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ABSTRACT

The minimal genome of a protocell at the early essagf the origin of life could not have
possibly been stored on a single chromosome: tiecuracy of enzymatic replication would
have caused the quick decay of the majority ofrmfation (cf. Eigen’s Paradox). And though
short sequences were copied with due precision éyeithen, the conservation of this
minimal genome as separate genes poses its owteprabinevitable differences among
replication rates lead to competitive exclusion déimgs information loss. Through random
segregation of protocell-enclosed gene packagdssabn, the stochastic corrector model
(SCM) enables the frequent recurrence of protoaeitls advantageous composition, and so

the conservation of the whole set of genes despit@package competition.

We used an agent-based modelling framework to itifermaximum number of different
genes that can be stably maintained dependingenumber of vesicles and the number of
molecules inside each vesicle. We show that stéichesrrection enables the coexistence of
about a 100 genes even with slightly unequal remton rates. A minimal living cell
requires ca. 60-100 different genes thus it is aeaBle to conclude that information
integration is successful in our compartmentaligggtem: it is sufficient for a functioning
protocell. We also presented a small set of meshamithat can explain the observed
characteristics of the dynamics. Our results sugge®ssible evolutionary route through the

serial integration of novel genes into the systemienavoiding collapse.
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CHAPTER 1

INTRODUCTION

The spectacular diversity of life is a continuousurse of fascination for humanity.
Accordingly, there have always been descriptionsaofl interpretations to this diversity.
Some of the accounts have been ‘more fond of n@sadhan apprehensive of truth’ (i.e.,
consistent with the reality of observations). Somhieved greater recognition than others.
The current secular consensus originating from Daan theory (Darwin, 1859), the
Extended Evolutionary Synthesis (Pigliucci, 2009gliBcci és Mdller, 2010), offers
explanation for phenotypic adjustments to the emvitent (adaptation and plastic response),
the evolution of hereditary (genetic and epigendtiaits, and speciation. However, it does
not explain the origins of life, which necessariyreceded diversification. Thus
understandably, scientists of our times investiggken questions of abiogenesis with an ever

increasing enthusiasm.

Our scientific understanding of the origin of lilebased on some fundamental principles: the
same natural laws describe organisms capable efalifd the inorganic matter they are
composed of ghysicalisn), organisms do not form in a rapid and spontanemasner
(univocal generatio)) but they might form in slow and cumulative prsses gradualisn);

the present environment might not be suitable Herhistoric process of abiogenesis to recur
(because of a different atmosphere, and life alfrgadsent); but even these unique chain of
events had to comply with the—presently observalidavs of nature yniformitarianisnj;

and once life has formed, its selective advantagst imave ensured the continuous survival of
living systems €volution (cf. Darwin, 1887, p. 18; Oparin, 1938; and Brat898, pp. 1-2).

We can thus outline abiogenesis as the procesebrtarganic compounds capable of abiotic
formation and the first, presumably simple, livioigganism capable of evolution. The criteria
for the capability of evolution according to MaydaSmith (1987) is proliferation, trait
heritability, and—due to error in the previous—uadility. There is no similarly accepted
definition of life: even if we believe that selfgservation requires a metabolism (the build-up
of internal constituents from external resourcas3emipermeable membrane, and a genome
(Luisi, 1998), these cannot function independenflyhe environment, especially not is the

earliest organisms (Szathmary, 2007). Most abiagjenesearch focuses accordingly on the



early composition of the chemical environment (asgart of this, abiotically formed organic
substances), and the metabolism, membrane and gevidime first organisms.

An interesting discovery affecting our conceptlud brigin of life was that there are chemical
substances—most notably, ribonucleic acid (RNA)-hwilte dual capability of catalyzing
reactions and storing information, which are thg kanctions in a metabolism and a genome,
respectively. The resulting hypothesis, that RNAlddave an essential role in the origin of
life and early organisms, was termed the ‘RNA woddenario (Gilbert, 1986). An RNA
molecule having a catalytic function isri@ozyme and a hypothetical organism with RNA
driven metabolism is called rdboorganism The RNA world scenario has inspired many a
scientists (Jeffarest al, 1998; Bartel & Unrau, 1999; Szathmary, 1999; ¥aid99; Murray

& Doudna, 2001; Joyce, 2002 b; Orgel, 2004; Pod@9)6; Cech, 2009; Kun, 2011). Our
study will refer to this scenario to illuminate tan theoretical considerations, but wishes to
retain its generality concerning the origin of life



1.1.Preserving information

Genes are the most likely subjects of early evohitisome suggest that the compositional
information of metabolisms (Kauffman, 1986) or meantes (Segré & Lancet, 2000) are also
evolvable, but that proposition is fundamentallytested (cf. Vasast al, 2010). The prime
feature which makes genes the most probable caedida their specific structure—their
constituent modules (e.g. nucleotides) form a lineabranched strandt(aight-chain—
enabling their template-based, modular replica(@rathmary & Maynard Smith, 1997). If a
copy is to be created of a gene, its module-omas{er sequenges preserved through the
template effect: the physical proximity of the amigl strand determined which modules can

be incorporated in the appropriate positions ofrtée strand.

However, replication processes are prone to egenes with alternatenutan) sequences
may form. In the case of modular replication, eqan be present (or absent) independently in
each module, resulting in a disproportionately éangimber of possible variant§:(l = K",
whereK is the number of different modules (i.e., the gmbses in their chemical repertoire),
andL is the length of the sequence (i.e., the numbemodules copied). Note thatalso
measures the information stored in the master segudf the number of possible variants is
orders of magnitude greater than the obtainableuainof copies in the environment, the
genes will qualify asunlimited hereditary replicatorscapable of ‘open-ended’ evolution
(Szathmary & Maynard Smith, 1997; Vasdsl, 2010).

We shall be reminded that not all genes have awrashical number of possible variants:
that is a property of long sequences. And it iseataén that long genes were of existence at
the origins of life. As Eigen (1971) has recognizgueserving long genes is utmost
problematic: first, if the probability of error imdependent for each module, then longer
sequences will have more mutations in their cogessuming a constant rate of error);
furthermore, there is a critical gene length (fary agiven error rate) above which the
proportion of mutants increases so, that the masiquence practically disappears (Eigen,
1971; Schuster, 2010). The concept that randomepsas (i.e., error) pose a limit on the
length of sustainable information is termewdor threshold In light of another phenomenon

causing this same effect, we will refer to Eigdinisling as thdirst error threshold.



In the absence of long genomes there is no accuegtiécation, and without accurate
replication there are no long genomes; so goesnE&dearadox (Maynard Smith, 1979). For
the repair enzymes, which form the basis of aceuraplication, most probably have to be
long. This is truly a paradoxical situation, sivaeile there seems to have been an obstacle at
the origins, we certainly have both long genesacairate replication. So the questions arise:
what accuracy was available at the dawn of life7at\genome length could it sustain? And
how could an early chemical or biological systemcuwinvent Eigen’s Paradox at this

accuracy and genome length?

