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Replica
Experiment 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

1 10 18 125 10 14 27 3 17 17
2 29 41 17 20 31 30 7 17
3 30 10 40 45 183 12 173 23 57 51
4 6 5 10 8 24 13 165 15 6 10
5 1 0 3 0 0 5 0 5 0 6 107 0 0 0 1 0 0 64 0 35
6 1 0 0 7 0 303 0 0 3 48 1 4
7 0 0 0 0 8 1 0 1 0 15 0 0 19 0 0 17 11 0 0
8 38 28 35 107 13

Table 1: Number of resistant colonies observed in Luria and Delbrück’s 1943 experiment. The table includes
a subset of the original data. Each row is a di↵erent experiment and each column is a di↵erent replicate
within that experiment. The number of replicates for each experiment was not fixed. Key point: the number
of resistant colonies observed within replicates of a given experiment varied significantly, with occasional
observations of 0 resistant colonies, and other observations of hundreds of resistant colonies.
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INTRODUCTION 

HEN a pure bacterial culture is. attacked by a bacterial virus, the cul- W ture will clear after a few hours due to destruction of the sensitive ceIls 
by the virus. However, after further incubation for a few hours, or sometimes 
days, the culture will often become turbid again, due to the growth of a bac- 
terial variant which is resistant to the action of the virus. This variant can be 
isolated and freed from the virus and will in many cases retain its resistance 
to the action of the virus even if subcultured through many generations in the 
absence of the virus. While the sensitive strain adsorbed the virus readily, the 
resistant variant will generally not show any affinity to it. 

The resistant bacterial variants appear readily in cultures grown from a 
single cell. They were, therefore, certainly not present when the culture was 
started. Their resistance is generally rather specific. It does not extend to 
viruses that are found to differ by other criteria from the strain in whose pres- 
ence the resistant culture developed. The variant may differ from the original 
strain in morphological or metabolic characteristics, or in serological type or in 
colony type. Most often, however, no such correlated changes are apparent, 
and the variant may be distinguished from the original strain only by its re- 
sistance to the inciting strain of virus. 

The nature of these variants and the manner in which they originate have 
been discussed by many authors, and numerous attempts have been made to 
correlate the phenomenon with other instances of bacterial variation. 

The net effect of the addition of virus consists of the appearance of a vari- 
ant strain, characterized by a new stable character-namely, resistance to the 
inciting virus. The situation has often been expressed by saying that bacterial 
viruses are powerful “dissociating agents.” While this expression summarizes 
adequately the net effect, it must not be taken to imply anything about the 
mechanism by which the result is brought about. A moment’s reflection will 
show that there are greatly differing mechanisms which might produce the 
same end result. 

D’HERELLE (1926) and many other investigators believed that the virus 
by direct action induced the resistant variants. GRATIA (1921), BURNET (I929), 
and others, on the other hand, believed that the resistant bacterial variants 
are produced by mutation in the culture prior to the addition of virus. The 
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were used-namely: (I) 10.0 cc aerated broth cultures; (2) .2 cc broth cultures; 
(3) .2 cc synthetic medium cultures. 

The results of all tests for the number of resistant bacteria are summarized 
in table 2 and table 3. 

TABLE z 
The number of resistan! bacteria i n  series of similar cultures. 

EXPERIMENT NO. I IO I1 15 16 17 zia zIb 

Number of cultures 9 8 10 10 2 0  1 2  I9 5 
Volume of cultures, cc 10.0 10.0 10.0 10.0 . 2 *  .2 '  . 2  10.0 

Volume of samples, cc .OS .OS .OS .OS .08 .08 .OS .OS 

Culture No .  
I 
2 

3 
4 
5 
6 
7 
8 
9 
10 

I1 

12  

13 
14 
15 
16 
17 
18 
I9 
2 0  

10 29 30 6 I I 0 38 
18 41 10 5 0 0 0 28 

125 I 7  40 I O  3 0 0 35 
10 2 0  45 8 0 7 0 107 
14 31 183 24 0 0 8 13 
27 30 I 2  13 5 303 I 

3 7 173 165 0 0 0 

17 17  23 15 5 0 I 
17 57 6 0 3 0 

5 1  10 6 48 15 

107 I 0 

0 4 0 

0 19 
0 0 

I 0 

0 17  
0 11 

64 0 
0 0 

35 

Average per sample 26.8 23.8 62  26 .2  11.35 30 3 . 8  48.2 
Variance (corrected for 

sampling) 1217 84 3498 2178 694 6620 40.8 I 1 7 1  

Bacteriaperculture 3.4X10'0 4 XIO'Q 4 X1ol0 2.gX1olQ 5.6X108 5 X I O ~  I . I X I O ~  3.2X10'~ 
Mutation rate 1.8X10-8 1.4X10-8 4.1Xio-8 Z.IXIO-8 1.1x1o-6 3.0X10-8 3.3Xro-* 3.0x10-8 
L ~ -  Standard deviation exp. 1.3 .39 .g5 1.8  2.3 2 .7  1 . 7  

