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Abstract

Evolution in modern life requires high replication fidelity to allow for natural selec-
tion. A simulation model utilizing simulated phenotype data on cellular probability
of survival was developed to determine how self-replication fidelity could evolve in
early life. The results indicate that initial survivability and replication fidelity both
contribute to overall fitness as measured by growth rates of the cell population. Sur-
vival probability was the more dominant feature, and evolution was possible even
with zero replication fidelity. A derived formula for the relationship of survival
probability and replication fidelity with growth rate was consistent with the simu-
lated empirical data. Quantitative assessment of continuity and other evidence was
obtained for a saltation (non-continuous) evolutionary process starting from low to
moderate levels of survival probability and self-replication fidelity to reach the high
levels seen in modern life forms.

Keywords Abiogenesis - Continuity principle - Replication fidelity - Statistical
model

1 Introduction

The Continuity Principle (Wolpert 1994) in evolution has been described as the
“...general Darwinian principle... [that] evolution must proceed via consecutive,
manageable steps, each one associated with a demonstrable increase in fitness”
(Wolf and Koonin 2007). While Darwin envisaged a strict requirement for very
small steps, we now know that there are many exceptions to this, wherein it is
possible for a major evolutionary change to occur that leads to a relatively sud-
den and dramatic increase (or jump—*saltation”) in fitness (Eldredge and Gould
1972; Koonin 2007; Fontana and Schuster 1998; Raggi et al. 2016). Examples
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of saltation in evolution include the endosymbiosis event leading to the origin of
eukaryotes (Margulis 1996; Martin et al. 2015), the whole genome duplications at
the origin of the vertebrates (Dehal and Boore 2005; Coate and Doyle 2011), and
the major radiation of the Cambrian explosion (Morris 1989; Lee et al. 2013).
Mechanisms for these rare violations of the continuity principle are now part
of standard evolutionary biological theory (Minelli et al. 2009; Theissen 2009;
Laland et al. 2015).

Continuity is a major issue in the origin of life (Gabora 2006). Starting with
chemical evolution, there are many steps in the process to reaching a living cell that
have yet to be elucidated, with unknown mechanisms and unknown degrees of con-
tinuity. One of the most important of these to biologists is the origin of evolution,
which allows for the transition from chemical to biological complexity (Raggi et al.
2016).

Evolution is not synonymous with life in its simplest form, although all known
living forms contain the molecular apparatus and mechanisms that make evolution
possible. One of the key features of proto-cells required for biological evolution is
self-replication with some degree of accuracy.

The understanding that replication (meaning self-replication) is of fundamental
importance in the origin of life underpins the general concept of “replication first”
in origin of life theories (Szathmary and Smith 1997; Levin and West 2017). Since
the cell phenotype is the target of natural selection, some mechanism to replicate the
phenotype is critical to allow for evolution by natural selection; therefore replicators
(such as RNA or DNA) must not only be able to replicate themselves, but also have
the capacity to allow for directing phenotype replication. This is achieved by RNA
ribozymal activity in the hypothetical RNA world (Cech 2012; Robertson and Joyce
2012), and by DNA-directed translation in modern life forms. If phenotypic repli-
cation does not occur, then any beneficial changes giving a selective advantage to
daughter cells will be lost.

The issue of self-replication fidelity has been addressed in several biological con-
texts, such as “error catastrophes” in viruses and cells (Eigen 2002; Summers and
Litwin 2005), in evolution (Goel and Yc¢as 1975; Simons 2002), and the relationship
of mutation rate to evolution (Edelmann and Gallant 1977). The requirement for
minimal replication fidelity to allow for survival and evolution in early cells in any
hypothesized RNA world has been estimated at approximately 0.98 (Szostak 2012),
but scenarios for the evolution of replication fidelity in informational molecules are
unknown.

Some have questioned the reality of RNA world (Preiner et al. 2020; Carter
2016), and other theories of origin of life that do not rely on informational molecule
self-replication have been postulated (Xavier et al. 2020).