To estimate the primeval error rate, let us stantnfthe minimal accuracy of present living
species (a ‘top-down’ approach; see Table BE.).coli bacteria have a relatively accurate
replication with a low error rate of 18-10° per nucleotide (Schaaper, 1993; Kunkel, 2004).
Other bacteria may have a higher error rate obup0t® per nucleotide; but even that is only
possible through complex repair mechanisms, whioktroertainly have evolved to ensure a
specific rate of error (Joyce, 2002 a). Bacterigghairuses have a higher error rate of up to
10* per nucleotide; but they are replicated by theestiacterial machinery, that has repair
mechanisms—it is their lack of self-sustaining dality (metabolism, self-reproduction) that
disqualify viruses from being considered living. (ctisi, 1998; Ganti, 2003, pp. 74-80).

Another approach for estimating the primeval erade is from the ‘bottom-up’: finding the
maximal accuracy provided by a single copying ereyrArtificially synthesized RNA
polymerases can have an error rate as low asl®8 per nucleotide (Wochnet al, 2011).

And even this might not be the minimuin. vitro evolutionis a relatively recent method,

providing us with increasingly accurate enzymes.

Table 11. The relation between accuracy and error ate. A low accuracy (e.g. 0.9912)
corresponds to a high error rate (e.g. 8.8%)1Data from Joyce, 2002; Wochreiral, 2011.

bacterium virus ribozyme
lowest accuracy (0.999999) (0.9999) 0.9912 highest accuracy
highest error rate 10° 10 8.8 - 10° lowest error rate

Calculated values are in parenthesis.



This leads us to our next question concerning tistasnable genome length. We shall first
employ a formulation provided by Eigen (1971), amnahplified by Maynard Smith (1983).
Let us assume that all possible mutant sequencastha same replication rate)( beneath
that of the master sequenc®).(Then the selective advantag®, (calculated as the ratio
between these replication ratess Ala; will be constant. And the correlation between the
sustainable genome length) @nd the available replication accuraqywill thus be:

In(s)
L<-9

if we neglect back mutations to the master sequeartd consider the mutations independent

of module type and position.

To have a more realistic picture of genome sudtdihg we should also consider that
enzyme activity depends on three-dimensional siradfAnfinsen, 1973), which is unaffected
by a significant proportioni] of errors. Takeuchi and colleagues (2005) incafeal these

neutral mutations into the above formula:

=In(s)
L <In@+/i-a0)

The constants in question were determined usingreralty measured data and a predictive
scoring of naturally occurring ribozymes= 0,24 ands~ 350 (Kunet al, 2005). Applying

the above presented accuracy of ribozynges 0.9912), the sustainable genome length was
found to be 872 modules (nucleotides). Such lengght be capable of storing a sufficiently
accurate copying ribozyme, but it is unable to nraamthe whole genome of a supposed
riboorganisms (Kurt al, 2005).



1.2.Information integrating systems

Eigen and Schuster (1977) assumed, that if a simglecule cannot sustain the genome, it
might be stored separately on multiple genes. Thaoh molecule could be shorter, with its
content seamlessly preserved, while their commositiould hold the sum of information
required for the genome. However, it is not evidéat such a composition can be sustained.
While once the genome has been partitioned, itgaimability would depend on the
coexistence of all genes. They proposed a systertiypercycle (Figure I1a), to ensure this
function of ‘information integration’. It consistef moderately autocatalytic genes (i.e.,
independent replicators storing different sequenoceach of which assist the copying of

another gene (through heterocatalysis) accordirgdiecular topology.

The basis of this topology is that each gene assisdctly one other; and it is also assisted by
exactly one other; so that their relative stoichetmy remains proportionate, while on the
other hand, all the genes benefit indirectly fréva &ssistance of every other. The coexistence
of genes, and thus the survival of the Hypercyslassured by the fact that the overgrowth of
either gene entails the accelerated copying of dtteers—providing a mechanism for
sustained equilibrium. It is also worth noting, ttkize loss of either gene breaks the cycle of

heterocatalytic aid, thus slowing down the replaabf all the genes significantly.
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Figure I1. Information integrating model systems.(a) The Hypercycle(b) the Metabolic
Replicator, andc) the Stochastic Corrector. Solid arrow: autocatalys.g. through template
effect); dashed arrow: heterocatalysis; dotted varraetabolic contribution; grey box:
membrane. I: information storing molecule, M: metiggm, R: aspecific replicase. Modified
from Czéaran & Szathmary, 2000; Scheurai@l, 2003; and Kénnyet al, 2008.



However, there are fundamental problems with thpdtgycle (Maynard Smith, 1979). The
development of a new heterocatalytic connectimoftcu) leads to the overgrowth of the
resulting shorter cycle, and so the loss of thetshbgenes. Thus it is almost impossible to
accumulate information in this system: any periplgrjoining genes are to be immediately
shortcut; the heterocatalytic cycle would have tedeargo extensive reorganization to
incorporate any new gene. Furthermore, if new gelogein by accepting heterocatalytic aid
from a member of the Hypercycle, while not provgleny assistance themselves (i.e., being
parasite3, they are able to extract all the ‘nutrients’ fmmer modules) from the system,

thus destroying the Hypercycle—also ending themperary sudden growth in the process.

Since providing heterocatalytic aid is an altr@igiehaviour, whose failure does not lead to
immediate negative feedback, there is no punishnfi@ntparasitism. Nevertheless, it is

possible to introduce such punishment into theesyste.g. by restricting the dispersion of
genes (Boerlijst & Hogeweg, 1991): if parasites anable to leave the Hypercycles they

exploited, the damage they cause will eventualiyehtheir repercussions (‘backlash’).

Information loss by shortcut is avoidable, and d@hsoincorporation of new genes is feasible,
if genes connect to a central system (e.g. a mksamo independently of each other,
providing their mutual assistance through this exystthis is the Metabolic Replicator Model
(Figure I1b; Czaran & Szathmary, 2000). The harnpafasitism is yet again reducible by
restricting dispersion: either by attaching the egeio a surface (Szalsh al, 2002); or by
packaging them into separate membrane compartmehish is the Stochastic Corrector
Model (SCM; Figure Ilc; Szathmary & Demeter, 198This latter model considers
metabolic genes nourishing a central system, anepkcase gene assisted by this central

system, while copying—without specificity—the malées of the compartmenprotocel).

Comparing these three information integrating systeclearly the SCM is the most complex;
still, we shall not deem its presumptions excesdiembrane envelopment is a simple way
of impeding dispersion; even early membranes chalde been impermeable to polymers
(Schrumet al, 2010), protecting against the dilution of germs] the spread of parasites.
Furthermore, it is likely that even genetic monosn@.g. nucleotides) could not escape from
protocells (Yarus, 1999), so the effect of theiighbourship should be negligible. The
survival of protocells (and their fitness) withinet population must have depended on their

harboured genetic composition: the number of méi@lgenes contributing to the synthesis



of monomers (Unrau & Bartel, 1998; also see Box-Mje will consider these genes highly
essential. And though we have yet to find an adipe@plicase ribozyme that can create its
own copies (Bartel és Unrau, 1999; Johnsbal, 2001; Zaher és Unrau, 2007; Wochaer

al., 2011), we see no theoretical obstacles to theéstence—we consider it a mere matter of
(finding the appropriate) chemistry. The fissiontlo¢ earliest protocells was most likely an
unregulated process (cf. Koch, 1985), and so tkerasent of the molecular content to the

daughter protocells was random.

