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ABSTRACT KEYWORDS
Lake proposed a hypothesis that symbiosis between a clostridium and Parrondo’s paradox;
actinobacterium produced the double-membrane prokaryotes and Evolutionary game;
endosymbiosis. On the basis of Lake’s hypothesis, this paper explains the Cooperation;
rationality from quantitative analysis by using game theory so as to show Double-membrane prokaryotes;
symbiosisisasuccessful direction of evolution. The paper devisesamulti- Endosymbiosis.

agent Parrondo’s model, which consists of game A and game B. Game A
reflects the interaction relationship among individuals. Considering the
symbiosis and endosymbiosis of actinobacteria and clostridia, we match
them into the double-membrane prokaryotes by pairs. Complementary
cooperation mechanismisadopted if the same type of individual sencounter,
whereas competitive mechanism is adopted if the different types of
individuals encounter. Game B reflects the environmental effect on
individuals and is devised to be a negative-sum game, reflecting the harsh
natural environment. It has two branches depend on the divisibility of a
module M. One branch representsthe unfavorabl e factors of environment,
which has little probability to win; the other indicates the favorable
conditions of environment with alarge probability of winning. Besides, we
set up afeedback mechanism to expressthe photosynthesis of the double-
membrane prokaryotes. Through feedback of this mechanism, the structure
of gameB isimproved. Theimprovement ismainly reflected in two aspects:
quantitative and qualitative changes. Quantitative change means the
winning probability of the favorable branch increases, while qualitative
change indicates the module M becomes large. The simulation results
show the endosymbiosis and the photosynthesis can make the double-
membrane prokaryotes obtain a greater fitness and a higher survival
percentage. © 2013 Trade Sciencelnc. - INDIA

INTRODUCTION research. He pointed out that the double-membrane
prokaryoteswereformed through asymbiosisbetween

Lake hasprovided asignificant hypothesisregard- two groupsof prokaryotes, an actinobacterium and

ing prokaryotes and the evolution of lifein hislatest aclostridium. The symbiosisof the double-membrane
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prokaryotes generated mitochondrialyinginthecell of

body. The subgroup of the double-membrane prokary-

otes—cyanobacteria directly led to the emergence of
oxygen on the Earth through photosynthesis.

Thispaper explainstherationdity from quantitetive
analysis by using Game Theory based on Lake’s hy-
pothesis, so asto clarify the symbiosisisasuccessful
evolutionary direction. Game Theory isamathematica
theory concerning competition, cooperation and game
rules. Itisavery important researchtopic that provides
amathematica and physica basisfor Darwin’s natural
selection process, by using gametheory to analyzethe
behaviord strategiesof biology'?3. In order to smulate
the competition and cooperation rel ationshipsamong
individudsinbiologicd and socid systems, gametheory
scholarshave proposed anumber of well-known mod-
ds, such asthe Prisoner’s Dilemma model, the Snow
model and the Minority Game model and so on. We
establish a corresponding game model based on
Parrondo’s paradox to simulate the evolutionary mecha-
nisms of the double-membrane prokaryotes. Thefol-
lowing are the main mechanismsand corresponding
detalls.

(1) Theeffectsof theenvironment ontheprokaryotes.
Themain contentsare: 1) Thepoor surviva condi-
tion of theoverdl environment; 2) Not only theun-
favorableinfluencefactor existsin naturebut also
thefavorableone (such assunlight)

(2) Theinteraction between prokaryotes. The detail
needed to expressisthat the survival competition
betweenindividuds.

(3) Thedifferences between the double-membrane
prokaryotes and the genera prokaryotes, includ-
ing: 1) theendosymbiosisof thedouble-membrane
prokaryotes, 2) the photosynthesi s of the double-
membrane prokaryotes.