The molecular aspect of the evolution of self-replication (or the evolution of evo-
lution) is not the focus of this paper. The question addressed here is how replication
fidelity evolved; and, specifically, whether the evolution of high replication fidelity
could follow the continuity principle. A theoretical and statistical approach using
simulations of cell division and population growth was used to answer some basic
questions on the role of replication fidelity in the evolution of the earliest living
cells.
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A critical biological factor for the success of cells during early abiogenesis can
be defined as the summation of all of the ingredients of evolutionary fitness (such as
energy capture and usage, metabolic efficacy, homeostasis, etc.) into a single param-
eter of the probability of survival of each cell in a population, between cell divisions.
Overall fitness would then be composed of some combination of this probability
with replication fidelity. One goal of this study was to determine if any quantitative
relationships between cell survival probability (P,) and replication fidelity (Fg) can
be derived. A second goal was to investigate whether a simulation model for cell
division with known starting conditions of P, and Fy could elucidate the issue of
evolutionary continuity in early development of living cells. This study is neutral
with respect to any details of early life mechanisms (such as replication or metabo-
lism first), although the results do bear on this issue (see Sect. 4).

2 Methods
2.1 Replication Fidelity and Probability of Survival

Replication fidelity (Fy) is defined as the probability that the cellular phenotype is
replicated with complete accuracy. This allows for a quantitative measure of replica-
tion fidelity from O (no fidelity at all) to 1 (perfect fidelity). In modern cells, this
value is 0.99999. The mutation rate is 1 — Fy. The survival probability of cells (P,)
is defined as the probability that a living cell will survive to the point of division.
No assumptions about the molecular mechanism of replication or the components or
determinants of cell survival probability are made.

2.2 Growth Rates

A simulation program of cell growth based on binary reproduction starting with a
single cell with initial input values of P, and F was created to determine the fate of
all daughter cells for 6 to 10 generations. Based on the number of surviving cells at
each generation, growth rates (k) were calculated using Matlab (Mathworks 2015).
Above 10 generations, computer power became an obstacle, although results were
checked in a small number of runs with higher generation numbers (requiring run
times of several days). No significant effect of generation number on results was
found, at least up to 14 generations.

For each cell division, it was assumed that daughter cells either retained the P,
of the parent cell, or acquired a new, randomly determined value of P, based on a
Monte Carlo subroutine using the initial value of Fy within constraints imposed by
other constant pre-set parameters: the magnitude of the mutational effect (the maxi-
mal degree of change of the starting P, value) and the proportion of beneficial to
harmful mutations (which determine the direction of the change in P).

Living cells were counted at each generation based on a second Monte Carlo sim-
ulation routine to convert each cell’s survival probability (P,) into a simulated binary
value corresponding to being alive or dead. Surviving cells were used as parent cells
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for the next generation. Each run consisted of 500 replicates, and average cell counts
for every generation were used in further calculations.

Total surviving cell numbers at each generation (C,) were used to calculate the
growth rate constant (k) by

C, = Cpe" (1

where t is measured in generations. For every run, each calculation of k was repeated
500 times to simulate a starting population C,, of 500 cells.

If even a single one of the 500 runs produced at least one viable cell after 10 gen-
erations, the value of k would be greater than zero.

For bacteria or any single-cell life form that reproduces by fission into two daugh-
ter cells, we generally limit the maximal value of growth rates to 2 (population dou-
bling), using.

C = C()Kt 2

where K (sometimes referred to as “r”’) varies from 0 to 2. Thus, K can be calculated
from cell count data at time=t by.

K = eln(C,)/r 3)

And the growth rate k=In(K). For negative growth rates (k<0, K< 1), the number
of generations until extinction or time to extinction (TTE) was calculated by.

1“<CL,U) )

TTE =
k

The role of the mutational effect magnitude (from 0.1 to 0.5) and of the propor-
tion of beneficial mutations (from 0.01 to 0.2) was evaluated for all endpoints.

2.3 Quantitative Determination of Continuity

One way to think about continuity is to picture a process that progresses in small
steps where each step produces a meaningful difference in an outcome compared to
the previous step. If the outcome is a measurable quantity, we can assess meaning-
ful differences by statistical significance. Continuity can then be measured by the
smallest steps of some parameter that result in statistically significant differences in
outcome. If a large number of steps is required before a significant outcome differ-
ence is observed, then continuity is broken, and the best explanation is saltation. The
average minimal distance (D,,) between two parameter values under a fixed set of
conditions that give a significant difference in outcome is a quantitative determina-
tion of the degree of continuity in the process. In living cells, such discontinuities
can arise from multiple mutations, or single mutations acting on regulatory elements
or other mechanisms. The D, statistic, however, is not relevant to any specific mech-
anism of discontinuity, but only to its quantitation.
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In the present model, the outcome is the value of the growth constant K, as deter-
mined by the experimental simulation. The parameter of interest for testing continu-
ity is the replication fidelity, F. For a smoothly continuous process, we would expect
small differences in Fy to result in statistically significant differences in the value of K.
On the other hand, if no difference in K is observed until the distance between any two
values of Fy, is quite large, then continuity would appear to be broken.

