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Evolution of cooperation – simplified PD


Cooperator Defector

Cooperator b− c −c

Defector b 0



where b > c > 0.
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Mechanisms for the evolution of cooperation

Direct reciprocity

Indirect reciprocity

Structure

Kin recognition

Multi-level selection
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The origin of eusociality
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Different origins of eusociality

Eusociality is characterized by
overlapping generations
division of labor
division of reproduction

Ants
Termites
Wasps
Bees
Australian ambrosia beetle
Aphids
Thrips
Snapping shrimp
Naked mole rats
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Precursor state: “solitary"

valuable and defensible nest

dependable food source
within foraging distance

progressive provisioning =
fertilized female builds nest,
gathers food, feeds young.
The young then leave.
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Eusocial

q 
1- q 

q · · · probability that daughter stays with the nest
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Solitary versus eusocial

q 
1- q 
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Eusociality represents a different form
of cooperation.
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Multicellularity
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Another way to construct - Aggregation
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Staying together Aggregation
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Protocells, Endosymbiosis, Eusociality and Sociality

d. Multicellularity via CT 

b. Coming together (CT) 

+ 

a. Staying together (ST)  

e. Evolution of protocells 

+ + 
CT ST ST 

f. Endosymbiosis 

+ + 
CT ST ST 

+ 

c. Multicellularity via ST 
d. Multicellularity via CT 

b. Coming together (CT) 

+ 

a. Staying together (ST)  

e. Evolution of protocells 

+ + 
CT ST ST 

f. Endosymbiosis 

+ + 
CT ST ST 

+ 

c. Multicellularity via ST 
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Staying together

Ai
ai q−−→ Ai+1

Ai
ai (1−q)−−−−−→ Ai + A

B b−→ B + B

ẋ1 = (1− q)
∑

i

aixi − qa1x1 − φx1

ẋi = q(ai−1xi−1 − aixi)− φxi i = 2,3, . . .

ẏ = by − φy
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Staying together

ai = b · 0.95i for i = 1,2,3; ai = b · 2i for i = 4, ..,8
ai = b · 0.3i for all i ≥ 9.
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Complexes find a new niche

(a) 

(b) 
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Coming together (aggregation)

Ai + A
β−→ Ai+1

Ai
ai−→ Ai + A

B b−→ B + B

ẋ1 =
∑

i

aixi − βx1
∑

i

xi − βx2
1 − φx1

ẋi = βx1(xi−1 − xi)− φxi i = 2,3, ...

ẏ = by − φy
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Staying together vs. Coming together

Ai
ai q−−→ Ai+1

Ai
ai (1−q)−−−−−→ Ai + A

B b−→ B + B

Ai + A
β−→ Ai+1

Ai
ai−→ Ai + A

B b−→ B + B
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Staying together vs Coming together
28 I N T E G R A T I V E B I O L O G Y A R T I C L E S

reader could well become overwhelmed
by the detail. My other difficulty is that it is
a subject I have discussed at some length
previously.4–8 Here I want to do some-
thing different. To begin, I w ill adapt one
of the current molecular phylogenies of
the major groups of organisms as pro-
posed by Sogin9 (based on a single gene
of a small subunit of rRNA), and modify his
figure by including only those groups that
are mu lt ice l lu lar (Fig. 1, Dra w i n gs by
Hannah Bonner). Thirteen separate in-
ventions of multicellularity are indicated
in the figure, but this is far below the ac-
tu a l n u m b er b eca use som e o f t h ose
eight are well known to be polyphyletic,
as I will illustrate. My descriptions will be-
g in w ith green a lga e a n d p la nts a n d
move clockw ise around the figure.

The descriptions themselves will be
brief, and to make it easier to fix them in
one’s mind, some of the more important
forays into mu lt ice llu larity w ill be ac-
companied by drawings. The reader may
want to sk im over this section just suffi-
ciently to appreciate the variety of sepa-
rate ways single cells have evolved into
multicellular organisms.