Parrondo’s paradox is an apparent paradox in game
theory andisnamed after its creator Parrondo, a Span-
ishphysicist¥l. Parrondo’s paradox claims that two los-
inggames, under random or periodicaternation of their
dynamics, canresult inawinning game. The seminal
papersconcerning Parrondo’s Paradox were published
by Abbott and Harmer!>€l. Already, Parrondo’s para-
dox hasbeen confirmed by meansof computer smula
tion, the Brownian ratchet and discretetime Markov
chaintheory. Moreover, Parrondo’s paradox has been
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developed into many different versiond”. Theorigina
version of Parrondo’s games involves two games!®, A
and B, each based ontossing biased coins: 1) GameA
iIsagameof tossing biased coin 1with the probability of
winning p,. 2) GameB isalittlemorecomplex. If the
present capitd isamultiple of someinteger M, abiased
coin 2istossed withthe probability of winning p,. If
not, another biased coin 3istossed, with the probabil -
ity of winning p,.Winningagameearns 1 unitandlosing
surrenders 1 unit. PlayinggameA or Bisadwaysalos-
ing game, but when thesetwo losing gamesare played
under random or periodic aternation, the combination
of thetwo gamesis, paradoxicaly, awinning gamevia
aneffectiveset of probability p,, p,, p,and modulus M,
for instance, p, =05-¢, p,=01-¢, p;=0.75-¢,

M =3, ¢ hasasmall positivevalueand 0.005 can be
chosen, for example. Obsarvingtheorigina versonfur-
ther, we canfind that dependence onthe capita limits
itsapplicationin practice. Therefore, Parrondo® modi-
fiedgameB intheorigind versonand presented anew
version which wasrelated to the history of the games
ingtead of the cgpitd. Thisnew history-dependent struc-
ture has enlarged the parameter space of Parrondo’s
paradox. Kay'® further studied the Parrondo’s para-
dox effect where both gameA and game B werehis-
tory-dependent. Arend’? devised anew versionwhich
was congtituted of three games. GameA and game B
werethe sameastheorigina versonwhiletheruleof
game C depended on the recent game history of win-
ning or losing. By analyzing theabove gameversions,
wefind that Parrondo’s paradox required some form
of dependence, such asthe dependence on capita and
game history. Tora™ proposed a space-dependent
“cooperative Parrondo’s paradox” version. A remark-
abledifferencewasthat therewerei(1,2,...,N) players
instead of only one player involved in thegame. On
each round, oneplayer ‘i’ was randomly chosen from
N persons to play game A or B according to some
rules. GameA remained unchanged aswasdefinedin
theorigina Parrondo’s games. Game B depended on
thestates of winning or losing of two neighbor players,
i-landi+1. Mihailovic carried out theoreticd andysis
on cooperative Parrondo’s paradox and provided
cooperative game model based on one dimensioni*4
and two dimensiong™® respectively. Sincethe previous
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versonshavefocused on how to modify gameB, Tord ™4
proposed amodification of gameA. TherewereN play-
ersinvolvedinthisversion aswell. GameA was de-
vised that aplayer i paid for aunit to aplayer j that was
also chosen randomly. Game B remai ned unchanged
aswasdefined intheoriginal Parrondo’s games or his-
tory-dependent version.

Abbott pointed out that!”, Parrondo’s paradox now
has connectionsin physics, biology and economicsand
other disciplines. Intheareaof biology, it hasbeen pro-
posed that Parrondo’s paradox may relate to the dy-
namicsof genetranscriptionin GCN4 protein and the
dynamicsof transcription errorsin DNA®, Parrondo’s
paradox has been studied in variousinteresting sce-
nariosinvolving popul aion geneticg®-21,

MODEL

Abbott thought that Parrondo’s paradox might help
scientistsfind new methodsfor explaining thelevel of
individual genesof the survival game. This paper de-
signsamulti-agent gamemodel of biology based on
Parrondo’s game version proposed by R. Toral™4.