Mean and standard deviations of multiple runs of the simulation algorithm were
determined at values of Fy that differed by 0.01 to calculate statistically significant dif-
ferences in K at various distances between F values (where D is defined as Fp2 — Fg1)
given a constant P,. The results were tabulated for every distance using multiple values
of Fr; and Fg ,. A quantitative estimate of continuity was given by the average mini-
mum distance (D,,,) that produces a p value <0.05 for differences in F values for each
constant P.

3 Results

The overall fitness of a population of cells can be estimated by its growth rate, given by
K. Values of K below 1 lead to eventual extinction, while K> 1 allows for population
survival and growth. The maximal value for K for single cells is 2, signifying a dou-
bling of population size per unit of time.

3.1 Survival Probability and Replication Fidelity as Determinants of Growth Rate

Simulations of population growth with different initial values of cell survival probabil-
ity (P,) and replication fidelity (Fy) indicate that both parameters contribute, but not
equally, to the value of K. The minimum value for P, as a function of Fy are shown in
Fig. 1. Values of these parameters below the line lead to extinction; this curve presents
the lower limits of initial survival probability and replication fidelity in the earliest life
forms.

One surprising result is that high replication fidelity is not a requirement for long
term organismal survival in all circumstances. Contrary to expectation, cell populations
with no initial replication fidelity at all can survive and evolve, although at a very low
growth rate (K=1.02 on average). However, the lower the value of Fy, the higher the
initial survival probability P, must be to maintain a positive growth rate. At Fy = 0, the
minimum value of P is 0.95 to allow for population survival and further evolution.

Some representative data points of P, and Fy are shown in Table along with values
for K, and calculated time (in generations) for the population with these initial param-
eter values to go extinct (TTE).1

3.2 Evidence for Discontinuity in the Evolution of Replication Fidelity at Low
Survival Probability

Figure 2 shows the influence of P, on K at different constant values of Fy. It appears
from these curves that the survival probability P, of cells is the primary determinant
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Fig. 1 Minimal values of survival probability (P,) required for population growth (K>1) as a function
of replication fidelity (Fy). Very low variation in simulation results were seen, with average SD equal to

about 0.7% of mean values

Table 1 Some simulation

L . s Fr K TTE
determinations of K and Time
to Extinction (TTE) for various 0.1 0 0.0032 1.08
values of P, and Fy ’ ’ ’
0.1 0.5 0.021 1.61
0.1 1 0.016 1.51
0.5 0 0.40 6.72
0.5 0.5 0.57 11.1
0.5 1 0.73 19.4
0.7 0 0.63 13.5
0.7 0.5 0.91 69.4
0.7 0.6 0.97 190
0.7 0.7 1.0 Survival
1 0 1.1 Survival
1 0.5 1.6 Survival
1 1 2.0 Survival

Initial cell counts (C,) = 500

of K, and of whether a population will survive or die out. While at each fixed Fy
there appears to be a linear relationship between P, and K at higher values of P, this
is not seen at lower values, irrespective of the value of Fy.

This is confirmed by the lack of any quantitative relationship between Fy and K
at P, = 0.1, as seen in Fig. 3. This is extended to each value of P, from 0.1 to 1.0 in
Fig. 4, which indicates a linear relationship between fidelity of replication and K at

values of P, > 0.4, and the absence of such a relationship below that value.
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Fig.2 The relationship between K and P, at different constant values of Fy. a F; =0, b Fy = 0.5, (C) Fy
=1.0

3.3 The Relationship Between Growth Rate, Survival Probability, and Replication
Fidelity

The quantitative relation between P, F; and K was determined to fit the following
empirical formula derived from simulation data, for P, > 0.3 and all values of Fy:

K = Pg(Fg+1)—0.25(1 — Py) )
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Fig.3 The lack of a clear relationship between K and replication fidelity (Fy) at low Ps (=0.1). This is in
contrast to the results at higher P (Figs. 4 and 5)

The dominant role of P, vs. Fy is derived from the first term in the equation, while
the second term is a correction related to the probability of death (1 — P,) of one of
the 4 descendants of any pair of cells in the previous generation. (See Sect. 2.)

