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Outline
• Pathogen adaptation during epidemics


• Patterns of SARS-CoV-2 evolution


• Vaccination and pathogen evolution
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Lambda phage and E. coli

ExperimentModel



What About Timing of Transmission and Virulence?

www.nytimes.com/interactive/2020/



Transmission Rate Evolution

˙̄�(a) / S

Z 1

0
q(s)G�,�(a, s)ds�

Z 1

0
q(s)�(s)G�,v(a, s)dsG�,� = cov(�(a), �(s)) q(s) = I(s)/

Z
I(a)da

Kirkpatrick & Heckman. 1989. J Math Biol 27:429;     Mideo et al. 2008. TREE 23:511;     Mideo et al. 2011. Evolution 65:3298;     Day et al. 2011. Evolution 65:3448

<latexit sha1_base64="beTuKiq08SqY8EkpAheP/tgAqYw=">AAACGHicbVDLSgNBEJyNrxhfUY9eBoPgKe6KqMegF48RzQOyS+idTJIhsw9meoWw5DO8+CtePCjiNTf/xkl2D5rYMENR1U13lR9LodG2v63Cyura+kZxs7S1vbO7V94/aOooUYw3WCQj1fZBcylC3kCBkrdjxSHwJW/5o9uZ3nriSosofMRxzL0ABqHoCwZoqG75zO1FmLo+KPNxhMnEjVUUY0QfqKvFIIBuJtBM7pYrdtWeF10GTg4qJK96tzw1G1gS8BCZBK07jh2jl4JCwSSflNxE8xjYCAa8Y2AIAddeOjc2oSeG6dF+pMwLkc7Z3xMpBFqPA990BoBDvajNyP+0ToL9ay8VYZwgD1m2qJ9IanzPUqI9oThDOTYAmBLmVsqGoIChybJkQnAWLS+D5nnVuaw69xeV2k0eR5EckWNyShxyRWrkjtRJgzDyTF7JO/mwXqw369P6yloLVj5zSP6UNf0BGTuhCg==</latexit>

˙̄� / S���

Pa
ra

si
te

 D
en

si
ty

 (
lo

g 
#

/m
l)

6 8 10 12 14 16

1
2

3
4

5
6

day post-infection (infection age)

 p
ar

as
ite

 d
en

si
ty

 (l
og

10
(n

o.
 p

er
 µ
l))

AS
AJ
CW
CR
ER
DK

(c)

Age of Infection (days)

-6e-09

-4e-09

-2e-09

0e+00

2e-09

4e-09

6e-09

6 8 10 12 14 16

6

8

10

12

14

16

infection age
in

fe
ct

io
n 

ag
e

(c)

Age of Infection (days)
A

ge
 o

f I
nf

ec
tio

n 
(d

ay
s)

cov(�(a), �(s))



-6e-09

-4e-09

-2e-09

0e+00

2e-09

4e-09

6e-09

6 8 10 12 14 16

6

8

10

12

14

16

infection age

in
fe

ct
io

n 
ag

e

(c)

6 8 10 12 14 16

-4
e-
07

0e
+0
0

4e
-0
7

infection age

ra
te

 o
f c

ha
ng

e 
of

 a
ve

ra
ge

 tr
an

sm
is

si
on

Endemic

Epidemic

Transmission Rate Evolution

Mideo et al. 2011. Evolution 65:3298;     Day et al. 2011. Evolution 65:3448

˙̄�(a) / S

Z 1

0
q(s)G�,�(a, s)ds�

Z 1

0
q(s)�(s)G�,v(a, s)dsG�,� = cov(�(a), �(s)) q(s) = I(s)/

Z
I(a)da

<latexit sha1_base64="beTuKiq08SqY8EkpAheP/tgAqYw=">AAACGHicbVDLSgNBEJyNrxhfUY9eBoPgKe6KqMegF48RzQOyS+idTJIhsw9meoWw5DO8+CtePCjiNTf/xkl2D5rYMENR1U13lR9LodG2v63Cyura+kZxs7S1vbO7V94/aOooUYw3WCQj1fZBcylC3kCBkrdjxSHwJW/5o9uZ3nriSosofMRxzL0ABqHoCwZoqG75zO1FmLo+KPNxhMnEjVUUY0QfqKvFIIBuJtBM7pYrdtWeF10GTg4qJK96tzw1G1gS8BCZBK07jh2jl4JCwSSflNxE8xjYCAa8Y2AIAddeOjc2oSeG6dF+pMwLkc7Z3xMpBFqPA990BoBDvajNyP+0ToL9ay8VYZwgD1m2qJ9IanzPUqI9oThDOTYAmBLmVsqGoIChybJkQnAWLS+D5nnVuaw69xeV2k0eR5EckWNyShxyRWrkjtRJgzDyTF7JO/mwXqw369P6yloLVj5zSP6UNf0BGTuhCg==</latexit>

