“Contagious diseases stimulate genetic diversity”

The evolutionary effects of contagious diseases

An analysis using the
Susceptible — Infected — Susceptible (SIS) model
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Agenda

1. Introduction: biodiversity paradox

2. From Predator — Prey to the SIS-model

3. Evolutionary survival: avoid extinction

4. Biodiversity in the homogeneous SIS-model
5. Diversity in the heterogeneous SIS-model
6. Conclusions, open questions & discussion



My questions

* Do you guestion the logic presented?

E.g. definition of diversity
Using two subpopulations in a population

* Does the title match the mathematical evidence?
* Any other concerns?



0O 1. Introduction — Biodiversity paradox

O—OC ® “It is not the strongest of the species that “Why do so many species coexist
00 survives, nor the most intelligent. that feed on the same nutrients,

. . instead of one species out-
OO It h/s the”orlse that ls1 g75093t adaptable to competing all the others”
:O—O: change” (Darwin, ) _Em e e (Hutchinson, 1960)
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Concerns on biodiversity

Zonderddiversiteit is onzellandbouw
niet levensvatbaar.




o0 Mono-cultures are vulnerable

O0—O Nowadays, from an efficiency point of view, arable farming
OO _.grows relatively few crop types in large monocultures.

O——=0  Throughout the world, modern crops with increasingly more
IE. - s % ° . o o

OO0 =E.upif characteristics, are replacing traditional crops.
—%gl 1 placing traditiona’ crqpg

-

o—O This poses a threat, because the genetic base 1s becoming

O—O"  narrower. The crops that are grown are becoming increasingly
o0 more vulnerable to diseases and pests. (World Resources Institute, 2001)
il /



2. From Predator — Prey to SIS model

Predator (x):

Prey(y)
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3. Evolutionary survival: avoid extinction

“Species change through the gradual failure of some
lineages to reproduce, resulting in a subtle but steady
drift in the species' genetic make-up towards that of
lineages that are more successful.

Although in most cases these processes are quite slow,
an entire species can go extinct catastrophically if none
of its various lineages can reproduce fast enough to
offset unusually high levels of mortality.

There is always a steady trickle of such extinctions over
time — there have been literally dozens within our own
lineage during the course of our six-million-year
evolutionary history.

Sometimes, however, environmental conditions conspire
to produce a rapid burst of extinctions.” (Robin Dunbar)



Model for Island Biography
(MacArthur & Wilson)

S = #species on the island

P = #of potential immigrant species ds

il —S)—yS=0 >
A = immigration rate per species dt A(P=S)-us=0 S

_ AP
T Atu

J = extinction rate per species

Rate/Probability of colonization Rate/Probability of extinction

Few species
small distant island

Many species
large nearby island

Increasing species richness
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Relation Pathogens to
Host Communities and Ecosystems

l—» Pathogen / Disease <—l

Dominant species Other Host Communities
* Pathogen prevalence * Biomass & Abundance
* Density * Behavior & Interaction
* Re-infection * Composition & Diversity
| |
v

Ecosystems & Landscapes
* Biogeochemistry

* Disturbance regimes
* Land, Water, Atmosphere Interactions
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Classes of contagious diseases with
Basic Reproduction Number (R,)

and Herd Immunity Threshold (HIT)

Infection Class Diversity R,
Influenza H1N1 A High 1.3-2
SARS A High 2-4
STD: HPV B High 0.5
Mumps C Low 4 -7
Polio C Low S5-7
Rubella C Low 6-7
Pertussis C Low 12 - 17
Measles C Low 12 -18

HIT(%)

23 - 50
50 -75
0
75 - 86
80 - 86
83 - 86
92-94
83 - 94
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4. Steady Sate of the homogeneous SIS model

dv 1
—= — — = — — — - -1 ——
" Bv(l v) ov B(Rov(l v) v) 0 v=1 R,

Vv = % Infected; (1 — v) = % Susceptible
B, o = Infection rate, curing rate
Ro = Basic Reproduction Number = 3/
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Diversity in the homogeneous SIS model

dv 1
= = — =V )= — S5 yv=]l—p. ——
7 6(R1v(1 n, v) v) 0 v=1—n, R

* n: (remains susceptible) + n. (becomes immune) = 1
* Diversity D = 2nin2R1/ Ro; D =[0..1] if{O < n1, n2 <%}
Ro must remain constant - Ri= Ro/n1 —» D =2n

V

,:dL_ldv 1 1
dD 2 dn,
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5. Steady State of the heterogeneous SIS model

m

CZiZ (va v Z y= Z(nvl); R,=

i=1 i=1 i

=1
Vi, (1 —vi) = %infected, %Susceptible for subpopulation i
Bi, di = Infection rate, curing rate for subpopulation i