For values of P, between 0 and 0.3, no quantitative relationship was found (as
illustrated in Figs. 3 and 4) between F and K.

In Fig. 5, it is clear that the data fit this equation quite well at higher values of P,
less so at P, = 0.3, and not at all below P, = 0.3.

The minimum values of Fy and P to allow for K> 1 (or survival of the popula-
tion) can be calculated from Eq. (5):

PyFp > 1.25(1 — Py) (6a)
So that.
1.25(1 — Py)
R(min) = P— (6b)
N

Overlaying the curve using Eq. (6b) on the simulation data shown in Fig. 1 gives
the result in Fig. 6.

Equations 5 and 6a suggest that even with perfect replication fidelity (Fy = 1)
values of P, below 0.625 will give K< 1 and lead to extinction. This result was
confirmed by the experimental simulations, which consistently gave a value of P
between 0.63 and 0.65 as the minimal value of P to allow for population survival
and evolution.

3.4 Effects of Other Initial Conditions
Two other initial condition parameters were assessed for their effect on growth rate

and fitness. These were the effect magnitude of mutations, and the proportion of
beneficial to deleterious mutations. All data shown here were calculated assuming
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15
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0.4

0.7
0.6
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0.4
0.3
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0.1

Fig.4 K as a function of Fy and P. a from P, = 0.5 to 1.0, with each line being a different constant value
of Fy from O (the lowest line) to 1.0 (the uppermost line) with intervals of 0.1. b from P, = 0.1 to 0.4
with the same lines for Fy as shown in a)

a mutation effect magnitude of 10%, and beneficial to deleterious mutation ratio
of 0.05 (1 beneficial mutation for every 20 deleterious ones). Raising the mutation
effect magnitude to 30% had a negligible effect on the results. Similarly, changing
the proportion of beneficial mutations to deleterious mutations in the range from
0.01 to 0.10 (Keightley and Lynch 2003) had almost no influence on K. Effects of
this ratio on K were seen only above the unrealistic value of 0.2. There was a small
effect of the number of generations on the minimum P to allow for population sur-
vival. For generation times > 10, there was an asymptotic trend toward the theoreti-
cal limit as given by Eq. (1). No examples of rare mutations with very high P, values
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Fe
Fig.5 The relationship between K and Fy, at specific values of P.aP,=1.0,bP,=0.5,c¢P,=0.3
were seen as outliers in the standard run of 500 replicates, nor when the number of

runs were increased up to 2500, suggesting that a mutation allowing for a large jump
in survival probability is extremely rare.

3.5 Quantitative Assessment of Continuity

While the results presented so far are consistent with saltation rather than conti-
nuity in the development of replication fidelity in cells with low initial survival
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Fig.6 Theoretical and experimental minimal values of survival probability (P,) required for population
growth as a function of replication fidelity (Fy)

probability, it was possible to use the statistical properties of the simulation-
determined values of K to directly quantify the extent of continuity at various
levels of survivability.

Table 2 shows two examples of the quantitative approach using an initial
P, value of 0.5, and two examples of results for K at various ranges of initial
Fg. The table shows means and standard deviations (SD) for K at every initial
Fg, with progressive steps of 0.01. On the right side of the table are shown the
results of statistical tests for significance using Student’s t test comparing an ini-
tial Fr (Fy 1) to every possible increased value (Fy ,).

In the examples in Table 2, the minimum distance between Fp ; and Fy , that
gave a significantly different result in K (D,,) were between 0.03 and 0.04. This
procedure was repeated for all 100 starting values of Fy (from 0.01 to 1.0), and
values of D, for each of several selected P, values were averaged over the com-
plete range. No effect of the initial magnitude of F | was seen for D, as shown
by the relatively low standard deviations in Table 2.