A central component of the SCM is hierarchical cd®. With each gene contributing
differently to the central metabolism, and thusri@ication of the genes inside the protocell,
it is reasonable to assume that the different genetnpositions affect the proliferation of the
protocell. The highest rate of genomic growth stdazdrrespond to optimal composition(s).
We cannot be certain about the nature of such ceiti@a(s), since we lack insight even into
the functions of the primeval genes. But assuminggexistence of such optimum (optima),
we can be sure about the detrimental effect tlhhsistic and misdirected processes can have

on protocell growth and proliferation; influencitige sustainability of the genome.

The main difficulties of sustaining the optimal goosition in the SCM are “assortment load,
and mutation load” (Zintzaraet al, 2010): the drop in fitness due to the random tfsany
gene (because of fission), and due to the differeptication rates of genes (because of
mutation), respectively. Suboptimal compositionsdaubtedly lead to information loss
beyond a certain point, so we shall presume trsdrament and mutation loads set a limit on
the sustainable number of genes—and thus the lesfgthaximal genetic information. We
term this correlation theecond error thresholtbr its similarity with the correlation between
the mutation rate and the maximal gene length (Eid®71), which we have referred to as

thefirst error threshold



1.3.0bjectives

The coexistence of independently replicating gaadsnown to be supported by the SCM
(Szathmary & Demeter, 1987), thus is it possibkt the SCM can sustain a larger genome
size, than what would be possible on a single demg 872 nt, Kuret al, 2005). Most
investigations, however, did not consider more ttvem (Szathmary & Demeter, 1987; Grey
et al, 1995), or three genes (Zintzaetsal, 2002; 2010; Santost al, 2004). Fontanari and
colleagues (2006) have shown analytically thatehisr no theoretical maximum to the
sustainable gene number: an infinite populatioe,se&nd an equal replication rate for every

gene, can sustain an arbitrary number of genes.

We wished to give a quantitative estimate to th&imam amount of genes that the SCM can
sustain within realistic conditions (i.e., finitend sometimes unequal parameters). We also
wanted to investigate the dynamics of the SCM dfedint hierarchical levels: that of the
genes, the protocells, and the population. By $¢ang] out a thorough analysis of the space
of parameters that determine the evolution [of geaed protocells]”, to remedy this
deficiency in our knowledge, pointed out by Fontaiaad colleagues (2006). We could not
accept the conclusion of Silvestre & Fontanari @0that the whole class of package models
“should be discarded as possible solutions to thebiptic information crisis” as “the
information gain derived from the coexistence @& tlistinct templates is not significant”. We

set out to determine the second error threshold.



CHAPTER 2

MODEL

We consider the dynamics gfimeval metabolic system(®MS-s) inside a population of
protocells Each protocell harbours a PMS composed of ary afraibozymesthat perform
various enzymatic functions. Ribozymes performimg $ame function ampiesof the same
gene—different genes serve complementary roles in k& PPresumably, one of the genes
function as a replicase (e.g. a general polimers¢echneret al, 2011), catalyzing the
template-based copying of not only its own butabi®er genes as well, using ogetabolites
(e.g. nucleotides) in the process. There are skewergs for the other genes to contribute to
the replication, thus preserving the PMS analogo(ste Box M1). Consequently, we will
not distinguish the replicase from the other ribueg. The structure of this population is

summarized in Figure M1.

The dynamics of the population is governed by tluesgral processes of different timescales:
thereplication of ribozymes (which is also the growth of protégglthefissionof protocells,
and therecruitmentof genes with novel enzymatic function (Figure MRjutationis an

integral part of both replication and recruitmé¥ibtation is presented in Table M1.

Figure M1l. A schematic illustration of the protocell population. Circles represent
protocells, with their boundaries (black) dividisgace into separate compartments (deep
blue). Polygons represent ribozymes, those of idanshape and colour are copies of the

same gene.
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Box M1. Realistic functions for ribozymes in assigtg a PMS.
(1) Ensuring the appropriate structure of metaboligding their stability (Mansy & Szostak,
2008); preventing clutter (and enzyme promiscuify Szilagyiet al, 2012) from disrupting
synthesis (Joyce, 2002 b); and maybe even inigatimral homogeneity (Garay, 2011).

(2) Speeding up synthesis: catalysing the substoateetabolite reaction by their own
(Jeffareset al, 1998), by binding coenzymes (Szathmary, 1993pyoforming autocatalytic
biochemical cycles (which, by the way, are analegtmuenzymes, Ganti, 2003, pp. 22, 26);
providing reducing power through redox reactionsd@Wershauser, 1990) or chemical

energy through catabolism (Joyce, 2002 b, pp. 218)-2

(3) Increasing the yield of metabolites: protectiig integrity of the protocell membrane
(Bartel & Unrau, 1999, p. M12); retarding the exflaf metabolites through this membrane
(Khvorova et al, 1999; Szathmary, 2007); stimulating the influx safbstrates (e.g. by
generating a transmembrane pH gradient, Chen &t&k02004) or increasing the specificity
of the influx (Sacerdote & Szostak, 2005).

> O 1>

replication

fission

— 1 I
<& recruitment

Figure M2. An overview of the hierarchical nature of processedaking place inside the
protocells and within the population of protocellf©ie most repeated cycle is the smallest
(replication), while the largest (recruitment) ltlas least iterations. A general measure of time
passed is calculated from the repeats of the mdecffission). Arrowheads indicate the

direction of processes, diamonds are conditioreddning points in the algorithm.
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Table M1. Parameters of the model.

agent attribute notation variability*
function (gene) + (4)
ibozyme replicase affinity a +(2)
enzymatic affinity -
(hosting PMS) + (3)
size v + (1, 3)
PMS redundancy G, le[l,1] + (1, 3,4)
activity R +(1, 3, 4)
(held ribozymes) + (1, 3)
protocells N -
critical protocell size| vmax -
genes available T -
weighting exponent | ¢ -
population, background activity | by -
environment cost of losing a genel C -
mutation rate f -
variance of severity | p = ¢ -
generations (runtime)g -
interval of new genes h

* May change at (1) replication, (2) mutation, {i8kion, and (4) recruitment.

12



2.1.Replication

The replication of ribozymes depend on (1) #utivity (R; see Box M2 for details) of their

hosting PMS, which is their protocellular milieunda(2) their owrreplicase affinity(a).

An active PMS requires (1a) an abundance of rib@syin (1b) a proper composition of
enzymatic functions. We presumed the maximal abocwlaf ribozymesifa) to be an
environmental constant. We conferred the optimabmasition Qmay On the PMS having an
even enzymatic contribution for all the availabledtions—this corresponds in our study to
having the same amount of copies of every geneufaerscore the essentiality of the
functions, we assigned a steep cost to losing ang @a relative measure lmfindb,, see Box
M3); if there is no background activitp(= 0) every gene is truly essential (cf. Szathn&ry
Demeter, 1987, p. 473). In compliance with thesscgjgations, we have devised a ‘fitness’
function to quantify the activity of PMS-s (Box M2)e are confident that our model retains
generality despite the arbitrariness of some o$ehdistinctions (cf. Szathmary & Demeter,
1987, p. 479).

The initial conditions of the population is an opél composition of all present geneg 6r if
unchangedys), and a medium protocell sizeyE vimax/ 2), for every protocell. We ignore the

dynamics of the population until this initial ortieess completely disappears.