Average per culture 5360 4760 12400 5240 28.4 . 75 15.1 8440 

Average {calc. .35 .33 .33 .37 .94 ,67 1.04 . 2 6  

* Cultures in synthetic medium. 

It will be seen that in every experiment the fluctuation of the numbers of 
resistant bacteria is tremendously higher than could be accounted for by the 
sampling errors, in striking contrast to the results of plating from the same 
culture (see table I) and in conflict with the expectations from the hypothesis 
of acquired immunity. 

We want to see next whether these results fit the expectations fromthe 
hypothesis of mutation. We must therefore compare the experimental results 
with the relations developed in the theoretical part, keeping in mind that the 
theory contains several simplifying assumptions. 

First we can compare, according to equation (12), the experimental and the 
calculated values of the ratio between the standard deviation and the average 
of the numbers of resistant bacteria. These ratios are included in tables 2 and 
3. It is seen that the experimental and theoretical values are reasonably close. 

M. Delbruck
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The results of all tests for the number of resistant bacteria are summarized 
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Culture No .  
I 
2 

3 
4 
5 
6 
7 
8 
9 
10 

I1 

12  

13 
14 
15 
16 
17 
18 
I9 
2 0  

10 29 30 6 I I 0 38 
18 41 10 5 0 0 0 28 

125 I 7  40 I O  3 0 0 35 
10 2 0  45 8 0 7 0 107 
14 31 183 24 0 0 8 13 
27 30 I 2  13 5 303 I 

3 7 173 165 0 0 0 

17 17  23 15 5 0 I 
17 57 6 0 3 0 

5 1  10 6 48 15 

107 I 0 

0 4 0 

0 19 
0 0 

I 0 

0 17  
0 11 

64 0 
0 0 

35 
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Table 1: Number of resistant colonies observed in Luria and Delbrück’s 1943 experiment. The table includes
a subset of the original data. Each row is a di↵erent experiment and each column is a di↵erent replicate
within that experiment. The number of replicates for each experiment was not fixed. Key point: the number
of resistant colonies observed within replicates of a given experiment varied significantly, with occasional
observations of 0 resistant colonies, and other observations of hundreds of resistant colonies.
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Viruses impose a strong selection pressure.

Host mutations that confer resistance are beneficial.

Hence, viruses induce host evolution.

But, what about the viruses?
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INTRODUCTION 

HEN susceptible bacteria are spread on a solid culture medium with a W large amount of a bacterial virus, complete lysis occurs after incubation, 
except for the appearance in some cases of colonies consisting of virus-resistant 
cells. These are the descendants of bacteria that had undergone a mutation 
from virus-sensitivity to virus-resistance prior to the action of the virus (LURIA 
and DELBRUCK 1943). The virus-resistant bacteria do not adsorb the virus. 
Their resistance is generally specific, not extending to unrelated viruses. Con- 
versely, when a virus is plated with a suspension of bacteria resistant to its 
action, it generally does not affect the bacteria; a uniform layer of bacterial 
growth results. We observed, however, that plating very large amounts of a 
virus with a resistant bacterial mutant strain occasionally results in the forma- 
tion of a few clear “plaques”-that is, of a few virus colonies. From these 
plaques a new virus strain may be isolated that is active on the bacterial mu- 
tant resistant to the normal virus. A study of the origin of the new virus proved 
that it arises by mutation from the normal virus. A mutation of the virus can 
thus compensate for a mutation of the bacterial host. The present paper is con- 
cerned with the study of these virus mutations and of their relation to bacterial 
mutations. 

Mutations affecting characters of bacterial viruses have been described be- 
fore (GRATIA 1936a; BURNET and LUSH 1936). In  1929, SERTIC clearly recog- 
nized the occurrence of true breeding variants of bacterial viruses capable of 
attacking bacterial strains resistant to the original virus. He appears to have 
considered such variants as the result of an adaptation of khe virus when in the 
presence of resistant bacteria. 

