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� Population dynamics of composi-
tional assemblies studied.

� Species dynamics resemble that of
natural populations.

� Dynamics analyzed by
Lotka–Volterra model.

� Species carrying capacity correlates
with molecular repertoire size.

� Species growth rate inversely corre-
lates with molecular repertoire size.
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a b s t r a c t

Present life portrays a two-tier phenomenology: molecules compose supramolecular structures, such as
cells or organisms, which in turn portray population behaviors, including selection, evolution and
ecological dynamics. Prebiotic models have often focused on evolution in populations of self-replicating
molecules, without explicitly invoking the intermediate molecular-to-supramolecular transition. Here, we
explore a prebiotic model that allows one to relate parameters of chemical interaction networks within
molecular assemblies to emergent population dynamics. We use the graded autocatalysis replication
domain (GARD) model, which simulates the network dynamics within amphiphile-containing molecular
assemblies, and exhibits quasi-stationary compositional states termed compotype species. These grow by
catalyzed accretion, divide and propagate their compositional information to progeny in a replication-like
manner. The model allows us to ask how molecular network parameters influence assembly evolution
and population dynamics parameters. In 1000 computer simulations, each embodying different para-
meter set of the global chemical interaction network parameters, we observed a wide range of behaviors.
These were analyzed by a multi species logistic model often used for analyzing population ecology (r–K or
Lotka–Volterra competition model). We found that compotypes with a larger intrinsic molecular
repertoire show a higher intrinsic growth (r) and lower carrying capacity (K), as well as lower replication
fidelity. This supports a prebiotic scenario initiated by fast-replicating assemblies with a high molecular
diversity, evolving into more faithful replicators with narrower molecular repertoires.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The origin of life is perhaps the most exhaustive systems
chemistry experiment (Kiedrowski et al., 2010). The path from

organic mixtures (i.e., the primeval “soup”) to reproducing lifelike
protocells has traditionally been dominated by the genetic, or
replicator-first, approach, and the metabolism-first approach, both
requiring the emergence of replicating entities capable of under-
going Darwinian evolution (Anet, 2004; Bernhardt, 2012; Orgel,
2004; Rasmussen et al., 2009). Models often focus on the emer-
gence of self-replicating polymers (e.g., RNA), or on the evolution
of populations of such entities. Yet, less attention is devoted to
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studying the intermediate stage of molecules-to-population
dynamics. Of note, a similar transition has been studied in a model
of RNA-like replicators, in which supramolecular entities (traveling
waves) were found to play a role in the ecology and evolution of
replicators (Takeuchi et al., 2008). Present life portrays a two-tier
phenomenology: molecules compose self-replicating supramole-
cular structures such as cells or organisms, which in turn portray
population behavior, including selection, evolution. Thus, under-
standing how molecular mixtures gave rise to evolving entities
will greatly contribute to our understanding of the origin of life
and to a degree akin to the on-going pursuit to understand and
predict the dynamics of ecological populations from the, often
complex, metabolic or genetic networks of the underlying species
(Bailey et al., 2009).

The GARD model of the lipid world scenario for the origin of life
is an embodiment of the metabolism-first approach (Segre et al.,
2001a). GARD is a systems-chemistry model which entails supra-
molecular assembly of amphiphiles with intrinsic network of
mutually catalytic interactions, which has been shown to portray
a capacity to undergo replication mediated by homeostatic
growth, as well as selection and evolution (Markovitch and
Lancet, 2012; Segre et al., 2000). Its species-like quasi-stationary
states in compositional space are called composomes. GARD's forte
is in invoking a supramolecular structure that is on the one hand
replicable and evolvable and on the other hand simple enough so
that the molecular parameters may be directly and quantitatively
related to resulting dynamics.