While the activity of the PMS focuses on accumalatmetabolites inside the protocell—a
cooperative venture of the various ribozymes—thdicase affinity of a ribozyme is the
ability to exploit these metabolites for its owrplieation. Replication occurs in a stochastic
fashion: the PMS and then the contained ribozynohéasen randomly, but proportionately to
the activity and replicase affinity, respectiveluring replication the ribozyme may be
subject to mutation when its replicase affinity camange. First, we determine whether
mutation occurs or not according to the frequerfcyhotations f), then we set its severity—
we pick a random number from a discretized nornstidution of zero mean and a givan (
= ¢ variance. This will lead to ribozymes having eifnt replicase affinities which

undermines the deterministic coexistence of genes.

13



Box M2. An algebraic formulation of PMS activity (o ‘protocell fitness’).
The activity of the PMS (colloquially, the fithess) protocelli is
R=PQ°
where P; is the quantitative component (‘quantity’y) is the qualitative compone
(‘quality’)—both values between 0 and 1—anid a weighting exponent. The quantity is

R:L
vV

wherev; is the size of protocell (i.e., the abundance of ribozymes inside), angd is the

maximal protocell size, an environmental constahe quality is

— i T i :E y =7 r
Qi_(A] with A T;B.j andG ,/DB.J'

whereB; is the enzymatic contribution of gene protocelli, z is the number of genes; is
the arithmetic mean, ar@ is the geometric meani B;;. According to the AM—GM inequalit)

A =G, . The enzymatic contribution of genes

Gj
B, = Z by + by
k=1

wherec;j is the redundancy (i.e., the number of copiespeiej in protocelli, by is the
enzymatic affinity of ribozymek of genej, and by is the background activity, &
environmental constant independent of gene (iomsidered equal for all genes).

Thus the activity of the PMS of protocelh its extended form is

T Cij
[ {f(Es )
i A
l/maX 1 L CIJ
5 Sn, on)

j=1\ k=1

TE

R:

nt
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Box M3. The ‘fitness cost’ of losing a gene.
When a gene is lost from a PMS, the enzymatic dmriton of that functionB) will decrease
to the level of the background activity). What makes a difference is the enzymatic affi

of the last copyl). Thus the costQ) of losing the gene in terms of enzymatic contiitruis:

Losing a gene also has a detrimental effect orathigity of the PMS R, see Box M2.). The

change of the geometric mean follows that of theyevatic contribution G+ = G-" - C),

while the arithmetic mean and the quantitative congmt does not change significant

(P+~=P- andA+ = A-). So the overall effect on the activity of the BNthe ‘fithess cost’

would depend on the weighting exponent:
P (Gr ) (Be) ()
R- P-{G- A+ G-’ B- b,

Now, we would prefer the fitness cost of losingemg to be independent of the expon

(R+=R--C) so that we could compare the result of simutetiavith different weighting
exponents. For the fitness cost of losing a geneenaain equal, we decided to adjust
background activity to the exponeb will pertain toe = 1, the adjusted valu®' to ¢ # 1.

Also, the background activity will be relative teetunit enzymatic affinityl(= 1).
by+1_(b,+1)’
by by’

1 1
log 1+ — |=¢og 1+ —
g( boj g( bolj

Fore # 1 the adjusted value of the background activigusth be:
1

Ji+ T 1
by

Note that ifbp = O the above derivation holds no meaning. Eacie gethen essential, and t

b'=

fitness cost of losing a gene is infinite.

it

—
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y
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2.2.Fission and recruitment

The protocell grows (i.e., acquires ribozymes) ia #ibove manner. When these ribozymes
reach a certain number, and thus the protocellri@inesize, the protocell undergoes binary
fission—e.g. because the increasing surface-voluatie causes ever larger invaginations
(Koch, 1985); but the exact mechanism may alsoifbereint (cf. Zhu & Szostak, 2009). The
content of theparent protocell is assorted into twaffspring protocells stochastically: each
ribozyme has an equal chance of getting into eitifé&spring. The size of the offspring
protocells—and also the abundance of copies forh egene—will have a binomial
distribution.

We consider the carrying capacity of the environi®nmaintaining a constant population
size (N): whenever a protocell undergoes fission, a rangootocell will have to die. Each
protocell has an equal probability of dying—if tparent protocell is chosen, one of its

offspring will perish. The dynamics of the protosdhus follows a Moran process.

To be able to compare the relative speeds of diffefeatures of the dynamics, we have
introduced a general measure of timegemerationis N number of fissions—i.e., the time

during which on average each protocell undergassoin once.

Once in a while, the mutation of ribozymes can leadain of a novel function. When a new
gene thus appears the PMS might recruit this faneti.e., incorporating the new ribozyme
into the existing metabolic network—, which mighinéer a selective advantage upon the
hosting PMS (Horowitz, 1945; Jensen, 1976; foraemé review see Emiliargt al, 2010, p.
41-49). We consider the incidence of these macotugenarily important—i.e., successfully
incorporated gain-of-function—mutations to be pndjpmate to the overall amount of
mutations, which in turns is proportionate to theqtiency of replications of the ribozymes.
So every now and then, after a specified intervatime (h) passes, we decide which
ribozyme to endow with a new function. We do this dhoosing a PMS and a contained
ribozyme the same way we do it for replication—mnainately to the activity and replicase
affinity, respectively. The introduced function igvays one that is previously absent from the
PMS.
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2.3.Scenarios

According to our interest in the dynamics, we haudlined three main avenues of inquiry:
(1) theequilibrium scenario explores the necessary conditions feo@hastic coexistence of
genes; (2) thesynchronyscenario investigates the effects of mutation egynehronous

replication; and (3) theassemblyscenario holds the key to understanding the grgwin

complexity of early metabolisms.

These scenarios differ only in the range of therapeeters. However, some parameter values
result in complete processes being omitted.4f0, mutation never occurs, so the replicase
affinitiy of every gened) is constant, which is the case in the equilibrseenario. Also, we
did not examine how PMS-s lose genes in the egjuitiiband the synchrony scenarios, so we
hadh > g, bp = 0 andC = . And since we had both mutation and recruitmenhé&assembly

scenario, it was unavoidable to hdwe0 andb, > 0 (see Table M2).

We believe that the best approximation of the pviahelynamics is offered by the assembly
scenario. On the other hand, the equilibrium andclssony scenarios contribute to our
understanding by allowing us to separate mechanisitnie coexistence of early replicators.

Table M2. The pursued scenarios and their distinctie features.

Name Processes involved Fixed attributes Exploreth@mena
(2o hierarchical selection,
Equilibrium replication, fission stochastic correction

hEg, b0:0,0=00
of assortment load

o . synchronization of
replication, mutation | f>0 ' o
Synchrony o replicase affinities,
& fission h<g,bp>0,C<c N _
competitive exclusion

A b replication, mutation, | f>0 sustainable diversity,
SSembply . . .
fission & recruitment | h<g,by>0,C <o decreasing redundancy
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CHAPTER 3
RESULTS
This review will follow the order prescribed by thieree scenarios. We will profess our
motivation for each inquiry; then refer the reattethe respective graphs; a brief description
of the findings will ensue. For a summary of theestigated parameter combinations consult

Table R1.

