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The life of a bacterial virus (phage)




Levin et al, 1977
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RESOURCE-LIMITED GROWTH, COMPETITION, AND PREDATION:
A MODEL AND EXPERIMENTAL STUDIES WITH
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“One Resource, One Prey, One Predator”

3. One Resource, One Prey, One Predaior

With one population at each trophic level the equilibrium conditions are:

f+ (it + Mm)gf)fp = C,
e — b = p,

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...”

CONDITIONS FOR THE EXISTENCE OF BACTERIOPHAGE!

Arrany CamPBELL
Department of Biology, University of Rochesier

Received June 21, 1960
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Levin et al, 1977 “One Resource, One Prey, One Predator”

Vol. 111, No. 477 Tha Amariean Natusalist January-Fabrosry 1977 3. One Resource, One Prey, One Predator

With one population at each trophic level the equilibrium conditions are.:

f+ (B + M)@(F)p = C, @)
RESOURCE-LIMITED GROWTH, COMPETITION, AND PREDATION: i .
A MODEL AND EXPERIMENTAL STUDIES WITH Q(F)le — v = p, (L0)
BACTERIA AND BACTERIOPHAGE = o] e-pg)ﬁf’{ I
Beuce R. Leviy, Faawx M Srewapt, axn Lin Caao - R o ( )
boosp Aoy Solsrp somay P bl (e = Lk = . t2
° L]
Idea: “Predator” Fitness at the
Phage = Predators, Bacteria = Prey Individual Scale

Attributed to: Burst size: Start with | phage, and
Allan Campbell 1961 (Evolution): after infection and lysis, there are
|00s (or more) progeny.

“The simple predator. If a virulent
phage and a susceptible bacterium are “Predator” Fitness at the
mixed in an open growth system, such Population Scale

as a chemostat...”

CONDITIONS FOR THE EXISTENCE OF BACTERIOPHAGE!

Per-capita growth rate: The
growth rate of the total number
R — of virus particles.




But do viruses of microbes do more than
kill or prepare to kill?



Lysogeny — ‘Lessons from a Simple System’
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Lysogeny — ‘Lessons from a Simple System’
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Lysogeny — ‘Lessons from a Simple System’

Golding et al. Ann Rev. Biophys. 201 |
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Lysogeny — ‘Lessons from a Simple System’
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Why Be Temperate? Ala Stewart and Levin, 1984

THEORETICAL POPULATION BIOLOGY 26, 93~117 (1984)

The Population Biology of Bacterial Viruses:
Why Be Temperate

FRANK M. STEWART AND BRUCE R. LEVIN

Depariment of Mathematics, Brown University,
Providence, Rhode Istand 02912, and
Depariment of Zoology, University of Massachusetts,
Ambherst, Massachusetts 01003

Received May 23, 1983
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Feast or Famine Hypothesis

Premise: temperate phage do better when few hosts
are available and extracellular mortality rate are high.

Caveat: “In spite of the intuitive appeal of this low
density hypothesis, we are unable to obtain solutions
consistent with it using the model presented here.”



Sure lysogeny can happen in some cases,
but in the environment, do viruses typically
do more than kill or prepare to kill?



Increasing evidence of latent infections in

microbiomes
13 |

The ISME Journal (2018) 12:1127-1141
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Bacteriophage Distributions and
Temporal Variability in the Ocean’s
Interior

Received 17 October 2017 Accepted 25
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ARTICLE

Elaine Luo, Frank O. Aylward,* Daniel R. Mende, {© Edward F. DeLong

Lysogeny is prevalent and widely distributed in the murine gut

Daniel K. Inouye Center for Microbial Oceanography: Research and Education, University of Hawaii, Honolulu,
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Lysogeny and Plankton Blooms:
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Lysogeny and Plankton Blooms:

An Inverse Relationship with Plankton Density
15
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An Alternative Hypothesis:
“Piggyback-the-Winner”

A Lysogeny
Fry
=
3]
<
g
>
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>
Low High
Density/Productivity

Piggyback-the-winner — lysogeny is
positively correlated with increases in host
density and productivity.

Knowles et al. Nature 2016
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An Alternative Hypothesis:

“Piggyback-the-Winner”
_

ac-oo Observed

A Lysogeny

Knowles et al. Nature 2016

Microbes per ml (x 108)
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Piggyback-the-Winner:

Re-examining the theoretical framework

A Lysogeny
=
>
(7]
<
[
=
Lysis
>
Low High

Density/Productivity

Piggyback-the-winner — lysogeny is
positively correlated with increases in host
density and productivity.