An admitted shortcoming of GARD is the paucity of experi-
mental verification of many of its predictions. A proof-of-principle
experiment should address the question of whether vesicles are
capable of homeostatic growth and even rudimentary transfer of
compositional information to fission-generated progeny. Such
experiments would require complex setups, accurate composi-
tional monitoring of individual amphiphile assemblies, not yet
fully elaborated. A promising lead would be the recent experi-
mental exploration of multi-component vesicles (Maurer et al.,
2009; Vequi-Suplicy et al., 2010). Another critique of GARD asserts
that it simulates abstract molecules without specified chemical
properties. This point has been recently addressed in an extension
of the simulated model to incorporate realistic physicochemical
properties of amphiphilic molecules, showing that a measure of
compositional heredity may be observed (Armstrong et al., 2011).

GARD simulations are used here to quantitatively follow
population dynamics of composmal species. In the foregoing
analyses a multivariate logistic equation is used to relate systems
chemical parameters of GARD assemblies, including chemical
diversity, replication fidelity and compositional similarity to spe-
cific ecology-like measures such as the carrying capacity, the
intrinsic growth rate and the competition parameters.

2. Methods

GARD is a kinetic model which describes the growth and fission
of a non-covalent molecular assembly, typically assumed to consist
of amphiphilic molecules (Markovitch and Lancet, 2012; Segre
et al., 2000). Molecules from a buffered environment form and join
an aggregate and molecules within it can leave, and once the
assembly reaches a pre-defined size a random fission action is
applied to produce two progenies of same size which can grow
again and again in growth-fission cycles. Assembly dynamics is
described by the set of ordinary differential equations

dni

dt
¼ ðkfρiN�kbniÞ 1þ ∑

NG

j ¼ 1
βij
nj

N

 !
ð1Þ

where for a molecular type i, ni is its count within an assembly, ρi
is its environmental concentration and βij is the rate-enhancement
exerted by an assembly molecule of type j on incoming or
outgoing molecule of type i. kf and kb are the basal forward and
backward rate constants (joining and leaving, respectively), NG is
the size of environmental repertoire and N is the current assembly
size. The simulations are done by the stochastic Gillespie algo-
rithm (Gillespie, 1976), as described (Segre et al., 2000).

Addressing population dynamics, the chemical dynamics of
GARD compositional assemblies in a reactor under constant
population conditions are simulated in a buffered environment
with a repertoire of NG¼100 amphiphilic molecular types
(Markovitch and Lancet, 2012). Assembly growth is controlled by
its molecular composition and by β network of mutually-catalytic
parameters (with NG nodes and NG

2 edges; Eq. (1)). Simulated
fission occurs when the number of molecules in the assembly
reaches a predetermined maximal value Nmax¼100 (Markovitch
and Lancet, 2012; Segre et al., 2000). This is a simplified repre-
sentation of a physical process whereby larger assemblies are
more prone to fission due to surface tension and shearing effects.

A group of similar composomes, gleaned by K-means clustering
algorithm (Shenhav et al., 2007), is termed a compotype, and may
be regarded as species in the framework of lipid world and GARD.
The pre-fission composition of each assembly is assessed as
belonging to one of the NC compotype species characterizing the
specific β or to “drift”, where the latter represents random
compositions rather than faithfully replicating one. Compotypes
are found by subjecting a simpler mode of the simulation to the
clustering algorithm (Markovitch and Lancet, 2012). Each chemo-
stat reactor is seeded with Lpop¼1000 random compositions.
Assemblies are then allowed to simultaneously grow based on
their idiosyncratic kinetic parameters (Eq. (1)), which effectively
means of degree of competition as a result of different growth
rates due to different compositions. When one of the assemblies
reaches the predefined maximal size, it undergoes random fission
and a randomly chosen assembly from among the remaining 999
assemblies is removed, thus keeping the population size constant.
This protocol is based on the classical Moran process (Moran,
1958). Each simulation is performed for 50,000 split events in the
reactor, typically sufficient to reach steady state, and data is saved
every 10 split events. For statistical rigor, 1000 such simulations
performed, each with a different β randomly drawn from a
lognormal distribution (Segre et al., 2001b). The simulations give
rise to a total of 1859 compotypes. The GARD10 MATLAB code is
employed for all simulations, using parameter values identical to
those previously employed (Markovitch and Lancet, 2012).

