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Outline
• Pathogen adaptation during epidemics 

• Patterns of SARS-CoV-2 evolution 

• Vaccination and pathogen evolution
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Berngruber et al. 2013. PLoS Pathogens 9:e1003209

Lambda phage and E. coli

ExperimentModel



What About Timing of Transmission and Virulence?

www.nytimes.com/interactive/2020/



Transmission Rate Evolution
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Transmission Rate Evolution
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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

5 10 15 20

0.2

0.4

0.6

0.8

1.0

5 10 15 20

0.2

0.4

0.6

0.8

1.0

Se
pt

. 7

Ja
n.

 1
8

O
ct

. 5

N
ov

. 9

De
c.

 1
4

Al
ph

a 
 F

re
qu

en
cy

South East

5 10 15 20

0.2

0.4

0.6

0.8

1.0

Day and Gandon, 2007. Ecol. Lett. 10: 876

<latexit sha1_base64="zD98rX3tm7heKe8Ko0Z1chnbuBI=">AAACBXicbVA9SwNBEN2LXzF+RS21WAxCLAx3KmojBLWwjGA+IBfC3t5esmTvbtmdE8KRxsa/YmOhiK3/wc5/4ya5QqMPBh7vzTAzz5OCa7DtLys3N7+wuJRfLqysrq1vFDe3GjpOFGV1GotYtTyimeARqwMHwVpSMRJ6gjW9wdXYb94zpXkc3cFQsk5IehEPOCVgpG5x1w0UoakvR6kPowtZdg7lgXvNBBCsusWSXbEnwH+Jk5ESylDrFj9dP6ZJyCKggmjddmwJnZQo4FSwUcFNNJOEDkiPtQ2NSMh0J518McL7RvFxECtTEeCJ+nMiJaHWw9AznSGBvp71xuJ/XjuB4LyT8kgmwCI6XRQkAkOMx5FgnytGQQwNIVRxcyumfWJiARNcwYTgzL78lzSOKs5p5fj2pFS9zOLIox20h8rIQWeoim5QDdURRQ/oCb2gV+vRerberPdpa87KZrbRL1gf36LqmAM=</latexit>

dp

dt
= p(1� p)�r

London

Northeast

Northwest

East Midlands

West Midlands

East of England

Southeast

Southwest

Yorkshire

Stringency Index

Se
le

ct
io

n 
C

oe
ffi

ci
en

t  

68 70 72 74 76 78 80

0.05

0.10

0.15

<latexit sha1_base64="ybC9jvNQMhQ9jB8+cmT4gHda9VQ=">AAACC3icbVC7TsMwFHV4lvIKMLJYrZBYqBJAwIJUAQNjEfQhNVHluDetVceJbKdSVXVn4VdYGECIlR9g429w2wzQciRbx+fcq+t7goQzpR3n21pYXFpeWc2t5dc3Nre27Z3dmopTSaFKYx7LRkAUcCagqpnm0EgkkCjgUA9612O/3gepWCwe9CABPyIdwUJGiTZSyy54N8A1wRJf4ox6AZj7/ih79lt20Sk5E+B54makiDJUWvaX145pGoHQlBOlmq6TaH9IpGaUwyjvpQoSQnukA01DBYlA+cPJLiN8YJQ2DmNpjtB4ov7uGJJIqUEUmMqI6K6a9cbif14z1eGFP2QiSTUIOh0UphzrGI+DwW0mgWo+MIRQycxfMe0SSag28eVNCO7syvOkdlxyz0ond6fF8lUWRw7towI6RC46R2V0iyqoiih6RM/oFb1ZT9aL9W59TEsXrKxnD/2B9fkDHcqZNg==</latexit> �
r
=

�
�
S
�

�
v

<latexit sha1_base64="6KmWC1iQ4K0e0BYvtPjUhECrTfw=">AAACFnicbVDLSgMxFM3UV62vUZdugsXipmWmiropFHXhsqJ9QKcMmfS2Dc08SDKFUvoVbvwVNy4UcSvu/BvTdgRtPZBwOOdcknu8iDOpLOvLSC0tr6yupdczG5tb2zvm7l5NhrGgUKUhD0XDIxI4C6CqmOLQiAQQ3+NQ9/pXE78+ACFZGNyrYQQtn3QD1mGUKC25Zt65Bq4IFrmScO28cIuOk8mVEtXxQN93P6GBa2atgjUFXiR2QrIoQcU1P512SGMfAkU5kbJpW5FqjYhQjHIYZ5xYQkRon3ShqWlAfJCt0XStMT7SSht3QqFPoPBU/T0xIr6UQ9/TSZ+onpz3JuJ/XjNWnYvWiAVRrCCgs4c6MccqxJOOcJsJoIoPNSFUMP1XTHtEEKp0kxldgj2/8iKpFQv2WeHk9jRbvkzqSKMDdIiOkY3OURndoAqqIooe0BN6Qa/Go/FsvBnvs2jKSGb20R8YH98j6Zzh</latexit>

�r = r1 � r2

= ��S ��v



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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