Knowles et al. Nature 2016

However, there is no lysogeny in the
PtW model. Rather, the PtV model is a
lytic model where the lysis and viral release
increases with increasing cell abundance.

mcirobial cell change .
microbial growth lysis microbial mortality

~ N
dN —— = ~ N
e =7"N(1— N/K)—¢NP— AN
viral particle change viral release
:{‘7 ,_/\? viral decay
= BNV = = ‘mV

dt



Piggyback-the-Winner:
Re-examining the theoretical framework
_

And, the PtW model yields similar patterns

A Lysogeny
of virus and microbial density relationships as
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Piggyback-the-Winner:

Re-examining the metagenomics evidence (pt 1)
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Piggyback-the-winner — lysogeny is
positively correlated with increases in host
density and productivity.

Knowles et al. Nature 2016
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Piggyback-the-Winner:
Re-examining the metagenomics evidence (pt 2)
N

a

= Acholeplasma
= Atopobium

acillus
« Bifidobacterium
+ Brachyspira
« Burkholderia .
« Candidatus Pelagibacter
« Candidatus Puniceispirillum
« Cellulophaga
+ Clostridium
+ Coprococcus
+ Corynebacterium
« Croceibacter
= Desulfovibrio
+ Exiguobacterium
« Flavobacterium
+ Fusobacterium
+ Haloferax
« Haloquadratum
Lactobacillus
Leptospira
Leptotrichia

gr P

Log10(VHR)

dibbbr i

Olsenella

. Porpn{romonas

« Prevotella
Prochlorococcus

« Rhodobacter

« Rhodopirellula

« Ruegeria

+ Selenomonas

« Shewanella

« Spirochaeta

- /roﬁlasma

« Staphylococcus

+ Strepfococcus
Sulfolobus
Synechococcus

« Thermus

« Treponema

« Vibrio

. « Xylella

-2 -1 0 1
Log10(microbial abundance)
“findings [i.e., the decline of the
ratio of viruses-to-microbes]
corroborate the recently proposed
Piggyback-the-Winner theory”

Coutinho et al., Nat. Comm (2017)
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Piggyback-the-Winner:

Re-examining the metagenomics evidence (pt 2)
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@ Thermus. @ C_Puniceispirillum @ Staphylococcus - Atopobium Xylella @ Streptococcus @ Myxococcus @ Spirochaeta
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But... if y/x ~ x°!, then virus
abundances are unrelated to host
abundances. This is a counter-indicator
for PtW.

Alrasheed, Jin & Weitz, Nat. Comm (2019)
forthcoming
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What environmental conditions should favor
lysogeny rather than lysis?

On old lesson:
A bird in the hand is worth two in the bush.

A new puzzle:

A virus in the cell is worth N in the bloom.

But, what is N¢



Viral proliferation at the individual level
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Viral proliferation at the individual level

for lytic strategies and latent strategies
|
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Viral proliferation at the individual level
for lytic strategies and latent strategies

Obligately lytic viruses R

hor ~ 3
' ":Z,‘ Infection

’ ?’ " '(%
' % Pro ogeny 1

Entry LySISl( \ %

’ ’b > _/
’ (ﬁ> Progeny 2
Mother 0
@ ‘ﬁ’s.ﬁﬁk v
@ N

Burst Progeny 3

Two vastly different strategies can lead to
the same ‘fithess’ at the individual level.

How does this depend on cell densities?
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Population dynamics of lytic viruses

Population perspective

Individual perspective
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Population dynamics of lytic viruses
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Population dynamics of lytic viruses

logistic growth infection cell death
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Population dynamics of lytic viruses

Population perspective

Individual perspective

Obligately lytic (e.g., T4)
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Population dynamics of latent viruses

Population perspective

Individual perspective

Latent viruses (e.g., phage ) )
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Population dynamics of latent viruses

Population perspective

Individual perspective

Latent viruses (e.g., phage ) )
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Population dynamics of latent viruses

Population perspective

Individual perspective

Latent viruses (e.g., phage ) )
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Population dynamics of latent viruses

Population perspective

Individual perspective

Latent viruses (e.g., phage ) )
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Population dynamics of chronic viruses

Population perspective

Individual perspective

Chronic viruses (e.g., filamentous M13)
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Population dynamics of chronic viruses

Population perspective

Individual perspective

Chronic viruses (e.g., filamentous M13)
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Population dynamics of chronic viruses

Population perspective

Individual perspective

Chronic viruses (e.g., filamentous M13)
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Value of strategies is context-dependent

(i.e.,
.

free viruses

dependent on susceptible cells)

dominant

Berngruber et al., 2003, phage lambda
and E. coli, with initial 1% prevalence
(red) and 100% prevalence (blue)
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What environmental conditions should favor
lysogeny rather than lysis?

Answering this question requires a unified
metric, e.g.,:

Ro: the average number of new infected cells

produced by a single (typical) infected cell and

1ts progeny virions in an otherwise susceptible
population.



