulates the endemic equilibrium in system [1]. To evaluate the local stability of 
the MFE we can again construct the Jacobian matrix of the new system and evaluate it at the MFE (Note: 
at the MFE, 𝐼9∗ = 0 while 𝑆∗and 𝐼?∗ replicate the endemic equilibrium values in [2a] and [2b]): 
 



𝐽C() = 7
𝑏! − 2𝑞!𝑆∗ − 2𝑞!𝐼?∗ − 𝛽"$!𝐼?

∗ − 𝜇! 𝑏! − 2𝑞!𝑆∗ − 2𝑞!𝐼?∗ − 𝛽"$!𝑆
∗ 𝑏! − 2𝑞!𝑆∗ − 2𝑞!𝐼?∗ − 𝛽"#!𝑆

∗

𝛽"$!𝐼?
∗ 𝛽"$!𝑆

∗ − 𝜇! − 𝛼"$! 0
0 0 𝛽"#!𝑆

∗ − 𝜇! − 𝛼"#!
8  [9] 

 
The upper left four quadrats of this matrix exactly replicate the 2x2 Jacobian ([3a]) evaluated at the EE 
(𝐽))), which we now refer to as the resident equilibrium. 𝐽C() is a block-triangular matrix, which we can be 
broken down into component parts: 
 
𝐽C() 	= P𝐽"DE ∗

0 𝐽FG%
R           [10] 

 
Stability of the MFE requires that the real parts of all eigenvalues of 𝐽C() be negative. Since the matrix is 
block diagonal, the eigenvalues of 𝐽C() 	are given by the eigenvalues of the two matrices on the diagonal, 
𝐽"DE and 𝐽FG%. We already established that the eigenvalues of 𝐽"DE have negative real parts when 𝑅< > 1. 
The local stability of the MFE then depends on the sign of the eigenvalue of 𝐽FG%, where 𝐽FG% = 𝛽9𝑆))∗ −
𝜇! − 𝛼"#! .  𝐽FG% thus corresponds to the growth rate of a rare mutant in an environment with an endemic 
resident strain. If the mutant pathogen is able to grow within the population, then: 
 
𝛽"#!

-!0/"$! 	

1"$!
− 𝜇! − 𝛼"#! > 0         [11] 

 
or: 
 
1"#!

-!0/"#!
>

1"$!
-!0/"$!

          [12] 

 
It is evident that the MFE is unstable (allowing for invasion of the mutant strain) when the ratio of 
transmission over infection duration is larger for the (invading) mutant strain than the resident strain. In 
general, a pathogen will evolve to maximize this expression, which is known as the invasion fitness, and 
is given by: 
 
1"!

-!0/"!
                    [13] 

   
 
S3 Text. Within-host dynamics under SI assumptions 
 
Now that we have determined the invasion fitness for a mutant virus, we can write the population-level 
rates dependent on within-host dynamics in their within-host terms (transmission: 𝛽"$!/"#! and virulence: 
𝛼"$!/"#!). This will allow us to derive a selection gradient on the viral growth rate, an intrinsic virus 
property likely to be carried from one host to another. To do this, we establish a simple within-host model 
that represents the dynamics of infection within each 𝐼?	and 𝐼9 host as outlined above. We follow Alizon 
and Van Baalen (2005) (2) to adapt a class of Lotka-Volterra predator-prey-like within-host models 
(reviewed in (3)), which overcomes some of the constraints of basic predator-prey models of the immune 
system, chiefly (i) by allowing leukocytes to circulate in the absence of infection and (ii) by scaling 
leukocyte growth with virion density, independent of direct leukocyte-virion contact (2,4,5) . This model 
can be captured by the following system of ODEs, which demonstrates interactions between the virus 
population (𝑉!) and the leukocyte population (𝐿!) within each infected reservoir host: 
 
#I!
#%

= 𝑟!𝑉! − 𝑐!𝑉!𝐿!           [14a] 
#J!
#%
= 𝑔<! + 𝑔!𝑟!𝑉! −𝑚!𝐿!         [14b] 

 
where 𝑟! corresponds to the intrinsic virus growth rate,	𝑐! corresponds to the attack efficacy of the 
immune system upon contact with the virus, and 𝑔! signifies the recruitment rate of immune cells scaled 



to the virus growth rate. The parameter, 𝑔<!, describes the constitutive, baseline leukocyte recruitment in 
the absence of infection, and 𝑚! gives the natural leukocyte death rate. 
 