As expected, for P, = 1, D,, was close to the minimal possible value, or the
size of the step (C=0.01), indicating maximal continuity, whereas for low val-
ues of P, the break in continuity was shown by higher values of D,,. Surpris-
ingly, the curve of D, vs. P, (Fig. 7) showed a close fit to the inverse square law.

C

D =—
m 2 7
P2 (

where C is a constant equal to the size of the step.
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Table2 Representative
calculations of D, from
statistical analysis of K as a
function of Fy, at a constant Pg
=05

1.2

0.8

0.4

0.2

Fy Mean SD Fgr; Fro p
K

0.03 0.4 0.01 0.03 0.04 NS
0.04 0.41 0.01 0.03 0.05 NS
0.05 0.408 0.01 0.03 0.06 0.001*
0.06 0.42 0.01 0.03 0.07 0.001
0.07 0.416 0.007 0.03 0.08 0.01
0.08 0.416 0.01 0.03 0.09 0.001
0.09 0.426 0.007 0.03 0.1 0.001
0.1 0.428 0.011

D,, = Fr, - Fg; =0.06-0.03

=.03

0.94 0.722 0.011 0.94 0.95 NS
0.95 0.717 0.01 0.94 0.96 NS
0.96 0.725 0.015 0.94 0.97 NS
0.97 0.731 0.013 0.94 0.98 0.05%*
0.98 0.732 0.009 0.94 0.99 0.01
0.99 0.738 0.012 0.94 1 0.001
1 0.742 0.011

D,, = Fy, - Fg, = 0.98-0.94
4

*Minimal distance between values of Fy that show a statistically sig-
nificant difference in K

e

0.2

0.4

0.6
p

S

0.8

- ®

Fig.7 Average minimal distance (D,,) between fidelity values for significant differences in growth rate as

a function of P
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4 Discussion

The origin of the universal, critical biological phenomenon of self -replication
has been studied using statistical mathematical approaches (Szathmary 2006,
England 2013). In all modern life, there is a threshold of replication fidelity below
which cells cannot survive. At “high” mutation rates (which can be as low as 0.1
or Fy = 0.9), modern organisms undergo an error catastrophe (see above) from
which they cannot recover. The existence of this threshold for mutation rate has
been used as an antiviral strategy (Eigen 2002), and it also probably puts a hard
limit on the rate of evolution. It is not at all clear that primitive, less complex
cells at the origin of life also had such mutational limits, and for the purposes of
being conservative in assumptions, the phenomenon of mutational thresholds was
not considered in the model.

In complex modern cells, survival probability and replication fidelity are
linked, so that deficits in replication fidelity (at either the DNA replication, tran-
scription, or translation phases) result in decreased P, in future generations. In
this report, it is assumed that in early primitive living cells with much less inter-
active chemical complexity, no such linkage existed. While this assumption can-
not be supported by any evidence, the fact remains that even if some degree of
error catastrophe did play a role in cell survival, that would result in an even
stronger degree of discontinuity in the evolution of both P, and Fy. The assump-
tion of no linkage between the two parameters (and no threshold for error catas-
trophe in early cells) is therefore conservative in relation to the hypothesis of
saltation.

During the origin of life, it’s likely that both P, and F were not near the very
high values they hold today for almost all species under normal circumstances
but were closer to O than 1. The simulation data show that at higher levels of P,
(> 0.6), the evolution of efficient and accurate replication can proceed with a high
degree of continuity through the entire range of initial replication fidelity. Since
every improvement in Fy will lead to a significant increase in overall fitness (as
measured by the value of K), this suggests a smooth evolutionary process lead-
ing to the very high value of Fy seen in all modern cells since the Last Universal
Common Ancestor (LUCA).

However, the converse does not hold true. For low initial P values (< 0.4), the
evolution of increased replication fidelity requires large jumps in Fy that suggest
a saltational evolutionary path. Furthermore, there is no continuity from low P,
to higher values, depending on the simultaneous value of Fy. Even at perfect rep-
lication fidelity (F; = 1), the minimal level of P, must be at least 0.6 in order to
allow for any possibility of growth, survival and evolution.

Regardless of the degree of replication accuracy (and mutation rate), cell pop-
ulations whose initial value of Py is less than approximately 65% cannot survive.
Table 1 shows the number of generations until extinction for various combina-
tions of P, and Fy.