˙̄� / S���



Virulence Evolution

Day. 2003. TREE 18:113 Cooper, V.S. et al. 2002. Proc R Soc Lond B  269:1161

Virulence of nuclear polyhedrosis virus in 
gypsy moths

Early transmission

Late transmission



1. Strong selection for increased transmission rate during pandemic.


2. Strong selection for earlier transmission during a pandemic.


3. Weak selection against virulence if transmission occurs before 
symptoms.

Adaptation During Epidemics

 - General Predictions - 



Outline
• Pathogen adaptation during epidemics


• Patterns of SARS-CoV-2 evolution


• Vaccination and pathogen evolution



Evolution in SARS-CoV-2

Day et al. 2020. Current Biology 30:R849
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Transmission & Virulence
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-D614G spike mutation-wildtype

D614G Spike Mutation



Alpha

Davies et al. 2021. Science 372:eabg3055;       Davies et al. 2021. Nature 593:270;       Challen et al. BMJ 2021;372:n579 | doi: 10.1136/bmj.n579 


Transmission-Virulence Evolution in SARS-CoV-2



Time (days)

Transmission & Virulence

Transmission-Virulence Evolution in SARS-CoV-2

Day et al. 2020. Current Biology 30:R849    
Otto et al. 2021. Current Biology 31:R918
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Fisher’s Fundamental Theorem

• (FFT) Rate of change of intrinsic growth rate r (curvature of blue plot) equals 
genetic variance in fitness


• In general, nth derivative equals nth cumulant of the distribution of fitness values
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Quantifying the Epidemiological Effect of Evolution

• What would have happened if there had been no evolution? 

• Keep all interventions as they occurred but go back and “remove” evolution.

-intrinsic growth rate is rWT(t) + s(t) p(t).  Subtract s(t) p(t) from slope at each point 
in time and integrate this “corrected” growth rate forward
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Outline
• Pathogen adaptation during epidemics


• Patterns of SARS-CoV-2 evolution


• Vaccination and pathogen evolution



Categorizing Vaccine-Adapted Variants
Fitness of variant i in vaccinated hostsFitness of variant i in naive hosts

“Inherent Transmissibility”

1

2

Day et al. 2022. Pathogen evolution under vaccination campaigns. 

PLoS Biology 20(9): e3001804



Fitness of variant i in vaccinated hostsFitness of variant i in naive hosts 21

Day et al. 2022. Pathogen evolution under vaccination campaigns. 

PLoS Biology 20(9): e3001804

Categorizing Vaccine-Adapted Variants
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Day et al. 2022. Pathogen evolution under vaccination campaigns. 

PLoS Biology 20(9): e3001804

Two axes of categorization

Categorizing Vaccine-Adapted Variants



Pathogen Evolution under Vaccination
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Day et al. 2022. Pathogen evolution under vaccination campaigns. 

PLoS Biology 20(9): e3001804



Pathogen Evolution under Vaccination

Day et al. 2022. Pathogen evolution under vaccination campaigns. 

PLoS Biology 20(9): e3001804

Two axes of categorization

• Successful variants tend to transition 
over time from generalist to specialists


• Predictions about inhibited/facilitated 
less clear



Both are true for SARS-CoV-2.

Vaccine-driven pathogen evolution is relatively rare. Where it has 
occurred we typically have:

• Vaccines that are “leaky”.


• Vaccines that target a small number of epitopes.

Kennedy DA, Read AF. Proc Roy Soc B: 2017;284:20162562.

Kennedy DA, Read AF. PNAS 2018;115: 12878

Evidence From Other Pathogens



30

Tendency to go from generalist to specialist over time
• Malaria

• Hep B

• Bordetella pertussis

• Wildlife/agricultural

• Streptococcus pneumoniae

• Influenza (less clear) 

Very few cases of vaccine-facilitation

• Marek’s disease virus

• Myxoma virus?

Evidence From Other Pathogens

Day et al. 2022. Pathogen evolution under vaccination campaigns. 

PLoS Biology 20(9): e3001804



(Can use SARS-CoV-2 surveillance data to categorize VOCs in real time)

(TWO-DOSE Vaccinated)

SARS-CoV-2
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Day et al. 2022. Pathogen evolution under vaccination campaigns. 

PLoS Biology 20(9): e3001804
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Summary

• Pathogen adaptation during epidemics

• Patterns of SARS-CoV-2 evolution

• Vaccination and pathogen evolution
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