This system has two equilibria: a virus free equilibrium at 𝑉!∗ = 0 and  𝐿!∗ =

K%!
F!

 and an endemic virus 

equilibrium at 𝑉!∗ =
F!"!,L!K%!

K!L!"!
 and 𝐿!∗ =

"!
L!

.  
 
Building from above, we can then rewrite the component terms of the population-level transmission and 
virulence rates dependent on within-host dynamics (𝛽"$!/"#! and 𝛼"$!/"#!) in terms of their within-host 
components, assuming that the within host dynamics are fast relative to the population-level dynamics 
and converge to the endemic equilibrium (i.e. 𝑚!𝑟! > 𝑐!𝑔<!). 
 
In line with previous work, we assume transmission to be a linear function of viral load (4), which we 
represent as: 
 
𝛽"! = 𝜁𝑉!∗.            [15] 
 
We can also assume that: 
 
𝛼"! =

M"!I!
∗

N'!
+ OK!"!I!

∗

N(!
,          [16] 

 
by which infection-induced host mortality (‘virulence’) results from both virus-induced pathology, a 
function of the intrinsic virulence of the parasite, 𝑣, and the parasite growth rate 𝑟!𝑉!∗, and 
immunopathology, which we model as proportional to the leukocyte growth rate in response to virus 
expansion, multiplied by the parasite’s intrinsic propensity to elicit an inflammatory immune response, 
given here as 	𝑤. The terms 𝑇M! and 𝑇O! correspond to host tolerance of virus-induced pathology and 
immunopathology, respectively.  
  
Expression [16] assumes a form of “constant” tolerance, by which both virus pathology and 
immunopathology are reduced by a constant proportion across the course of infection. For constant 
tolerance, we assume that 𝑇M! > 1 and 𝑇O! > 1. After Miller et al. 2006 (1), we can also model these 
relationships assuming “complete tolerance” [17], whereby virus pathology and immunopathology are 
completely eliminated up to a threshold value, beyond which pathology scales proportionally with virus 
and immune cell growth: 
 
𝛼"! = (𝑣 − 𝑇M!)𝑟!𝑉!∗ + (𝑤 − 𝑇O!)𝑔!𝑟!𝑉!∗        [17] 
 
For complete tolerance, we assume that 0 < 𝑇M! < 𝑣 and 0 < 𝑇O! < 𝑤. 
We consider both constant and complete forms of tolerance in all subsequent analyses. It is important to 
note that the predictions of the complete form of tolerance are not dependent on the assumption of 
complete elimination: a more gradual function shows equivalent results (1). 
 
Now, we can rewrite the above equations for transmission ([15]) and virulence ([16]/[17]) in purely within-
host terms, here for constant tolerance: 
 
𝛽"! =

P(F!"!,L!K%!)
L!K!"!

           [18] 

𝛼"! =
M(F!"!,L!K%!)

L!K!N'!
+ O(F!"!,L!K%!)

L!N(!
        [19] 

 
And here for complete tolerance (note that only the equation for virulence—but not transmission—differs 
under differing forms of tolerance): 
 
𝛼"! =

(F!"!,L!K%!)(M,N'!)
L!K!

+ (F!"!,L!K%!)(O,N(!)
L!

       [20] 
 



We can then allow the virus to evolve its within-host growth rate (𝑟!) to maximize its reproductive success 
([13] for the SI model above). In within-host terms, the invasion fitness takes on the following general 
form, under assumptions of constant tolerance: 
 

PN'!N(!(F!"!,L!K%!)
"!N(!(L!K!-!N'!,L!K%!M0F!"!M)0K!"!ON'!(F!"!,L!K%!)

      [21] 
 
And under assumptions of complete tolerance: 
 

P(L!K%!,F!"!)
"!QF!"!(N'!,M0K!N(!,K!O),L!RK%!(M,N'!)0K!(-!0K%!N(!,K%!O)ST

     [22] 
 
We can then determine the selection gradient on 𝑟 by differentiating [21] and [22] with respect to 𝑟!. This 
gives us the following expression under assumptions of constant tolerance (differentiating [21]): 
 
− PN'!N(![K!ON'!(L!K%!,F!"!)#0MN(!(L!K%!,F!"!)#,L!