Themodd (Figure 1) iscomposed of two games:
1) GameA reflectstheinteractiverel ationship among
individuals, 2) GameB reflectstheenvironmentd effect
onindividuas. ThereareN individualsof the popul a
tion. The dynamic process of themodel isasfollows:
Randomly chooseoneindividud i (calledthe princi-
pal) to play gameA with the probability of p, or game
B with the probability of 1- p,. Whenit comesto game
A, weneed torandomly chooseindividua j fromthe
population (called thereceptor). The specific forms of

randomly chosen individual

lifei

probability pi " TS probability 1-p:

game B
the total capital N

is multiple of M~

E
a |
2=

|

biotic
population
[size:N]

the total capital is
_not a multiple of M

Branch two

Branch one

Zero-sum game

L Lp: ps/ \lps
randomly / \
chosen

individual
life j win lose win lose

Figurel: Themulti-agent Parrondo’smodel

gameA are determined by theinteraction betweenthe
principal i andreceptor j .

Expression of theendosymbiosis- GameA

GameA isazero-sum gameto reflect theinterac-
tion between individuas. It does not havean effect on
thetota earningsof the population but only changesthe
incomedistributioninthepopulation.

Thebas c mechanismsamongindividua sarecom-
petition and cooperation, and their corresponding forms
ingameA areasfollows:

Thecompetition mechanism: thewinning probabili-
tiesof theprincipd | andreceptor j areboth0.5. When

i wins, j paysforanunitto j ;otherwise, i paysfor
anunitto j.

The cooperation mechanism: symbiosesand endo-
symbioses of the double-membrane prokaryotes
show that, if two cellsco-exist for along enoughtime,
they will exchange genes. However, they retain their
own cell membranesinthe courseof symbioses. Some-
timesthey keep their own genome. Therefore, once
actinobacteriaand clogtridiaarein thestate of symbio-
ses, thereisasd ectiveinformation exchange (or retain)
between them. Thuswe design acomplementary co-
operation mechanism so asto expressthe symbioses.
When c(t) > C,(t), theprincipa i paysfor anunitto
thereceptor j ; when C () <C,(t), thereceptor j pays
foranunittotheprincipd i . ¢ (t) and c,(t) arecgpita of
principal i andreceptor | attimetrespectively.

The expression of environmental mechanism -
GameB

When the two kinds of early prokaryotes, the
actinobacteriaand clostridia, evolve, the Earth’s living
environment isvery bad. Theenvironmenta mechanism
isdevised to be agame B which isanegative game,
reflecting thewhol e harsh natura environment. Game
B hasaspecia structure, which hasdifferent branches
dependent on thedivisibility of module M. Thefirst
branch (The total capital can be divided by M) de-
scribesthe unfavorablefactor of environment, which
hasalittle probability p, towin; thesecond (Thetotal
capital cannot be divided by M) expressesthefavor-
ablecondition of environment (e.g. sunlight), whichhas
alarge probability p,towin.
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G P.Harmer, et d.'"?2 proved thefollowing con-
ditionwhen game B wasanegativegame.

(1_ p3)M B
P+ p)" (1)
Satistical mthods

Wedefinethefitnessindex d asfollows

R @

P, <

Wherew(t) =C(t)-C,, let w(t) beearningsand C(t)
becapitd at timet, respectively. C, istheoriginal capi-
tal; K is the average frequency for an individua
game.K =T/N,whereT isthetota timeof thegame

and N isthe population size.
Therefore, thefitnessof any ithindividua at timet

is:
W (t)
d(t)=—""=
10 K (3
Theaveragefitnessof thepopulation at timetis
N
QWD) /N)
cT(t): i=1 4
K

The initial capital is C, =10000 and game time is
T =84000. Weuse different random numbersto play
the game 100 times repeatedly, and draw figures ac-
cordingtotheaverage results of the gamesplayed 100
times.