Table R1. An overview of the examined set of paraners.

fig. g N Vhax T e do D f p o)

1. 10000| < 1000 5 0.3 0 E 4

2. 100 1000 6480 <« - 0 E 0 - 0 -

3. 100 o 2160 0.3 0 E 0 - 0

4. 100| 1000 <« - 0.3 0 E 0 - 0

5. 100| 1000| 25920 <« 03| o o 0 - 0

6. 100| 1000 <« 2 0.3 01 o 0 - 0

7. 100 100/ 2000 g 0.3 D E 001 < 0

8. N/A | 5000| 1000 5 N/A 0.68 L N/A N/A Q

0. 100 100 © o 0.3 0 E 0.01 il 0.1 1
ab| o 100| 1000 50 0.3 Q E 0.01 1 o1l «

10. c—f 200 100,  5000Q 5( 0.8 0 E| o o 01| 10

11. 1000 100,  5000Q 5( 0.8 D E 0 - o1 50

The symbok- indicates that several values of the respectivarpater were investigateD.
denotes the distribution of replicase affinities égual, L: ‘1 lower’).] denotes the number of

genes introduced, of which recruitment is possilIé&: incommensurable value.

The autocatalytic growth of the ribozymes is expdiaénin a deterministic scenario any
difference in the initial concentration of the gener their replication rates (replicase
affinities), will lead towards competitive exclusioinside the protocell. However,
stochasticity of replication, coupled with groupgestion on the level of protocells, is known
to be capable of impeding this course. We show ¢atmodel has a dynamic equilibrium

state in which several gene can stably coexistu(€idR1l). The manifest fluctuation of the
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average fitness (of the protocell population) inuikgrium indicates the even larger
fluctuation of its components—the size and the ialf the protocells; their quality is the
evenness of their genetic composition (Figure Rladd see Box M2). The effect of the
population size is also observable: the fewer thatopells are the larger the variance

becomes.

To ensure that our results describe equilibriumestatff the system—and knowing that the
initial conditions of our simulations are ‘inordiety ordered’—our curiosity took aim at the
approach of this equilibrium. We found that the ilgium is invariably reached during the
first 50 generations (Figure R1c—d). We thus detiderun subsequent simulations for a 100
generations; and to calculate equilibrium proper{e.g. the fithess of protocells) from the

average of the final 50 generations.

1,0 1,0
a b.
0,8 0,8
) \ L |
| i Wk o 1 \“j\“ I i AV ot o
06 "h' W'M ‘l*“W”W W ‘K i W ”“‘J"‘. I W W‘ w‘»‘ m \.eru ‘}.’W 0.6 SN e T
() ! | il 1 [J)
2 (i | (" 3
> 044 \ > 041
0.2- fitness 0.2- fitness |
evenness ——— evenness
size N =25 —— size N =250
010 T T T T 1 Oyo T T T T
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
generation time generation time
1,0 e 1,0 ————rrry
C E— d -
0,8 m\ 0,8
‘ ”“ H I ! A |
0,6- W r‘ W ” W ] \ 0.6- A ARt e
(] )]
= =
] \ S
= 04+ * > 0,41
0.2- fitness | 0.2- fitness |
evenness ——— evenness
size N=25 —— size N =250
010 T T T T Oyo T T T T
0,1 1 10 100 1000 10000 0,1 1 10 100 1000 10000
generation time generation time

Figure R1. Dynamic equilibrium. The upper panefa—b) shows the dependence of the
amplitude of fluctuation on the population si28.(The lower pane{c—d) reveals the rapid
onset of the equilibrium. Note the different scalegrameterg = 10000,c, = 100, = 5,
e=0.3.
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Figure R3. The minor effect of population size(a—b) A larger population can indeed

sustain a larger genome but the correlation isrdEptionate. Symbols show the mean of at
least 7 repeats & 36 and 200 N < 5000 have 77 repeats), totalling 1729 simulati¢r)

When depicting each result separately, they forra sgparate clusters corresponding to

survival and extinction. Note the different scalarametergg = 100,vp = 1080, = 0.3.
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3.1.Equilibrium

In exploring the optimal conditions for our systémnuphold genetic diversity, we considered
the effect of the selection regime (Figure R2), taerying capacity of the environment
(Figure R3), and the critical protocell size, whéssion occurs (Figure R4). These are the

main results of the equilibrium scenatrio.

The fitness function contains a weighting exponéat tlescribes how the selection regime
favours the quality of the protocells. If selectisn'fair’ (i.e. ¢ = 1) then the growth rate of
equal-sized protocells are proportionate to theality. If selection is ‘helping’ (i.ee > 1)
then medium-quality protocells will have a higheowth rate: protocells of suboptimal
composition will have a realistic chance to prolte and result in higher quality offspring
(cf. stochastic correction). On the other handsefection is ‘vigilant’ (i.e.e < 1) then
medium-quality protocells will have a subproporabgrowth rate: practically, only the best
compositions will proliferate. We found that a ‘ant’ regime—when selection on the
quality of protocells is the strongest—resultshe highest sustainable genome size (Figure
R2). Our following investigations will thereforenpp&in to a ‘vigilant’ selection regime
(e=0.3).

Population size has only a minor effect (Figure.R®3ptocell viability curves show saturation
with the increase of the population size. Alsositknown that an infinite population size
supports an arbitrary number of genes (Fontagtaal., 2006). But while the population size
increases by three orders of magnitude (a factd00D) the sustainable gene number grows
only from 27< 7 < 30 to 36< 7 < 45 (a factor of approximately 1.5). We have ryogsed

N =100 orN = 1000 in our simulations. Higher population sizesild result in more genes
coexisting, thus our results are conservative edémof the maximal sustainable genome
size. It is interesting to note that although tlverage viability of the protocells increases
gradually, equilibrium viabilities show a discondity between high and low values: either

many a protocell sustains the genome, or noneenf tthoes so (Figure R3c).

The effect of the critical protocell size, howeves, spectacular (Figure R4). At their
respective positions on the depicted parameteresggenes x copies) we have marked
simulation results: either the integration or tbssl of genetic information. We found that the

subspaces corresponding to these two kind of seslivMide along a perfectly fitting linear
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threshold. Its slope is 5/3 (Figure R4a—b); we hgetto find an express meaning to this
value. Linear correlation between the genome gsizetlae (maximal) amount of copies inside
the minimal sustaining protocelks(si- 5/3< cmay cOrresponds to a root-like correlation

between the sustainable genome and the minimabgebtsize fsus<4/Vmax: 3/5, since
vmax! T = Cmay) (Figure R4c).

redundancy
(# of copies)

20 L] L] L]
) . S . T o |
L] ° L) L)
e3¢ ; s ® s . °
0 T T T T
0 20 40 60 80
genome size
(# of genes)
C.

fraction of viable protocells

100

b 100

redundancy
(# of copies)

10+

= integration
slope 5/3
* gene loss

genome size
(# of genes)

100

Figure R4. The direct proportionality between redurdancy and sustainable genome size.

The upper pandb—b) shows the parameter space of the number of copissis genes. Each

dot marks an examined combination where the 6—8atspshowed unanimous integration or

gene loss. The thus divided parameter space hagar lihreshold with a slope of 5/3. Note
the different scales. The lower pai(e) is an interpolation of results, from 1031 simuas,

reinforcing this observation on a much larger ektehthe parameter space. Parameters:
g =100,N=1000, =0.3.
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distributions on the sustainable genome size. Thkehiaffinity isH = 1, while the lower
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The result of 566 simulations are shown. ParameagerstO0,N = 1000,vp = 12960¢ = 0.3.