The size of a compotype's intrinsic molecular repertoire (Nmol)
is measured as the number of molecule types (out of the total NG

types) whose fractional counts in a compotype are bigger than 1.0.
Compotype replication fidelity (Frep) and speed (trep) are measured
using the following method: an assembly with exactly the same
composition as in the compotype's center of mass (rounded to
nearest integer) is used as parent. This parent than undergoes split
and each of the two progeny is grown according to its idiosyncratic
composition (Eq. (1)) until it reaches the maximal size. This is
repeated for 4000 times, each time beginning with the same
parent, giving a total of 8000 fully grown progeny of this
compotype. Frep of a compotype is than defined as the average
compositional similarity (measured as the dot product between
two vectors representing the compositions of two assemblies;
Segre et al., 2000) between the fully grown progeny to the parent.
This is an extension to a previous analysis, where the fidelity was
assessed based only on the split action (Segre et al., 2001b). Each
event of a molecule joining (or leaving) the assembly has a rate,
and the total growth time of each progeny is the sum of 1 over
each of these rates. trep of a compotype is than defined as the
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average growth time of all grown progeny who are highly similar
to this compotype.

3. Results, discussion and conclusions

Different simulations with different underlying β networks
result in widely different dynamic behaviors, such as delayed
growth, different plateaus and “takeover” of a fast-rising compo-
type by a slower one (Figs. 1 and A.1). Such dynamics are typical of
natural ecosystems that harbor multiple species with competition
or predator–prey relationships. The resulted dynamics are ana-
lyzed by a multi species logistic model for population ecology (r–K
or Lotka–Volterra competition model) (Gabriel et al., 2005;
Strobeck, 1973; Vandermeer, 1975), as per the equation

dCi

dt
¼ riCi

Ki�Ci�∑NC
ia jαijCj

Ki

 !
ð2Þ

where for compotype species i, Ci is its population fraction (out of
1000 assemblies) at time t (time measured in split events), ri is the
intrinsic growth rate, Ki is the carrying capacity (compotype
maximal fraction in the absence of competition) and αij is the
extent of competition exerted by compotype j on compotype i.
This equation has a steady state Ci

ss ¼ Ki�∑aijCj
ss and can be

solved analytically only for the case of a single species (NC¼1). For
each simulation, the NC

2þ2NC logistic parameters for all NC

compotypes are obtained by least square fitting and numerical
integration, with the following constraints: ri40, 0oKir1.0,
0rαijr10.0 and 0oCi(0)o1.0 (see Appendix B). Notably, an
adequate fit to such equation was observe for practically all GARD
simulations performed, with average root mean square
difference¼0.01970.011. In contrast, several other models with
similar overall characteristics gave an inferior fit (Fig. B.1). We note
that the focus of the present manuscript is the full-fledged
dynamics of GARD populations, often with more than one species.
This is unlike the quasispecies model, typically aimed towards a
population of sequences stemming from a single master sequence
(Biebricher and Eigen, 2006; Eigen and Schuster, 1977), which we
are currently applying to GARD in a separate study.

We subsequently perform analyses aimed at relating the
chemistry-base molecular parameters of GARD to the parameters
of the logistic equation. Each GARD compotype contains a subset
(Nmol) of the total NG molecular types present in the environment.
Such repertoire restriction occurs as a result of the intermolecular
catalytic interactions in β and in the present simulations an
average of Nmol¼1675 is obtained (Fig. 2). The effect of this
chemical diversity parameter, Nmol, on the Ki and ri values of
individual compotypes is examined (Fig. 3). It is found that K

values are inversely correlated with Nmol, and in contrast, r values
show a weak positive correlation. Thus, compotypes with a large
Nmol will tend to have a larger growth rate and a smaller carrying
capacity. For cases with negligible competition parameters this
will amount to a steeper ascent and a relatively low plateau in
cases of large Nmol.