RESULTS

Thefitnesscalculation of two populations

For the purpose of contrasting thesurvival adapt-
ability between the double-membrane prokaryotesand
the genera prokaryotes, we calculate and analyzethe
fitness of two populations. 1) the populationiscom-
posed of thegenerad prokaryotes(competition pattern).
The population consistsof the genera actinobacteria
and dodgtridiainequa portions. WhengameA isplayed
by individuals, competition pattern isadopted. 2) The
population is composed of the double-membrane
prokaryotes (cooperation pattern). The popul ation to-
tally consstsof the double-membrane prokaryotes. For
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symbioses and endosymbioses between the
actinobacteriaand clostridia, the double-membrane
prokaryotesarematched in pairs. Whenthe samepair
encounter, complementary cooperation mechanismis
adopted; whilethedifferent pair of individua sencoun-
ter, competition mechanismisused. Under theadverse
living environment (negetivegameB), both competition
and cooperation can promote the improvement of the
averagefitnessof the popul ations and guaranteethe
surviva and growth of thepopulations, asshowninFig-
ure 2(a). More specifically, the averagefitness of the
double-membrane prokaryotes is slightly higher
(0.0251>0.0248). We definethe survival proportion
of the popul ation asthe proportion of individua swhose
fitnessispositivein apopulation. Figure 2 (b) shows
that the survival ratio of the population composed of

0.03,
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competition
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=
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Figure 2 : Analysisof thefitness (Population size N = 200.
Parameters are p =05, M=3, p,=01l-¢,
p, =0.75-¢&,and ¢ = 0.005.Theparameter ssatisfy for-

mula (1) when game B wasanegativegame.)
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the double-membrane prokaryotesis 73.4%, whilethe
generd population of the prokaryotesis66.59%. Thus,
the surviva ratio of individualsin apopulation com-
posed of the double-membrane prokaryotesis high,
whichindicatesthe symbiosisisasuccessful direction
of evolution.

Inaddition, from asystematical perspective, game
A isazero-sum game and game B isanegative game
for eechindividud inthepopulation. However, thecom-
bination of thetwo |osing games can produceawinning
game. Theincrease of the averagefitnessof the popu-
lation reflects Parrondo’s Paradox counterintuitive na-
ture. Abbott®! pointed out that lifeitself may be self-
guided by means of aratcheting effect. When some
kind of evolutionary direction formsoccasiondly, envi-
ronmental forcescan easily destroy theinitial order.
Thosefactorsthat play aroleasaratchet can stop the
destruction and helplifeformahigher complexity dong
theevolutionary path. The specia structure of gameB
playstheana ogousrolethat natura environment has
onbiological evolutionintermsof aratcheting effect,
and competition and cooperation arethe successful di-
rectionsof evolution.

Effect of p,

Fgure3showsthat, withinthevariaionrangeof p,,
the averagefitnessisbasically the same between the
double-membrane prokaryotic population using theco-
operation pattern and the general prokaryotic popula-
tion using the competition pattern. However, the sur-
viva ratio of theformer ishigher than that of thelatter.
Moreover, either the cooperation modein pairsor the
competition mode, the peak of theaveragefitnessand
thesurvival percentage generally happenat p, =1/3.
That isto say, whentheprobability of playing gameAis
1/3, the popul ation will achievethebest return. Here,
wearewillingto point out if gameA isregarded asa
manifestation of individual’s social attribute and game
B asamanifestation of individual’s natural property,
then gameA whose optimum performance of the popu-
lation happensto the probability of 1/3 may bearea
sonableexplanation for 8-hour work system of human
Society.

Impactsof P,and P,

From Figure 4, even though the environmental

mechanian (GameB) ill remainsto beanegaivegame,

————, FyurrL PAPER
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Figure3: Theeffect of the probability p, (0.02< p, <0.98,
Population size N = 200 and the game parameters are

M=3,p, =0.1-¢,p; =0.75~¢, &£ = 0.005)

enhancement of thewining probability p, of thesec-
ond branch canimprovetheaveragefitnessof the popu-
lation. Therefore, increasing the probability p, isthe

right direction for evolution. Thismay bethedriving
factor for theemergenceof photosynthesis(efficient use
of sunlight).