3.2.Synchrony

As a transition towards the synchrony scenario \@e@ehexamined the sustainability of
asynchronous replication (Figures R5). Genes withigher replicase affinityH) tend to
outreplicate other genes of lower affinitidg,(while the composition becomes increasingly
uneven. We compared different distributions of wacpffinities: we found that if only a
single gene had a unique replicase affinity it wasindifferent whether that was higher than
average, or lower (‘1 higher and ‘1 lower’ diswiiions, respectively). When half of the
genes had a higher, and the other half a lowenigff(‘fifty-fifty’ distribution), it behaved
similarly to the ‘1 higher case. An affinity diffence of 10% (i.,ed = (H - L) /H = 0.1)
resulted in the equal and ‘1 lower’ distributionstaining a sizeable genome Q06 < 120);
while the ‘fifty-fifty’ and ‘1 higher’ distributiors even failed to uphold one fifth of that
genome { < 18) (Figure R5a). We also found, however, tla$ difference in genome
sustainability disappears if the affinity differenis lower < 0.01) (Figure R5b—c).

Furthermore, we found that the connection betwesymahronous replication (i.e., different
replicase affinities, thus rates) and uneven gersgmposition is dependent on the critical
protocell size (Figure R6). While a larger protbgalomotes a more even composition for
equal replicase affinities, for an unequal disttidno (d = 0.1) this guarantees instead a more
adverse composition. There seems to be an optimatoqwll size for asynchronous
replication where despite the differences in regde affinity a mostly even composition is

sustained.

So far, we have disregarded mutation. In our emgsatodies we have presumed a mutation
frequency of one per a hundred replications 0.01). As part of the synchrony scenario we
have investigated how mutations of different sdyempact the sustainability of the genome
(Figure R7). We have found that if the variances@ferity corresponds to that of the standard
normal distribution (i.e.p = ¢°> = 1) then the composition of the protocells (chtgdzed by
their average quality) remains comparatively thenesaas in mutation-less simulations.

However, a higher severitp & 4) results in gene loss.

We could not refrain from presenting here an earésult from a similar model (Figure R8).

It demonstrates that initially differerdy= 0.68) replicase affinities of a ‘1 lower’ diditition
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are capable of reaching an almost equal distributimough random mutations—an event we

term synchronization.

0175 T L] T L] T L]
e
0,50+ i
7]
(7]
(]
E
* 0,25 i
e
—=— equal
—e— unequal d=10%
0,00 T
100 1000 10000

protocell size
Figure R6. The effect of redundancy on asynchronougplication. In this minimal system

of two genesi= 2) we compared replicase affinities of equatritigtion @, = a, = 1) with
those of an unequal distributioa; (= 0.9,a, = 1). The two lines show a divergent trend with
the growth of protocell size. Note the logarithmsale. Each symbol marks the result of a

single run, totalling 24 simulations. Parametgrs:100,N = 1000,z = 2,¢ = 0.3.
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Figure R7. The effect of error severity on the end@nce of the population. Quality
corresponds to the evenness of copies. The othepament of fithess, quantity, remains in
equilibrium—oplotting the fitness would only mean ramoise. Parameterg= 100,N = 100,

Co=200,:=5,6=0.3,f=0.01,8 =1,i € [1;1].
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3.3.Assembly

Finally, we examined the dynamics of genes beieguited to, and lost from, PMS-s. While
until now, the background activity of metabolic fions was considered nonexistent
(bo = 0), and thus the ‘fitness cost’ of losing a gem@nite (C = oo, see Box M3), in the
assembly scenario we decided along more realiaticeg: the background activity will be an
order of magnitude smaller than the enzymatic ayfiof a single ribozymelg = 0.1), and the
‘fitness cost’ will be finite C = (0.1 + 1) / 0.1 = 11). In this scenario we exptbthe rate at
which a metabolism can recruit or lose a singleegé@igure R9); the role of the evolution of
new functions in sustaining the genome size (FigR6); and the possible extent of genome

assembly (Figure R11).

We found that both losing and recruiting a genewaiold in a matter of generations (Figure
R9). If a larger genome size is sustainable, amkw gene appears somewhere in the
population, this new gene will invigorate its hagtiPMS—e.g. through the extra metabolites
it helps to produce—to proliferate and overgroweotPMS-s of lower quality. It is more
exciting to reflect on how losing a gene can beilany rapid. And why is it that just before
its extinction, a few protocell will hold unto ioff a little while? As an answer is not evident
from these results, we will mention our strongegbdihesis in the discussion. The rate of

losing further genes eventually decelerates, aadj#imome size becomes sustainable.

One might imagine that a PMS conducive to the eiaiuof new functions, thus facing the
opportunity of recruiting genes more often, wiliveaa higher equilibrium genome size than
other, less conducive PMS-s. We found that ther@isuch connection (Figure R10); rather
that there is an extrinsic limit on the sustaina@@ome size, which every PMS is forced to
respect. The only difference it makes to receiveeesiptent stream of new functions is a
smoother approach towards the limit (Figure R10M)e importance of gain-of-function
mutations is more pronounced when converging t® lihiit from below (i.e., starting from
smaller genome size) (Figure R10c—d): they are lavioas prerequisite to recruitment.
Interestingly, the average evenness decreases eaneWwly recruited gene invades the
population (Figure R10e—f). A compensatory increafer integration signals the system’s
capacity for further recruitment. The assembly oh@tigene metabolism through sustained

recruitment and integration is thus attainable (FegR11).
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Figure R9. The rapidity of gene loss and recruitmen It is surprisingly quick tqa) lose or

(b) recruit a gene. Howevefc—d) as the genome turns more sustainable, the ratesiol
more genes slows down. Note that the protocellabges sizes are sequenced in monotonic
order. Parametergy = 100,N = 100,¢0 = 10,70 =7 - 1,6 = 0.3,dy = 0,f = 0.01,p = 1,

bo = 0.1, = 1.(a) Vmax= 260,7 = 13.(b) Vmax= 100,z = 5.(c—d) Vmax = 400,z = 20.
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Figure R10. The ultimate behaviour of primeval metéolic systems.(a—b) Approaching

the limit of sustainability: long term gene lossdetermined chiefly by the critical protocell

size. An unsustainable genome loses most of issgen@éependently of whethéa) there is

no occasion for recruitment € 0) or (b) there are manyl (= 100); but note the different

timing. (c—f) On the other hand, genomes will quickly recruinmaenes, if their size is well

below the sustainable limit and the occasion prssiéself ( = 10).(c—d) While this tendency

is independent of having or not having mutatidesf) the evenness of compositions change
differently. Parametersy = 100,z = 50,¢ = 0.3,dp = 0,bp = 0.1,p = 1. (a—b) vmax = 1000,

Co = 10,79 = 50,f = 0.01.(a) g = 200,l = 0.(b) g = 500, = 100.(c—f) g = 200,Vmax = 5000,

| =10.(c, €)co =500,70 = 5,f = 0.(d, f) co = 1250, = 2,f = 0.01.
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CHAPTER 4

DISCUSSION

We have shown that despite asynchronous replicatdirandom assortment, the coexistence
of a large number of individually replicating gengpossible in a compartmentalized system
(e.g.> 90 genes, Figure R5a). Thus we were able to asténa compartmentalization is an
efficient way to integrate information. Moreovergvwhave shown that gene diversity can

increase in this system, allowing the gradual lugldf a metabolism (Figures R10c—f, R11).