The dependence of K and r on Nmol may be explained consider-
ing the random nature of the processes involved and the fact that
external concentrations of all molecular types are equal. A higher
value of Nmol increases the probability that a randomly impinging
molecule will be part of the compotype's intrinsic molecule
repertoire, enhancing homeostatic growth rate. Conversely, low
Nmol means that on average every molecular type exists inside the
compotype in higher counts, so when split occurs there is a better
chance that a progeny will contain the same composition as the
parent.

One may ask, whether there could be a parallelism for any of
these results in present day life. An interesting analogous trend
was observed in experimental data for 113 bacteria, whereby a
negative correlation was seen between measured doubling time
and metabolic network size (Freilich et al., 2009). However, direct
comparison between compotype dynamics and present-day meta-
bolism might not be possible, as the latter is controlled by a
genome, centralized informational entity acting via a complex
hierarchy of interactions (Heinemann and Sauer, 2010; Sauer,
2006).

Next, the relation between K and the replication fidelity (Frep) is
analyzed. Frep measures the average degree of compositional
similarity between an assembly representing a compotype and
its progeny, both in fully-grown state. When analyzing ecology, K,

Fig. 1. Examples of GARD simulations and fit to logistic growth. Simulation data is broken line and fit is solid line. The two simulations respectively exhibit 2 and
3 compotype species (A and B). Panel (A) shows an example of a takeover. Fitted parameters are collected in Table A.1.

Fig. 2. Distribution of intrinsic molecular repertoire size (Nmol) values for all
compotypes.
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the carrying capacity, represents the maximal number of indivi-
duals of a given species that may be sustained in an ecological
niche. In the original Verhulst formalism, death was introduced to
counter the Malthusian exponential growth. Later, the r–K logistic
formalism defined K¼birth/death (Gabriel et al., 2005). In GARD, a
positive correlation between K and Frep is observed (Fig. 4).
Unfaithful replication (low Frep) means that the progeny has lost
its compotype state, either to another compotype species or to
drift, somewhat comparable to death of the species in question.
This may rationalize the somewhat unexpected positive correla-
tion between an emergent molecular parameter such as Frep and
the logistic equation's carrying capacity. Other relationships
explored, between r and Frep and between K and r and the
replication-time (trep) showed no appreciable correlations (Figs.
C.1 and C.2).

Lastly, the molecular mechanism behind the takeover was
addressed. This phenomenon is exemplified in Fig. 1A by the
observation that compotype C2 shows a much faster ascent,
reaching a 538 fold excess over C1 at time 990. Subsequently, C1
increases substantially, becoming 5.82 fold more abundant than C2
at steady state. This was examined by analyzing an extended set of
316 β networks that exhibit NC¼2. Two parameters, MP and PP,
were defined to quantify takeover behavior: MP¼Max(Clow)/Pla-
teau(Clow), PP¼Plateau(Chigh)/Plateau(Clow), where Clow is the com-
potype with the lower plateau (Fig. D.1). Two subgroups were
examined: one showing clear takeover, with MP42 and PP45,
and another in which no takeover occurs, with MPo1.5 and PPo4
(control). The inter-compotype compositional similarity for pairs
that exhibit takeover is found to be significantly lower than for

control pairs (Fig. 5). These two behavior types are also seen to be
partially segregated in a principle component analysis of the
6 fitted logistic parameters (r1, r2, K1, K2, α12 and α21) (Fig. D.2).
Intriguingly, the majority of the variance in this plot is contributed
by the competition parameter α21 (Fig. D.3). Work is underway to
study the molecular mechanism that governs across-compotype
competition.