Analysisof themixed population

When the double-membrane prokaryotesare mixed
withthegenera prokaryotes, wedividethe popul ation
into two subgroups, namely Sclassand D class, soas

s BioTechnology

An Tudian Yourual



1704

Simulation of evolutionisms for the double-membrane prokaryotes based on Parrondo’s model

BTAIJ, 8(12) 2013

FULL PAPER o

toinvestigatetheir surviva conditions. Sclassconssts
of thegenerd actinobacteriaand clostridiaand D class
isformed by the double-membrane prokaryotesin pairs
of actinobacteriaand clostridia. When pairsof theindi-
viduals who are the double-membrane prokaryotes

cooperation

]

\

!
o
L8]

the average fitness of the population :r.;f,T

competition

the average fitness of the population:d(T)

Figure 4 : The effects of the probabilities p,and p;

(1_ p3)M7l ) .
pgﬂ,l + (- pS)Mil . Population sizeN =200 and

thegameparametersare p, = 0.5 and M=3. Thevaluesof

(P2 <

thered part arepositiveand thecorresponding p, and p,

aretheparameter spacefor theestablished Parrondo’spara-
dox)
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encounter, cooperation mechanismisadopted; while
theother individua sencounter, competition mechanism
isused. Accordingto Figure5, for most of the popula
tionsize(n), theaveragefitnessof D class, formed by
the double-membrane prokaryotes, isdightly better than
that of Sclass, composed of the general prokaryotes.
Beddes, thesurviva ratio of D dassissgnificantly higher
than that of Sclass. Therefore, the double-membrane

0.05
——D-class

o —S-class
£ 0.0451 |
2

=

|

Z 004r 1
Q

(=9

r

5

¢ 0.035 4
3

wm

£ o003 .
=

g

Q

£ 0.025 4

0 20 40 60 80
n
(a) Change of the fitness along with the size change of D class

100

100%

— D-class

95% —S-class

S0% =)
85%] /
80%] ]
75%] ]
70%)| ]
65%-,\/\/_\-/\—
60%] !
0 20 40 . 80 80 100

(b) Change of the survival ratio along with size change of D
class

Figure5: Thesurvival conditionsof thedouble-membrane
prokaryotesmixed with thegeneral prokaryotes(Population
size N = 200, sizen of D classischanged from 1t0 99 pairs

and thegameparametersare p, =05,M=3, p, =0.1-¢,
p,=0.75-¢,and £ =0.005.)

winning individuals accounting for the proportion of the sub-population
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prokaryotes can obtain the primary foothol dsand sur-
vival among the prokaryote population, whichiscom-
posed of thegeneral clostridiaand actinobacteria

Theexpression of thephotosynthesis- structural
change of gameB

Comparing thedouble-membrane prokaryotes pro-
duced by symbiosis with the general prokaryote
prokaryotes, wefind that the biggest successresults
from the photosynthesis. The double-membrane
prokaryotes (sub-group of D class) can makeeffective
useof thesunlight environment through photosynthesis.
For the purpose of expressing the photosynthesis, we
set up afeedback mechanisminthemodel of gameB.
AsshowninFgurel, incontrast tothegenerd prokary-
otes (sub-group of S class), when the double-mem-
brane prokaryotes playsthe second branch of gameB,
they canimprovethe structure of gameB through the
feedback mechanismto enhancetheir ownfitness. Im-
provement on the structure of game B through feed-
back mechanism can be expressed in two forms: 1)

Quantitative change——increasing the probability p,.
Effective use of sunlight for the double-membrane
prokaryotes can be expressed asincreasing winning
probability p, of thesecond branchingameB. Game
B isstill defined to be anegative game because of the

(1_ ps)Mil
Py H+(A-p)"
From Figure 6 and Figure 7, we can see even if the
overal tough environment still exists(GameB isdtill a

negetivegame), theaccretionof p, caneffectively raise

thesurviva fitnessand survivd retio of thedouble-mem-
brane prokaryotes. Therefore, photosynthesisisthekey
to successful evolution for the double-membrane
prokaryotes. 2) Qualitative change——increasing the
modulusM. Theaccretion of modulusM leadsto qudi-
tative change. According to Fig.8, when themodulus
M increases from 3 to 4 or 5, p,=0.1-¢ and

p,=0.75-¢ (£ =0.005), the condition

(1 B ps) M
'+ (- py)™"
apositivegame. Thus, thesurviva fitnessand survival
proportion of the double-membrane prokaryotes are