#K!K%!
# -!N'!N(!]

["!N(!(L!K!-!N'!,L!K%!M0F!"!M)0K!"!ON'!(F!"!,L!K%!)]#
	     [23] 

 
And assuming complete tolerance (differentiating [22]): 
 
!"#!

" 	%!"('#!()*+!'$!(+!,)*./!+%!#!%!()('#!*+!,(+!'$!)*/!"+%!0+%!('#!())*+!(1*+%!'$!(+%!,)23

%!""/!+%!('#!())*/!+!01!*+%!(,('$!)2*#!%!0)('#!*+!(,('$!)23
"    [24] 

 
We then set these derivatives equal to 0 and solve for r, which we now refer to as 𝑟∗. The parameter 𝑟∗ 
corresponds to the optimal within-host virus growth rate, here under assumptions of constant tolerance: 

 

𝑟!∗ 	=
L!K%!
F!

+
WL!

#F!
#K!K%!-!N'!N(!(MN(!0K!ON'!)

F!
# (MN(!0K!ON'!)

       [25] 
 
And here under assumptions of complete tolerance: 
 
𝑟!∗ 	=

L!K%!
F!

+ L!
#K!K%!-!

W𝑐𝑅2F!
#K!K%!-!(M,N'!0K!O,K!N(!)

		       [26] 

 
We can check that this optimum is a locally stable maximum by proving that the second derivative of the 
invasion fitness ([21] and [22]) with respect to 𝑟! is negative at the respective values for 𝑟!∗ derived in [25] 
and [26]. When we do this, we find that this is, indeed, true, under assumptions of both constant and 
complete tolerance. This means that [25] and [26] represent true evolutionarily stable strategies (ESS). 
Furthermore, we can compute a pairwise invasibility plot to visually demonstrate that the derived 
expression for 𝑟!∗ represents an ESS (S1 Fig).  
 
In S1 Fig, we see that all points along the vertical line through the point of intersection fall within the 
unshaded regions, corresponding to the conditions for a locally stable ESS (6). Additionally, we see that 
higher degrees of tolerance shift 𝑟!∗ higher under both constant and complete tolerance assumptions. 
 
Finally, we can express [16] and [17] in within-host terms to calculate the virulence which a virus incurs on 
the reservoir host when evolved to its optimal within-host virus growth rate (𝑟!∗). When we do this, we find 
that virus-induced virulence at 𝑟!∗ (which we call 𝛼"!

∗ ) can be expressed as the following, under 
assumptions of constant tolerance: 
 
	𝛼"!
∗ = L!K%!F!-!(MN(!0K!ON'!)

WL!
#F!

#K!K%!-!N'!N(!(MN(!0K!ON'!)
         [27] 

 
And the following, under assumptions of complete tolerance: 
 



𝛼"!
∗ =

WL!
#F!

#K!K%!-!(M,N'!0K!O,K!N(!)

L!K!F!
         [28] 

 
There are several important insights to come out of these simple expressions for optimal viral growth 
𝑟!∗	and corresponding virulence 𝛼"!

∗  in a reservoir host. We highlight the relationships between 𝑟!∗		and  
𝛼"!
∗ 	and specific within-host parameters under assumptions of constant tolerance in Fig 2 (main text) and 

under assumptions of complete tolerance in S2 Fig. 
 
 
S4 Text. Spillover virulence in the secondary host 
 
Our primary interest in understanding the evolution of the optimal virus growth rate in a reservoir host is to 
predict the virulence that such a virus is likely to cause upon spillover to a novel, particularly human, host. 
Contrary to its established persistent infection in the reservoir host, we assume that the virus will produce 
an acute infection in the spillover host. To model the dynamics of this acute spillover, we can borrow from 
Gilchrist and Sasaki 2002 (7), who developed a within-host parasite-leukocyte model in which an 
immortal leukocyte successfully eradicates the parasite population to near-zero. Here, we modify their 
acute model to make more comparable to our chronic infection model ([14a]/[14b]) and to reflect our 
differing notation for within-host dynamics.  
 