Ri = Basic Reproduction Number for subpopulation |
* m = #subpopulations

dv, R.v 7 " | n.R.
—l:() — ! — V., = !
d Ry Z}”V VZ; Rv+l
n n. R.
Yv#0 ——|=1
{ 4 } ; R+l 15




Diversity in the heterogeneous SIS model (m=2)

n, R, n,R,

. —b+Vd
Rv+l R,v+l

=1 = av?+bv+c=0 > v=
2a

a=R R,; b=R+R,—R,R,; c=1-n,R,—n,R,; d=b"—4ac

Ro = n1R:1 + n2R2 = constant - 2Ro = R:1 + Rz
D=2nn|R:1-R2|/Ro - {0<D <1}

Reduce complexity: ni = n, = %3;

{Ri=sR=2Rj}} —» D=(R;-R)/Ry = R//Ry —

(R*~2R,R+2R.~R,Vd)
R*(R-2R,)Vd

v’:ROZI%:2R(2)(R—RO)
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O O print("Plotting v, dv in green for R_0 =",R_0)

O—O dv2 = v2.diff(D)

00O  Sagemath calculations

O—O -« Sign of derivative dv/dD < 0 — |cESSIEAREE

sage: a=(1-D"2)*R_0O"

o0 « Derivative of v for Diversity: Sage: b=2'R_0-

O_O sage: c=1-R_
O—O # plot v, dv as functions of D = (R—R_0)/R_0 — sage: d=expand(b"2 - 4*a*c
O0—O #R=R_O(D+1)withR_0=2,5,9 N
# v can be normalized with the factor: R_0/ (R_0 - 1) sage: da=a.diff(D)
O—O # Run in load("Plot_v_dv_using_D.sage") sage: db=D.diff(D)

sage: dd=factor(expand(d.diff(D)))

O'O R _0,D=var(R_0D"

sage: da

-2*D*R_0"2

sage: db

2*D*R_0"2

sage: dd

4*(D"2*R_0"2 - R_0"2 + 2)*D*R_0"2

-DM2)*R_0"2

00w

(
=2
=1-
=b

sage: factor(expand(2*da*b-2*a*db))
-8*D*R_0"3

sage: factor(expand(a*dd-2*da*d))
8*(D"2 + 1)*D*R_0"4

v2=(sqrt(d)-b)/(2*a)

p_v2 = plot(v2,0,1, color='green’, gridlines="minor’, P . .
0,0 legend_label='R0 = 2') sage: f=8*(D"2 + 1)*D*R_0"4

p_dv2 = plot(dv2,0,1, color="green’, gridlines="minor’) sage: g=factor(expand(f"2 - d*(8*D*R_0"3)"2))
O‘O sage: print("The slope of dv is negative:", g)

p_v2.axes_labels(['Diversity', 'v1)

O—O p_dv2.axes_labels(['Diversity’, 'dv'])

-64%(D + 1)"2%(D - 1)"2*D"2%(R_0 + 1)*(R_0 - 1)*R_0"8




Impact Diversity on Steady State (v) — Ro = 2

e Impact Diversity on %lInfected in Steady State

Diversity |

dv
“TdD
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Impact Diversity on Steady State (v) — Ro =5

s IMpact Diversity on %Infected in Steady State

Diversity

ﬂ.l—ﬂ
dD
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Impact Diversity on Steady State (v) — Ro =9

Impact Diversity on %Infected in Steady State

0.33 0.55 0.78

Diversity

0.1 r M
dD
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Conclusions

MacArthur — Wilson theory of Island Bio Geography: smaller populations are more likely to become extinct.
Contagious diseases = fast mutating predators. Multi-cell organisms cannot adapt to prevent epidemics.
Mono-cultures have no diversity within the population, the distance to the HIT is at maximum.

The more dominant and genetically uniform a species becomes, the more it is impacted by epidemics.
When more pathogens can meet the criterion (Ro > 1), epidemics become more frequent and more severe.
For the size of populations an equilibrium is likely.

The heterogeneous SIS model (m=2) can be used to determine the effect of diversity, when comparing
any two groups of species that differ in their shared susceptibility for a contagious disease.

The more genetically different those two groups become, the lower the impact of epidemics gets and the
better the chances are for survival of the population as a whole.

Thus, contagious diseases stimulate genetic diversity.

. Open Questions:
/'Eliminate SIS model restrictions, e.g. populations not perfectly mixed, multiple Predator — Prey relations,
"~ mutating diseases.

““+Investigate: contagious diseases + MacArthur-Wilson theory of Island Bio-geography — optimal size of
populations.
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