Green Algae and Green Plants

The green algae began their multicellu-
larity in water. They provide some splen-

did separate examples of aquatic origins
i n  t h e  f orm  o f  w h a t  is tra d i t i o n a l ly
known as colonies. It is assumed that all
higher plants came from green algae in
w h ich the ce l ls ha d mod erate ly rig id

wa lls and the d ivision products of an
asexu a l sp ore  or a  z yg o t e  re m a in e d
glued together. This is well illustrated in
t h e  se a  l e t t uce U lva  (F i g . 2) a n d  i ts
sma ller re latives, where one can trace
the transition from a simple filament to
a thickened thallus.

A somewhat different mode of be-
coming multicellular is seen in the Vol-
vocales, in which the division products
are surrounded and he ld together by
jelly and the colonies they form may be
flat, for more often are hollow spheres
typ if ied by Volvox, (Fig. 3) the largest
member of the group.

The Ch lorococca les b ecome mu l-
t ice l lu lar in a  ra d ica l ly d ifferent w ay.
For exa m p le, in Pediastrum (Fig. 4) the
prod ucts of ce l l d iv ision are conf ine d
w ith in the mother ce ll (in a vesicle that
l i n e s  t h e  m o t h e r  c e l l ) . W h i l e  t h e
d a ug hter ce l ls b ecome d etache d a n d
sw im a b out using the ir f la g e l la , they
a re  i n i t i a l l y  i m p r is o n e d  w i t h i n  t h e
vesicle a n d eventua l ly, they lose the ir
a b i l i t y  t o  m o v e , t h e y  b e c o m e  c e -
mente d into a f lat p la te that w i l l b urst
free from the vesicle as they grow.

Figure 1.

Figure 2.

(Bonner JT, Integr. Biol. 1998)
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Staying together

aquatic

successful in fitness
landscapes where there is
a cost to form complexes

Aggregation

terrestrial

successful in fitness
landscapes where only
large complexes provide
fitness advantages
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Staying together and aggregation are
two building blocks used for biological

construction on every scale.

It is important to understand their
differences and similarities before

developing a general theory of
cooperation and construction.
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What is cooperation?

On what time scale are we measuring
cooperation?

immediate observable effect

effect on life-time fitness

evolutionary time

Are maybe cheaters not so bad (or not even
cheaters) depending on time scale?
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Problem
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Solution
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Ants and plants

C.mimosae – effective partner 

C.nigriceps – “parasite”: defends BUT sterilizes 

T.penzigi – effective partner  

C.sjostedti – “parasite”: increases mortality 

Fig 1. Long-term Acacia population growth rates (!50) for simulated 
communities consisting of one, two, three, or four ant species. Cs = C. 

sjostedi, Cm = C. mimosae, Cn = C. nigriceps, Tp = T. penzigi. 

Palmer T M et al. PNAS 
2010;107:17234-17239 
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Synergy of multiple partners

Fig 1. Long-term Acacia population growth rates (λ50) for simulated 
communities consisting of one, two, three, or four ant species. Cs = C. 

sjostedi, Cm = C. mimosae, Cn = C. nigriceps, Tp = T. penzigi. 

Palmer T M et al. PNAS 
2010;107:17234-17239 
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What, then, is mutualism?

1 2 

La
m

bd
a 

Number of partners 

Scenario λ

Host ·
Host + M1 ↘
Host + M2 ↘

Host + M1 + M2 ↗
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Thank you!

Ben Allen (Boston U)

Tibor Antal (Edinburgh U)

Matteo Cavaliere (National Biotech Center, Madrid, Spain)

Attila Csikasz-Nagy (Microsoft research, Trento, Italy)

Feng Fu (Peking U/ Harvard U)

Martin Nowak (Harvard U)

Hisashi Ohtsuki (Tokyo Tech)

Todd Palmer (U of Florida, Gainesville)

Rob Pringle (Harvard U/ Princeton U)

Sean Sedwards (Microsoft research, Trento, Italy)

Cliff Taubes (Harvard U)

Matthijs van Veelen (U of Amsterdam)

Nick Wage (Jane Capital, NY)

Nils Wernerfelt (MIT)

E.O.Wilson (Harvard U)
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