EXPERIMENTAL 

Material and basic findings 

The material for the experiments described in this paper consisted originally 
of a strain of Escherichia coli B and of two viruses, a and y, active on strain B 
(DELBRUCK and LURIA 1942). Virus a! gives large plaques, virus y small 
plaques when plated with B on solid media. From strain B, a series of mutant 
strains can be isolated, some sensitive to virus a and resistant to virus y3 others 
sensitive to virus y and resistant to virus a. These strains are obtained as sec- 
ondary growths after lysis of B by virus y or virus a. They are easily purified 
by repeated streak platings, and their resistance to one of the two viruses is 
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GENETICS 30: 84 Jan. 1945 

Phage-resistant host 
strain emerges

Phage

Bacteria

Infection

Evolution

“Host-range”
of viruses expand



For decades, this dogma persisted…

“the coevolutionary potential of virulent phage is less 
than that of their bacterial hosts” 

-Richard Lenski & Bruce Levin, Am. Nat. (1985)

until….
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“We have found up to 2.5 x 108 virus particles per ml in 
natural waters… 103-107 times higher than previous reports.”

1989 - Numbers



“Viruses divert the flow of carbon and nutrients… by 
destroying host cells and releasing the contents of 
these cells into the pool of DOM in the ocean.”

1999 - Functioning
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“We report a genomic analysis of two uncultured
marine viral communities. Over 65% of the sequences were not 
significantly similar to previously reported sequences, suggesting 
that much of the diversity is previously uncharacterized.”

2002 - Diversity
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What We Talk About When We Talk 
About Viruses 

John Moore, Getty Images 
(Nature, 2014)

Ebola Virus
Image source: CDC

Source: CNN

Zika virus core
Sirohi et al. Science, 2016

Influenza virus
virology.ws

Source: CDC



And viruses infect organisms across the 
diversity of life

Humans
Mammals

Birds
Insects
Plants

Amoeba
Archaea
Bacteria

HIV, Ebola, Common Cold...
Lentivirus, ...
Avian influenza, ...
Baculovirus, ...
Tobacco mosaic virus, ...
Giant mimiviruses
Sulfulobus spindle viruses
Bacteriophages (lambda, T4, ...)



And viruses infect organisms across the 
diversity of life, sometimes strangely

M
ic

ha
el

 G
ro

ve
, 

N
PR

, 2
01

1

Humans
Mammals

Birds
Insects
Plants

Amoeba
Archaea
Bacteria

HIV, Ebola, Common Cold...
Lentivirus, ...
Avian influenza, ...
Baculovirus, ...
Tobacco mosaic virus, ...
Giant mimiviruses
Sulfulobus spindle viruses
Bacteriophages (lambda, T4, ...)





Viral Ecology and Evolution
Lectures at the Interface

From Ecology to Evolution (Lectures 1-2)

Principles of eco-evolutionary dynamics: Monday Jan 20

Dynamics in complex communities: Wednesday Jan 22
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Viral Ecology and Evolution
Lectures at the Interface

From Ecology to Evolution (Lectures 1-2)

Principles of eco-evolutionary dynamics: Monday Jan 20

Dynamics in complex communities: Wednesday Jan 22

From Lysis to Latency (Lecture 3)

Friday Jan 25

From Theory to Therapy (Lecture 4)

Saturday Jan 26

30

Throughout: theory and modeling motivated 
by fundamental eco-evolutionary challenges 
& real world applications.



Problems in Quantitative Viral Ecology
From Structure to Dynamics

31

• How does viral infection change 
microbial population dynamics?

• How does (co)evolutionary change 
alter viral-host population dynamics?

• What is the relationship between 
infection networks and host-viral 
dynamics in complex communities?
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Problems in Quantitative Viral Ecology
From Structure to Dynamics

32

• How does viral infection change 
microbial population dynamics?

• How does (co)evolutionary change 
alter viral-host population dynamics?

• What is the relationship between 
infection networks and host-viral 
dynamics in complex communities?



Problems in Quantitative Viral Ecology
From Structure to Dynamics

33

• How does viral infection change 
microbial population dynamics?

• How does (co)evolutionary change 
alter viral-host population dynamics?

• What is the relationship between 
infection networks and host-viral 
dynamics in complex communities?

?

Bacteria Phages



Part 1:

How does viral infection change 
microbial population dynamics?