In a majority of the cases the logistic (or Lotka–Volterra)
formalism is used for cases such as predator–prey or inter-
species competition for resources. Should one use such formalism
in the case of GARD populations? These populations are character-
ized by a different dynamics, whereby species interconvert into
each other. In GARD analyses, some of the logistic equation
parameters are thus interpreted differently than in classical
ecology. The carrying capacity (K) is related to the chance that a
compotype will produce progeny belonging to the parent's

Fig. 3. The dependence on Nmol. Data are binned according to Nmol values and
vertical lines represent standard error of the mean. Black solid line is a linear fit. (A)
K vs. Nmol. Linear fit: K¼�0.0371Nmolþ1.052, R2¼0.978 and (B) r vs. Nmol. Linear fit:
r¼8.46�10�4Nmol�1.06�10�3, R2¼0.946.

Fig. 4. K vs. Frep. Blue and red dots are compotypes taken from simulations
exhibiting NC¼1 and NC41, respectively. Black solid line is linear fit to NC¼1
data: K¼9.23Frep�8.23, R2¼0.876.

Fig. 5. Compotype similarity in the takeover and control groups. Average cross-
compotype similarity (H; Segre et al., 2000) for the takeover group is lower than for
the control group (0.3370.09 vs. 0.4070.12; supported by a two-sample Kolmo-
gorov–Smirnov test with p-value¼1.3�10�3).
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compotype (and not to drift, or another compotype). Hence, K is
related to the replication fidelity of a given species, independent of
environmental parameters. Specifically, in the simulations pre-
sented here there is no competition for resources as the environ-
ment is buffered. GARD's αij parameter measures the extent of
species inter-conversion, made possible by the fact that every
compotype is a sub-network of the global β network. Thus, the
forgoing results could seed a better understanding of early evolu-
tion, whereby protocellular entities were sufficiently malleable so
as to reveal aspects of ecology-like population dynamics.

We utilize here the logistic equation to fit the dynamic
behavior of GARD compotypes. This equation can show oscillations
for certain parameter ranges (May, 1974; Rescigno, 1967, 1968).
Notably, in 1000 different sets of fitted logistic parameters here no
oscillatory behavior observed. It is important, though, that such
parameters are derived from chemical rate-enhancement values
embodied in beta. Future analyses could give insights into the
conditions for the existence of stationary states vs. oscillations.
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Appendix A

See Fig. A.1 and Table A.1.

Appendix B

Fit procedure is as follows:

(1) Ci(t) data of each compotype is smoothed 100 times by a
5-point moving average.

(2) In order to avoid over sampling of the long times over the
short times, the fit time range is until twice the time the
variance of the data (for each time point, the variance is
calculated until that point) drops below half its maximal size,
plus 100 points along the tail. This is calculated for each
compotype individually and then the longest time of all
compotypes in each simulation is picked.

(3) Compotypes with /CiS o0.01 are ignored and their assem-
blies classified as drift.

(4) For simulation with NC¼1, if the time curve exhibits a plateau
lower than the maximum by more than 20%, then this
simulation is ignored.

(5) MATLAB lsqcurvefit is used to perform least-squares curve
fitting with the following function parameters (the rest are
at their default values): TolFun¼1e�10; TolX¼1e�10;
MaxFunEval¼200NC(NCþ1); MaxIter¼1000.

(6) ode45 and ode15s ordinary differential equation solvers are
used to numerically solve the logistic equation (see main text),
and the fit with the lowest residuals is considered. The
following function parameters are used and the rest are at
their default values: AbsTol¼1e�10; RelTol¼1e�10.

(7) Initial parameter guesses are: Ki¼max(Ci); aij¼0.1; ri ¼
∑100

t ¼ 1dCi=100 (dCi is approximated by 5th order numerical
differentiation); Ci(0)¼mean[Ci(1...100)].

(8) Constraints are ri40, 0rKir1.0, 0raijr10.0, 0rCi(0)
rmax(Ci).