#I)
#X

= 𝑟!∗𝑉$ − 𝑐$𝑉$𝐿$           [29a] 
#J)
#X
= 𝑟!∗𝑔$𝑉$           [29b] 

 
where 𝑟!∗ represents the reservoir-evolved virus growth rate, but all other terms reflect the within-host 
conditions of the spillover host: 𝑉$ and 𝐿$ correspond, respectively, to the spillover host virus and 
leukocyte populations, 𝑐$ is the virus consumption rate upon contact with leukocytes in the spillover host, 
and 𝑔$ is the growth rate of the spillover host leukocyte population in response to virus. Here, the model 
is expressed in units of 𝜏, which we assume to be short in comparison to the 𝑡 time units of dynamics at 
play in the reservoir host population. Rather than solving for virus and leukocyte populations at 
equilibrium (as in the reservoir host population), we followed Gilchrist and Sasaki 2002 (7) to instead seek 
to derive an expression for the virus population at the peak of infection (𝑉$FYZ), where we anticipate 
maximum pathology for the spillover host. We then extend this prior work to generate an expression for 
the average viral load (𝑉$YMK) in the spillover host, which we use in comparisons of spillover host virulence 
with reported case fatality rates for zoonoses in the literature. 
 
If we divide equation [29a] by equation [29b] we can derive a simple time-independent relationship 
between virus and leukocyte density: 
 
#I)
#J)

= ?
K)
\1 −	 L)J)

"!
∗ ]          [30] 

 
If we then let 𝐿$(0) = 1, 𝑉$(0) = 1, assuming that both virus and leukocyte populations will be small at 𝜏 =
0, we can integrate [30] to establish the following relationship between virus and leukocyte: 
 
𝑉$ =

?
K)
𝐿$ −

L)
9"!

∗K)
(𝐿$)9 + 1 −

?
K)
+ L)

9")
∗K)

        [31] 
 
Notice that the above [31] is simply a quadratic equation (see [32] below): 
 
𝑉$ = − L)

9"!
∗K)

(𝐿$)9 +	
?
K)
𝐿$ + \1 −

?
K)
+ L)

9")
∗K)
]       [32] 



Now, we can take the derivative of equation [32] to formulate an expression for 𝑉$FYZ, the maximum viral 
load, which should precede the end of acute infection and the point of host recovery at the maximum 
duration of infection:  
 
𝑉$FYZ =

"!
∗

K)L)
− "!

∗

9K)L)
+ 1 − ?

K)
+ L)

9"!
∗K)

        [33] 
 
Now, extending previous work (7), we can calculate the average viral load by taking the integral of 
equation [32] from 𝑉$(0)	to 𝑉$FYZ and dividing by the duration of that interval. From this exercise, we can 
express the average value of equation [32] as: 
 

𝑉$YMK =
"!
∗WL)

#09"!
∗(K),?)L0R"!

∗S
#
0("!

∗)#07"!
∗(K,?)L09L)

#

[L)K)"!
∗        [34] 

 
 
Now, with this established expression for 𝑉$YMK, we can adapt equations [16] and [17] to reflect the acute 
within-host dynamics of “spillover virulence”, which we model (as before) as a combination of mortality 
induced from direct virus pathology and from immunopathology. As in the reservoir host system, we can 
also model the mitigating impact of tolerance on the two mechanisms of virulence, here under 
assumptions of constant tolerance: 
 
𝛼$ = 𝑉$YMK ^

"!
∗M
N')

+ K)O"!
∗

N()
_          [35] 

 
In our expression for spillover virulence, we model the growth rate of the virus at its evolutionary optimum 
evolved in the reservoir host (𝑟!∗), and we represent a virus’s intrinsic virulence (𝑣) and propensity to elicit 
an inflammatory immune response (𝑤) as unchanged from one host to the next. Inspired by findings in 
the literature that report higher virulence in cross-species infections between hosts separated by larger 
phylogenetic distances (8–12), we model spillover host tolerance of virus-induced pathology (𝑇M$) as a 
decreasing function of increasing phylogenetic distance between the reservoir and secondary host. All 
other immune-related parameters take on characteristics of the spillover host: 𝑔$ is the spillover host’s 
leukocyte growth rate, and 𝑇O$ corresponds to the spillover host’s tolerance of immunopathology.  
 
We can also represent spillover virulence under assumptions of complete tolerance:  
 
𝛼$ = 𝑉$YMK`𝑟!

∗(𝑣 − 𝑇M$) + 𝑟!∗𝑔$!(𝑤 − 𝑇O$)a	       [36] 
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