In order to elucidate the fundamental conditionguneed for genome sustainability (i.e.,
coexistence of the genes), we need to identifynieehanisms by which a compartmentalized
system can overcome the obstacles posed by ranssomrment and asynchronous replication
(Figure D1). Both of the aforementioned processas contribute to the loss of information
(i.e. loss of all copies of a gene}) (f the chance allocation of ribozymes upon fissiesults

in all the copies of a certain gene getting in® same offsprint protocell, the other offspring
will certainly lack that gene; an®)( if, as a consequence of having a smaller remicas
affinity, a ribozyme gets overgrown and thus diduteside the protocell, its few copies will
be unable to facilitate the spread of that genenfmiditive exclusion), while having a fair

chance of eventually getting lost by witnessingdbath of their protocellular host(s).
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Figure D1. The presumed basic mechanisms of the ayged dynamics,(a) in terms of
fitness and(b) composition. H: hierarchical selection, C: compbstation, |: isolation,

E: exorbitance, S: stochastic correction, Q: quasigs effect.
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Table D1. Observed phenomena categorized by theirgsumed underlying mechanism.

# fig. description

Hierarchical selection

1. R1 | The variance of fithess decreases with an incregspglation size.
~ 2.| R3ab| The chance of sustaining the genome increases heithdpulation size.
~ 3.| RSshbc| Small differences in replicase affinity do not hingienome sustainability.
4| R7|Mutations of low severity do not endanger sustalitgp
5| R6| Asynchronous replication guarantees uneven conignsit large populations
6.|  R2| A helping selection regime reduces the sustaieafgnome size.
~ 7.| R9a—d| Momentary genome sizes vary in a fairly small raageost times.
8| R10b| New genes can temporarily spread even above theisaisility limit.
9|  R8|Mutations can lead towards evenness if the indistribution is unequal.
'10.|  R9b| New genes start their spread among the protodedisapralinear rate.
'11.| R10ef| The integration of new functions decreases the ex@mof compositions.

Complementation

12.| R10ef| After gene spread is complete, the average quaiitiye population increases.
'13.|  R5a| One low affinity gene can be sustained, even wigidifferences in affinity.

Isolation

14. R5a| Several low affinity genes are hard to sustain Withdifferences in affinity.
'15.|  R7| Severe mutations undermine sustainability evenigally equal affinities.
116.| R4a-c| Redundancy is essential for genome sustainabilty.
'17.| R10b| Even frequently emerging new genes do not raiseustinability limit.
'18.|  R3c| The genome is either sustained in several protoaelis none.
'19.| R9cd| The rate of losing further genes slows down as gersige decreases.

Exorbitance

20.| R9acd| When losing a gene, the number of hosting protedellow a sigmoid curve.

Stochastic correction

21. R6 | Replication asynchrony does not reduce evennesgaalt population sizes.

Quasispecies effect

22.| R9a-d| A steady percentage of the protocells have a lessrnaximal genome.
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4.1.Hierarchical selection

The general mechanism for maintaining favourable pmsitions ishierarchical selection
(Figure D1H): among a population of protocells,sdaving a higher fitness (i.e., metabolic
activity of the PMS inside them) will proliferatadter; upon fission, their ribozyme content
will be divided among the offspring almost eventf. (binomial distribution); resulting in

more protocells of favourable composition.

If one of the genes inside the protocell have aiBaantly different @ > 10%) replicase
affinity than the others, it will produce a suboml (i.e., lopsided) composition: higher
affinity genes will outcompete and dilute loweriaitfy genes. This helps the spread of genes
with exceptionally high affinities. However, asade difference among replicase affinities
inside the protocell will cause suboptimal compgosit it will hinder the growth and
proliferation of such protocells. Meanwhile, otheptocells containing genes of more equal
replicase affinities will proliferate seamlessly. uBhon the population level, protocells
harbouring genes of exceptionally high affinitied we outcompeted by others. The selection
pression on the affinity difference will therefamestrain the spread of ‘selfish’ genes (i.e., of
exceptionally high affinities), and favour ‘coopgoa’ among the genes (i.e., preserving, or

evolving, an equal distribution of affinities).

Much of our results (#1-11, Table D1) can be understas an outcome of hierarchical
selection. When stochastic effects cause modegatation (#1-4), hierarchical selection can
ensure a good quality in sustained compositionsth®mther hand, a decrease in stochasticity
means fewer opportunities for selection to occhis tan be detrimental if asynchrony is
significant (#5). If selection can focus on the lgyaof compositions—which is hereditary,
instead of the quantity, which is not—then largengmes have better chances of survival
(#6-8). Selection can also support the self-reprtd of newly formed, better quality

compositions (#9-11) which can lead to accelerpteliferation.

34



4.2.Random assortment

We distinguish three mechanisms of random assottfa¢rission). The possible recurrence
of favourable compositions, callestochastic correctiondepends on the variance of the
distribution. The sheltering of rare genes, terroechplementationis a mostly deterministic
property of random assortments. The separation fidreint genes into different offspring,
namedisolation depends on stochasticity according to the evenokethe compaosition prior

to fission.

Complementation occurs when a single gene is saaritee genome of fit protocells (cf. the
fithess cost of losing a gene, Box M3): though ¢hisra good chance that all copies of the
rare gene will be assorted into only one offsprdission, the offspring receiving the rare
gene will most likely retain all the genes of i@rgnt (Figure D1C). Through benefiting the
rare gene, complementation can aid the ‘catch apligation of a new gene which has
already spread among the protocells (#12), or lbaléime asynchrony caused by a single low

affinity gene (#13, ‘1 lower’ distribution).

However, if several genes of the protocell areaxahere is a risk of isolation (Figure D1l),
that upon fission, neither offspring will receivi the parental genes. An exceptionally low
affinity in several genes will results in their lbating rare at the same time; isolation makes
such compositions unsustainable (#14). Severe mosaundermine sustainability for the
same reason: by endowing a few genes with very affjhities, most other genes will soon
become rare (#15). Only a certain level of redunglaran ensure that most genes are frequent
(#16-17); or a sufficiently large population, sattinaccuracies accumulated by isolation can
be corrected for by hierarchical selection. In ésence of such conditions abrupt gene loss
will occur (#18). A decrease in the genome—andrestant critical protocell size—will result

in an increased average redundancy, causing thefétsing genes to slow down (#19).

Stochastic correction, the process whereby a petitoé uneven composition produces an
offspring with a better composition (Figure D1S;a8unary & Demeter, 1987), can be
recognized by its dependence on the variance gbribtecell size distribution at fission. It is

capable of equalizing any kind of compositionabpdisty, even the asynchrony of genes with
an exceptional difference in their affinities (#2$}ill, in most circumstances the impact of

this mechanism is apparently low. Note, howeveat ghprerequisite for stochastic correction,
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the fission of protocells with uneven compositigninfrequent under a ‘vigilant’ selection
regime. It is thus conceivable that stochastic esditon would be more significant if the

regime was ‘helping’.

4.3. Shifting complexity

We propose a mechanism, we tegrorbitance whereby growing protocells with a harder to
sustain, larger genome deteriorate in their contiposiwhile protocells with less genes can
maintain a steady composition (Figure D1E). Evejudhe fitness of the former will fall

below that of the latter, initiating a logistic @sion in the population (#20), incidentally

causing gene loss (through hierarchical selection).