Compilation of basic reproductive numbers

Obligately lytic
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Compilation of basic reproductive numbers

Technical note: :
All of these basic reproduction . BpS™ n
numbers were calculated using the -
‘Next-generation matrix’ (NGM)
method, popularized by Diekmann
et al.J. Roy. Soc. Interface (2010).Yet
results from NGM recipes become
hard to interpret when infection
modes traverse paths.

b/ 1 _ S*
Rve"r —

To come soon:

New interpretable approach to

analyzing generalized infection horizantal — vertical
dynamics (including lysis, latency, and o  ¢S* b'(1—S*/K)

—

. Rc ron = 7 +
switches between). " d  @S*+m o

Li, Cortez & Weitz, in prep



A broader perspective:

Wiait, isn’t “R,” a concept from epidemiology?

And you told me that viruses were predators?

Yes, | did.

But, viruses are obligate intracellular parasites, and so
it is time to unify the eco-evolutionary study of virus
dynamics (as applied to viruses of microbes) with the
epidemiological study of virus dynamics.



SIR model: susceptible-infected-recovered




SIR model: susceptible-infected-recovered
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SIR model: susceptible-infected-recovered
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Infected population changes exponentially at

onset of an epidemic
_

At onset S ~ N

d I
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Infected population changes exponentially at

onset of an epidemic
_

At onset S = N |
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Infected population changes exponentially at

onset of an epidemic
_

At onset S = N
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Infected population changes exponentially at

onset of an epidemic

At onset S = N

al S I
— =R — — —
at B N T
di _ [BTi|-1

0 T

RO: # of infections due to
a single infectious individual
in an otherwise susceptible
population.
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R, increases with T, (infectious period) even with the same initial speed, i.e. it

is not the same as growth rate.
(see Park, Champredon,Weitz & Dushoff, Epidemics, 2019)



Why Be Temperate? Ala Stewart and Levin, 1984
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Feast or Famine Hypothesis

Premise: temperate phage do better when few hosts
are available and extracellular mortality rate are high.

Caveat: “In spite of the intuitive appeal of this low
density hypothesis, we are unable to obtain solutions
consistent with it using the model presented here.”



Why Be Temperate? Ala Stewart and Levin, 1984

Stewart and Levin, 1984 7
Resource-explicit model

with implicit infections ‘ Lysis ?
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Why Be Temperate? Ala Stewart and Levin, 1984

Stewart and Levin, 1984 y
Resource-explicit model

with implicit infections @ Lysis ?
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Heterogeneous viral strategies
& a dynamical basis for an unexpected consequence

= Susceptible Cells

=== Chronic Infect. Cells
=== Lytlc Infect. Cells

Cell Density

Hours postinfection, ¢

Could lytic viruses “help”
chronic/temperate viruses by
reducing niche competition?
Heterogeneous viral strategies promote

coexistence in virus-microbe systems,
Gulbudak & Weitz, JTB 2019, biorxiv 297127
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Heterogeneous viral strategies
& a dynamical basis for an unexpected consequence

A. Number of viruses detected in genomes with viral signal
Bland more (2%)

5(3%

B. Type of viruses involved in coinfections

A Caudovirales, Caudovirales 2003
A Caudovirales, Inoviridae 216
Caudoviraies, Unciassified [l 88
Inoviridse, Inoviridae [l 85
Unclassified, Undlassified ] 33
Caudovirales, Tectiviridae | 13
Fuselioviridae, Fuselioviridae | 3
Caudovirales, Corticoviridae | 2
Caudovirales, Microviridae | 1
Inoviridae, Unciassified | 1

Roux et al., eLife 2015

Cell Density

= Susceptible Cells

=== Chronic Infect. Cells
=== Lytlc Infect. Cells

Hours postinfection, ¢

Could lytic viruses “help”
chronic/temperate viruses by
reducing niche competition?
Heterogeneous viral strategies promote

coexistence in virus-microbe systems,
Gulbudak & Weitz, JTB 2019, biorxiv 297127



Perspectives and Directions

Lysogeny and other forms of chronic/inefficient infections remain
under-studied, particularly in relevant, ecological contexts.

. We examine fitness of viruses that infect microbes by adapting the
epidemiological concept of the basic reproduction number “R,”.

R, framework reveals mechanisms and broad ecological drivers for
why lysogeny can outperform lysis (at least in the short term).

Ongoing work: extension to evolutionary dynamics, both within
and between strategy classes.

Many open questions remain: viral competition within hosts,
feedback between strategies and ecosystem functioning, and
relevance of non-lytic strategies in situ...




And one last question...
what is a virus?

T

Virion Lysogen Lytically
Infected cell
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