34



Over 80 years ago, Volterra was convinced by his 
son-in-law, Umberto d’Ancona, to examine the 
fluctuations of the Adriatic fisheries
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© 1926 Nature Publishing Group

© 1926 Nature Publishing Group

© 1926 Nature Publishing Group



In turn, Volterra & Lotka proposed a coupled pair of ODEs 
to describe predator-prey dynamics

Model

N: prey abundance
P: predator abundance

Interactions:
Prey birth/death
Predation
Predator death

Ṅ = aN � bNP

Ṗ = cNP � dP

0 10 20 30 40
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Model

N: prey abundance
P: predator abundance

Interactions:
Prey birth/death
Predation
Predator death

Ṅ = aN � bNP

Ṗ = cNP � dP
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In turn, Volterra & Lotka proposed a coupled pair of ODEs 
to describe predator-prey dynamics



Model

N: prey abundance
P: predator abundance

Interactions:
Prey birth/death
Predation
Predator death

Conservative system (not 
true limit cycles)

Ṅ = aN � bNP

Ṗ = cNP � dP

a logP � bP + d logN � cN = const
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In turn, Volterra & Lotka proposed a coupled pair of ODEs 
to describe predator-prey dynamics



Later models included limit cycles, consistent 
with long-term observations

Features of limit cycles in 
predator-prey models

1. Prey peaks before 
predator peaks.

2. Predator oscillations  are 
quarter-phase lagged 
behind prey oscillations

3. Hence, oscillations appear 
counter-clockwise in prey-
predator phase plane

[Models include “handling time” of prey by 
predators and limited prey growth]



Levin et al, 1977 “One Resource, One Prey, One Predator”
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Idea: 
Phage = Predators, Bacteria = Prey

Attributed to: 
Allan Campbell 1961 (Evolution):

“The simple predator. If a virulent
phage and a susceptible bacterium are 
mixed in an open growth system, such 
as a chemostat…”

Levin et al, 1977 “One Resource, One Prey, One Predator”
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The Lotka-Volterra model is the basis for 
models of viral-host population dynamics

Interactions:
Resource inflow/outflow
Host growth and outflow
Viral lysis and outflow

(note: original model 
included time delays)
Similar model proposed by Campbell (1961) Evolution 15: 153
& adapted to phage-bacteria chemostats by Levin et al. (1977) Am. Nat. 111:3

Dynamic model
dR

dt
= �⇧(R�R0)� ⇥RN

dN

dt
= ⇤⇥RN � ⌅NV � ⇧N

dV

dt
= �⌅NV � ⌅NV � ⇧V
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The Lotka-Volterra model is the basis for 
models of viral-host population dynamics

Interactions:
Resource inflow/outflow
Host growth and outflow
Viral lysis and outflow

(note: original model 
included time delays)
Similar model proposed by Campbell (1961) Evolution 15: 153
& adapted to phage-bacteria chemostats by Levin et al. (1977) Am. Nat. 111:3

Dynamic model
dR

dt
= �⇧(R � R0) � ⇥RN

dN

dt
= ⇤⇥RN � ⌅NV � ⇧N

dV

dt
= �⌅NV � ⌅NV � ⇧V

Again, counter-clockwise cycles
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The life of a bacterial virus (phage)



The life of a bacterial virus (phage)



The life of a bacterial virus (phage)



The life of a bacterial virus (phage)



The life of a bacterial virus (phage)
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Media
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dN

dt
= rN

✓
1� N + I

K

◆
� ⇤NV � ⌅N

dI

dt
= ⇤NV � ⇥I � ⌅I

dV

dt
= �⇥I � ⇤NV � ⌅V

Counter-clockwise cycles have appeared 
robust given alternative viral-host models

1. Models with an infected class
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Counter-clockwise cycles have appeared 
robust given alternative viral-host models

1. Models with an infected class

2. Models with an explicit delay 
between infection and lysis
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Counter-clockwise cycles have appeared 
robust given alternative viral-host models

1. Models with an infected class

2. Models with an explicit delay 
between infection and lysis

dN

dt
= rN

✓
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dt
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dt
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Mathematical Check-Point:

What life history traits enable viral invasion 
and 

persistence with their microbial hosts?



The same types of cycles can be observed in 
virus-host population dynamics
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“Lotka-Volterra” like 
cycles between T4 and E. 
coli B

Data: Bohannan & Lenski, 
Ecology (1997)
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Summary of Part 1

Take-home message:

Original models of viral-host dynamics presuppose a 
“simple” one virus, one host relationship.

In these models, viruses act like a predator, leading to 
cyclical dynamics in which viral peaks follow host peaks 
(leading to counter-clockwise cycles).

Invasion and persistence depends on both life history 
traits and environmental conditions - it is not inevitable.

However…

Evolution can rapidly change the number/relative 
abundance of viruses and hosts strains…
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