The root-mean-squared-difference (RMSD) is defined as

RMSD¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
NC

i ¼ 1
½f iðtÞ�CiðtÞ�

 !2* +vuut ðB:1Þ

where fi is the fitted equation for compotype i in a simulation, and
o…4 marks an average over all time-points in that simulation
(Fig. B.1).
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Fig. A.1. Additional examples of GARD population dynamics, showing different number of compotypes (NC¼1..4). Broken lines are the data and solid lines are the fit to the
logistic equation. Fitted parameters are given in Table A.1. Panel B left and right sides respectively show takeover and control (see Section 3), with compositional
similarity¼0.30 and 0.55, respectively.
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Appendix C

See Figs. C.1 and C.2.

Table A.1
Logistic equation fitted parameters for all the examples given in Fig. A.1. β Seed is used for the generation of this β network using MATLAB pseudo random generator.

Panel β Seed K r [splits�1] αij C(0)

j¼1 j¼2 j¼3 j¼4

A, left 18 i¼1 0.572 2.06E�03 3.58E�03
A, right 30 i¼1 0.937 7.70E�04 5.68E�02
B, left 170 i¼1 0.843 8.48E�02 1.518 7.86E�11

i¼2 0.538 1.28E�02 0.633 6.89E�02
B, right 261 i¼1 0.548 2.40E�03 0.000 4.15E�02

i¼2 0.273 1.00E�03 0.170 2.25E�02
C, left 45 i¼1 0.555 4.90E�03 1.487 0.486 1.94E�02

i¼2 0.494 4.30E�03 0.788 0.557 3.10E�03
i¼3 0.724 2.00E�03 1.260 0.000 5.46E�02

C, right 7 i¼1 0.462 4.80E�03 0.601 0.359 1.00E�03
i¼2 0.734 5.30E�03 1.018 0.663 3.50E�02
i¼3 0.828 3.60E�03 0.000 1.919 3.13E�01

D, left 149 i¼1 0.348 7.10E�03 0.274 2.094 0.414 1.57E�02
i¼2 0.448 3.20E�03 0.585 1.914 0.456 1.40E�03
i¼3 0.113 4.51E�02 0.281 0.038 0.130 1.59E�11
i¼4 0.581 6.20E�03 1.292 0.000 5.277 2.15E�01

D, right 133 i¼1 0.518 2.40E�03 7.198 1.814 0.000 1.46E�01
i¼2 0.342 1.06E�02 0.002 2.034 0.791 1.91E�06
i¼3 0.187 8.50E�03 0.101 0.885 0.334 1.20E�03
i¼4 0.341 2.70E�03 1.266 4.141 0.304 4.10E�03

Fig. B.1. Distribution of RMSD values (Eq. (B.1)) simulations, for several logistic
equation types. Regular (Eq. (2)) is based on the dataset of 1000 simulations.
V2a–V5b (see Table B.1) are based on the extended dataset of 316 NC¼2
simulations.

Table B.1
Four additional type of logistic equation tested with NC¼2.

V2a dC1

dt
¼ r1C1

K1�C1þα1DCD

K1

� �
dC2

dt
¼ r2C2

K2�C2þα2DCD

K2

� �
CD ¼ Lpop�C1�C2

V4a dC1

dt
¼ r1C1

K�C1�α12C2

K

� �
dC2

dt
¼ r2C2

K�C2�α21C1

K

� �
V5a (taken from [Kuno, E.,
1992, Researches on
Population Ecology, 34,
275])

dC1

dt
¼ b1

C1

C1þα12C2

� �
�d1

� �
C1�h1C

2
1

dC2

dt
¼ b2

C2

C2þα21C1

� �
�d2

� �
C2�h2C

2
2

V5b dC1

dt
¼ b1�d1

C1þα12C2

C1

� �� �
C1�h1C

2
1

dC2

dt
¼ b2�d2

C2þα21C1

C2

� �� �
C2�h2C

2
2

Fig. C.1. K and r vs. trep of all compotypes (A and B, respectively). Linear fit: K vs.
log10(trep) gives R2¼0.48; log10(r) vs. log10(trep) gives R2¼0.007.
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Appendix D

See Figs. D.1–D3.
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