Until many protocells of the maximum genome sizeehan even composition, protocells
with less genes can hardly grow. But as the conipasof the former deteriorates, and their
numbers dwindle, less fit protocells will have tbpportunity to even proliferate. The
occasion will present itself when these protoceilsubmaximal genome size will lose further
genes, recreating a cloud of ‘mutant’ compositioasguasispecies, around their ‘master
compositions’. But the growth and proliferation muitant protocells (of lower fitness) will
yet again be impeded. We distinguish the fissioriest fit protocells as thquasispecies
effect (Figure D1Q), since it is their rareness (or nastexice) which contributes to the

constant ‘population size’ of the quasispeciesrdubioth gene loss and recruitment (#22).

On a more important note, we found a feasible dimiary path that a protocell can take
towards a larger genome. It is composed of an eleane cycle of gene integration, which
can be repeated serially. The three phases of ttle 5yas follows: X) the recruitment of a

novel ribozyme, of average or below average repéicfinity, into the metabolic systen2) (

the synchronization of its replicase affinity witie other ribozymes, through mutation, and
finally (3) the sustainment of this genome until yet anotherzyme comes along, leading to
the reiteration of this cycle. This evolutionary tpathows us how a primeval metabolic

system could increase in complexity.
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4.4 Sustainable information

We find the available redundancy the key compoiredetermining the maximal sustainable
genome size of a protocell. Such a limited sushiditia also restricts the achievable
complexity through serial integration of ribozym¥ge have established an estimate for this
limit on sustainability I(), based on our findings in Figure R4:

Lest="\/Vmax* 3/5

We find that this estimate successfully pinpoifts order of magnitude of the sustainability

limit, as illustrated by our results (see Table D2).

Table D2. Testing our estimateComparing our estimatéds) with the observed results: the

maximum sustainable(s) and the minimum unsustainabte,{ genome sizes.

fig. Vimax Lest Tsust Text OK?
R1| 1000/ 245 5 - M
R2| 6480 624 60 72 |
R3| 2160| 36,0 36 45 M
R4| 25920 124,7 90 120
R5| 25920 124,7 90 120
R6| 25920/ 124,7 2 - M
R7| 2000 346 5 - |
R8| 1000| 24,5 5 - M
R9a| 100 7,7 5 - |
R9b 260| 12,5 - 12
R9c 400| 15,5 - 13

R10a-b| 1000| 24,5 - ~15

R10c—f| 5000 54,7 14 - M
R11| 5000 54,7 44 - M

There is a final task remaining: elaborating on plossible genome size of a riboorganism.
Persuant a top-down approach, we can find conteamporganism having a minimal genome
size of around 600 kilobaseMysoplasma genitaliumBuchnerasp. (Islas et al., 2004)),

composed of around 500-600 genes. The minimal gem#er is, of course, estimated to be
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less than this figure (Szathmary, 2005; Luisi et2006): around 200 (Gil et al., 2004). Lets
remind ourselves that these estimates are for lsallsxg DNA genome and peptide enzymes,
thus a full machinery for translation and DNA replion is included. So a riboorganism can
have an even smaller genome. Jeffares and collsed@068), for example, suggested that the
last riboorganism had a genome of 10,000-15,008 pass. While this includes ribozymes
involved in translation and RNA replication, itlsacks enzymes for the control of cell
division, and the estimates for an intermediate atvaism are rather arbitrary. For the
minimal intermediate metabolism, a good estimatgii®en by Gabaldon and colleagues
(2007), who suggested 50 enzymes to be the minimAipart from the intermediate
metabolism, RNA replication, RNA degradation, t@ms and cell-division requires
enzymes. We could argue that around 60 enzymesdwmmithe bare minimum (Szilagyi et
al., 2012).

It is clear that with 0.99 replication fidelity (amror rate of 1) a chromosome packed with
60 genes cannot be maintained due to the errashbieg On the other hand, 60 individually
replicating genes can be sustained. Furthermork samplexity can be reached by serial
integration of genes, a gradual increase in gemabeu Our findings thus indicate that
individually replicating genes could already stogeough information for a minimal

organism, allowing life to emerge and evolve towtdrd next major evolutionary transition,

the chromosome.
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4.5.Perspectives

The effect of compositional recombination of PMSss information integration should be
examined. Our implicit assumption, that compartrakeréd early genomes were completely
isolated from one another, is fairly implausibleot®ecellular fusion, horizontal gene transfer
or both may have occurred (Emiliaet al, 2010, p. 49). And while it raises the general
question whether selfish replication will hinderfarmation integration, it can even be

advantageous to have an influx of genes (cf. Va&&hggs, 2011).

The phylogenetic dynamics of group selection shalsdb be investigated. It is of major
importance to understand how quickly the descelsdahta single protocell could over-
reproduce competing protocells in their effort tipplate the environment. Is it beneficial to
have high selective advantages, or does it leadeteterious endogamy? Examining the
impact of different selection regimes could leadhteresting insight.
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MAGYAR NYELV U OSSZEFOGLALO

Az élet kialakulasanak korai szakaszara jell@€n{ain. minimalis) genomot nem volt
lehetséges egyetlen kromoszéman eltarolni: az extikios masolas pontatlansaga miatt az
informéacio jelenis része hamar elveszett volna (v6. Eigen Paradoxdfs)bar rovid
szakaszok mar ekkor is k&llpontossaggal masolddtak, kilonalld gének formdiabem
problémamentes e minimalis genom fenntartasa: posadasi ratak kozotti elkertlhetetlen
kulonbségek kompetitiv kizarashoz, ezaltal pedidormaciovesztéshez vezetnek. A
Sztochasztikus Korrektor Modell (SCM) a protosdpekcsomagolt gének osztédaskori
véletlenszelr szétvalasa révén teszi letwd, hogy az ényds Osszetétél protosejtek
folyamatosan Ujra felbukkanjanak, s igy a Belsrsengés ellenére is fennmaradjon a teljes

génkészlet.

Egyedalapi modell segitségével kerestik a vezikamaszilletve a vezikulan belili
molekulaszam fliggvényeben fenntarthato kulodkgének maximalis szamat. Megmutattuk,
hogy a sztochasztikus korrekcié lehet teszi kozel 100 gén egyittélését, még bizonyos
egyenbtlen szaporodasi ratak mellett is. Egy minimali$ &ejthez korulbellil 60-100
kilonbd®d gén sziikséges, igy elmondhatd, hogy kompartmealalrendszeriinkben az
informacio integracioja sikeres: elegénd protosejt rfikddéséhez. Bemutattuk az elemi
mechanizmusok egy &k korét (D1. abra), amely segitségével értelmégigetvalnak a
dinamika megfigyelt jellem&. Eredményeink felvetnek egy lehetséges evollcias amely

soran Ujabb és Ujabb gének éplilnek be a rendszsmhak 6sszeomlasa nélkil.



@
@\@

®—0
Q—®

@
@\@

® @
@4@

Ol g™,
@\@

® 0
@4@

©-©
O\O

©—0O
O—0

D1 abra. A megfigyelt dinamika feltételezett elemimechanizmusai,(a) a ratermettség

©-0
O\D

© ,0
@40

OO0
O\@

© -0
040

illetve (b) az 6sszetétel vonatkozasaban 4brazolva. H: tdlihszelekcid, C: kiegéssidés,

I: izolacio, E: mértéktelenség, S: sztochasztikusdikeio, D: kvazispeciesz hatas.
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