guantitative change. That isP: <

p, < isviolated. Game B becomes
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Figure 6: Quantitativeeffect onthemixed populations. (Analy-
gsof theaurvival conditionsof thedouble-membraneprokary-
otesmixed with thegeneral prokaryotes. Population szeN =

winning individuals accounting for the proportion of the sub-population

200. Theprobability p, of playinggameA is0.5. Sizen of D
classischosen from 1t099 pairs. The gameparametersof S
dassare M=3,p, =0.1- ¢, p; =0.75—-¢ and ¢ = 0.005.
Consideringthequantitative changealong with theincrease
of P, resulted from photosynthesisand the condition that

game B is a we choose

M=3% p, =1/17-¢ ¥ p; =0.8—&¥ & = 0.005 for D class.

negative game,

Wefind theaccretion of P, makesthesurvival fitnessand

survival ratio of D classmuch better than those of Sclass.
Thephotosynthesisof thedouble-membraneprokaryotesim-
provestheir own adaptationtothesurvival.)
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Figure 7 : Impact by the change of P, (photosynthesis
quantitative) of D class. (Population size: N =200. The
probability p, of playinggameAis0.5. Thesizeof Sclassis
100 and the game parameters
M=3,p, =0.1-¢,p, =0.75-¢cand ¢ = 0.005.Thesize
of D class is 50 pairs and the game parameters are
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satisfy with thereguirementsthat gameB isanegativegame.

Withtheincreaseof P;, thefitnessand thesurvival proportion
of D classsignificantly increase.)
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Figure8: Thefirst typeof qualitative effect. (Analysisof the
aurvival conditionsof thedouble-membr anepr okar yotesmixed
with thegeneral prokaryotes. Population sizeN =200. The

probability p, of playing gameA is0.5. Sizen of D classis
chosen from 1 to 99 pairs. The game parameter sof Sclass

aeM=3, p,=0.1-¢, p; =0.75-¢ and¢ =0.005. The
gamepar ametersof D dlassare: M=3,4and5, p, =0.1-¢,
p, =0.75-¢,¢ =0.005. For D class, when M=4and 5,
p, =0.1-¢and p; = 0.75—¢ nolonger satisfy with the

@-p)""
pM_l +-p )M_1 . Thus, game B be-
3 3

comesapositivegame.)

condition P2 <
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greatly enhanced.
DI SCUSSION

Evolutionary process of the double-membrane
prokaryotesand the corresponding driving mechanisms
can bedivided into four phasesasfollows: Individuas
areproduced (mutation) *! The initial foothold and sur-
vival (endosymbioses mechani sm caused by symbio-
ss) > ThePopulation grow (the effect of photosynthe-
ss) > Thesuccessful evolution (survivd of thefittest).
Detailed descriptionsare: firstly, theaccident mutation
inthe general prokaryotic population composed of the
clogtridiaand actinobacteriageneratesthe doublemem-
brane prokaryotes. Secondly, the cooperation mode
caused by symbiosis makes the double-membrane
prokaryotes obtain greater fitnessand higher survival
percentage; Accordingto Figure5, whennisvery small,
thatis,n=1,2,..., theaveragefitnessof the sub-group
composed of the double-membrane prokaryotes is
dightly better than that of the sub-group composed of
thegenera prokaryotes. Besides, thesurvival ratiois
ggnificantly higher than that of sub-group of thegenera
prokaryotes. Therefore, the double-membrane
prokaryoteswin the primary footholds and survivals
among the genera prokaryotic population composed
of theclostridiaand actinobacteria. Then, thedouble-
membrane prokaryotesimprovethe structure of game
B through photosynthesis, and hencetheliving environ-
ment of double-membrane prokaryotesisimproved,
which correspondsto the accretion of modulusM and
theprobability p3 of gameB inthemodd . Sothedouble-
membrane prokaryotesobtain better fitnessand higher
surviva proportion. Finally, under theaction of natural
selection, survivd isthefittest. The double-membrane
prokaryotes obtain asuccessful evolution. Therefore,
theevolutioninformation provided by thedouble-mem-
braneprokaryotesisthat symbiossisasuccessful evo-
|utionary direction and cooperationisaso away of life
ahead.
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