This suggests the possibility of a “frozen accident” at the origin of viable cells,
analogous to one theory of the origin of the genetic code (Crick 1968; Tamura
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2016). While millions of cells could have formed with low to moderate survival
probability, which would give rise to a few generations of viable offspring before
the population went extinct, the accidental formation of a cell with high survival
probability (in other words with efficient metabolic activity and homeostasis)
could have led to further evolution, and a thriving population, even with poor
replication fidelity.

The results on the relative importance of survival probability and replication
fidelity have implications for the debate on whether replication or metabolism devel-
oped first during the origin of life. If we assume that cell survival depends on many
metabolic and non-genetic functions such as energy usage, homeostasis, biosynthe-
sis, cellular cohesion, etc., then the requirement for a minimum level of cell survival
greater than 50% probability, regardless of replication fidelity, strongly indicates a
metabolism-first scenario. It is also clear that at low levels of cell survival probabil-
ity (due, for example, to incomplete or inefficient metabolic power), improvements
in replication fidelity have little or no bearing on the overall fitness of the cell as
represented by the population growth rate, K.

On the other hand, the data indicate that increased replication fidelity is a strong
advantage for cells with moderate to high P, and Fy could be expected to evolve to
higher values within populations that have reached positive growth dynamics.

Given these conclusions, it could be profitable for origin of life researchers to
focus on highly stable metabolic systems, regardless of their initial simplicity, rather
than on the evolution of replication systems within early cells with questionable
degrees of survival probability.

The data shown in Fig. 7 most directly indicate the discontinuity (saltation) in
the evolution of increasing K as a function of P,. The reason that this relationship
follows the simple inverse square law (Eq. 7) is not clear. Derivation of this rela-
tionship from Eq. (5) is not possible, and it appears to be an intrinsic property of
the model system using survival probability to determine overall fitness of early life
forms. In classical physics, the inverse square law applies to forces as a function of
distance, whereas in this case, “distance” (D,,) is the difference between two inde-
pendent variables, Fg | and Fy ,. If anything, the result is closer to the central limit
theorem, where a probability is a function of an inverse square root. Further clarifi-
cation of the significance of the empirically determined function given in Eq. (7) is
beyond the scope of the present investigation.

Specific biochemical mechanisms are not addressed in this report, which deals
only with the statistical features of binary reproduction, such as the impact of the
probability that a given cell will survive in its environment to the time or reproduc-
tion, and the probability that such reproduction will involve high fidelity of replica-
tion of the original cellular phenotype (which includes its survival probability). The
results therefore are not applicable to the specific pre-biotic and early biotic pro-
cesses that had to develop in order to produce a living cell, other than the survival
and replication fidelity characteristics of such processes.

Several possible scenarios involving metabolic cycles in pre-biotic chemistry that
may have given rise to living cells have been proposed (Pereté 2012; Muchowska
et al. 2019). While much emphasis has been devoted to the initial development and
evolution of replication mechanisms involving autocatalytic sets (Hordijk 2016;
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Vasas et al. 2012), the present results can be applied to any replicative system,
including an RNA-world paradigm of a collection of individual self-replicating, cat-
alyzing ribozymes; the central information storage and translation system of DNA
and protein synthesis; or any other, more primitive system for replication of cellular
components and characteristics.

The model system used to generate the data presented here is based on a deliber-
ately simplified model of self-replication that ignores a great deal of current knowl-
edge concerning putative cell growth in early life. It is also based on a number of
assumptions that might not be borne out once more information on the transition
between prebiotic chemistry and the origin of living cells is further elucidated.
This includes the assumption that the earliest living cells had a lower probability
of survival and a lower fidelity of replication than that seen in modern cells. Other
assumptions include binary reproduction, and even that cell reproduction was truly a
feature of early life forms; that survival probability is largely a function of cell phe-
notype; and that mutations can directly affect survivability.

However, it should be noted that no assumptions were made on the relationship
between cellular complexity and survivability. While the results suggest that low
survival probability precludes evolution in a continuous stepwise manner, it says
nothing about evolution from simple to more complex early life forms, assuming
that biochemical complexity is not tightly linked to survival probability. There is, in
fact, no a priori reason to believe that simple life forms could not have high innate
survivability. In that case, further evolution of simple forms would be possible even
if initial replication fidelity is low.
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