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Abstract

It is generally accepted that the absence of recombination reduces the efficacy of natural selection for, or against,
mutations. A special case is Muller’s Ratchet (MR) whereby non-recombining genomes experience irreversible fitness
decline due to the accumulation of deleterious mutations. MR has been a main hypothesis for sexual reproduction as
well as many other biological phenomena. We now ask whether the fitness decline can indeed be stopped if an asexual
population turns sexual to become recombining. The possible fitness decline under recombination is referred to as
Ohta’s Ratchet (OR). In comparison, MR is more effective in driving fitness reduction than OR, but only in a
restricted parameter space of mutation rate, population size and selection. Outside of this space, the two ratchets are
equally effective or, alternatively, neither is sufficiently powerful. Furthermore, beneficial mutations can affect the
population fitness, which may diverge between the two ratchets, but only in a small parameter space. Since
recombination plays a limited role in driving fitness decline, the operation of MR could be far less common in nature
than believed. A companion report (see Supplement) surveying the biological phenomena attributed to MR indeed

suggests the alternative explanations to be generally more compelling.
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Natural selection would operate most effectively when free recombination permits every gene be tested
independently. Imagine a genome harboring many beneficial and deleterious mutations of equal strength. In the
absence of recombination, selection could not operate on either type of mutations, which collectively would appear
neutral. The interference among various actions of selection has been formalized as the Hill-Robertson effect (HR;

(Hill and Robertson 1966; Felsenstein 1974; Charlesworth, et al. 2009)).

A special case of HR is Muller’s Ratchet (MR; (Muller 1964; Haigh 1978; McVean and Charlesworth 2000)). A
ratchet is a mechanism of uni-directional movement. In MR, the fitness of individuals would continue to decline due
to the accumulation of deleterious mutations. Most important, the absence of recombination reduces the efficacy of
negative selection in removing deleterious mutations; for example, if individuals carrying different deleterious
mutations are equally unfit, then none could be removed by natural selection. MR has been invoked to explain the
evolution of many phenomena, including sexual reproduction (Muller 1964; Smith 1978; Kondrashov 1988). As the
fitness of the population continues to decline, it is conceivable that sexual reproduction and recombination would
reverse the fitness decline by generating mutation-free genomes. Under some conditions (Kondrashov 1984; Gillespie
1998), the fitness gain via recombination would be sufficient to compensate for the 2-fold cost associated with sexual
reproduction. Other phenomena attributed to MR include the degeneracy of the Y chromosome and the evolution of

selfing (Charlesworth and Charlesworth 2000; Bachtrog 2013).

In published studies, the emphasis is on the efficacy of MR in driving the fitness decline (Felsenstein 1974; Haigh
1978; Gordo and Charlesworth 2000b; Gordo and Charlesworth 2000a; Neher and Shraiman 2012; Neher 2013;
McDonald, et al. 2016; Desai 2020; Leu, et al. 2020). In this study, we approach the issue somewhat differently. We
compare the presence and absence of recombination in driving the fitness decline under the same input of deleterious
mutations. The process of fitness decline under free recombination is referred to as Ohta’s ratchet (OR) in honor of
Tomoko Ohta’s contributions to the studies of slightly deleterious mutations (Ohta 1973; Ohta 1976, 1987; Ohta
1992). There is little doubt that the fitness decline under MR should be faster than under OR. The issue is a
guantitative one — Can recombination stop, or at least substantially slow down, the fitness decline such that there is a

significant advantage in gaining the ability to recombine?

The operation of the ratchets, either MR or OR, will likely be reversed by beneficial mutations of sufficient
strength. It is hence expected that the selection efficacy would be higher in the presence of recombination and OR can

be more easily reversed. The issue is again a quantitative one. This study will investigate the theoretical aspects of the
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ratchets including the interferences between beneficial and deleterious mutations. A companion report (Wang et al.;
Appended to the Supplement) will examine the empirical evidence for, and against, MR as the driving force of the

evolution of the said phenomena.

Mutation accumulation with free recombination

We now present a standard population genetic model with free recombination. For simplicity, we use a haploid
model with N individuals. The mutation rate is u mutations per generation per haploid genome. The proportion of
beneficial and deleterious mutations is p and g, respectively. The rest, 1 — p — g, is neutral. The average fitness effect
of beneficial and deleterious mutations is, respectively, 1+s, and 1—s,. There is no epistasis in fitness and all loci are

freely recombining.

Fixation rate of mutations

The fixation probability for a mutant with a selective coefficient of s (where s = s,, or -s,) is

1—e72
f(N,s) = T—o2s €Y)

Then the relative fixation rates to neutral mutations for neutral, positive and negative mutations can be calculated

as follows:

Nu[l —p —q]f(N,0) _

R, = ” 1-p—q (2.1)
Nupf (N,
)= M = Npf(N,s,) 2.2)
Nugf (N, —
Ry = M = Nqf(N,—s,) (2.3)

And the total fixation rate (equivalent to Ka/Ks or dN/dS (Spielman and Wilke 2015; Wu, et al. 2016)) is

R=R,+R,+R;=1—p—q+Npf(N,s,) +Nqf(N,—s;) (3)

Now, the accumulation rate of fixed mutations is

u' =uR (4)
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Fitness change as mutations accrue
Assuming multiplicative fitness values among all beneficial and deleterious mutations, we wish to know the
conditions for the fitness to increase or decrease. Let n;, be the total number of fixed mutations. Then, the expected

numbers of beneficial, deleterious and neutral mutations are

neR, m 1—e

E(np) = —?Nplﬁ (5.1)
nkR _ Ty 1—e%a
E(ng) =~ = =ENg —5 (52)

_ nkRn o
E(n,) = r —pd-pr-a) (3
Let the i-th beneficial and j-th deleterious mutation have the selective coefficient of s,,; = sp,, s4; = s4. Then the

expected fitness (multiplicative fitness) of an individual with n; fixed mutation is

E(np) E(nq) N

w(n) = 1_[ (1 + spl-) 1_[ (1 — sqj) ~ e5pE(p) g=5qE(ng) — o= [PF(N:sp)sp=af(N.=sq)sq] (6)
i j

Starting from a population under the mutation-selection balance, the expect fixed mutation at generation t is

n, (t) = uRt. And then the average fitness at generation t is

w(t) = eNutlpf(N.sp)sp=af (N.=sq)sq] (6"

The fitness will decline when pf(N, Sp)Sp < Qf(N, _Sq)Sq (Ie % > ff(gvi)sp) the average fitness of a sexual

population will continue to decline over time. The opposite is true if the sign changes. When pf(N, sp)sp =
qf(N, —sq)sq, i.e.

f(N,sp)sp

q
1_D0%ir
p f(N ~54)Sq @

the average fitness stays constant over time.

Fitness decline with deleterious mutations only
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We will first consider a system with deleterious mutations only (p = 0 in equations above). In such a system, the
population fitness will only go down in a ratchet-like mechanism. We will compare the rate of fitness decline with vs.

without recombination. The influence of beneficial mutations will be analyzed in the next section.

The two ratchets — Muller’s vs. Ohta’s ratchet
The average fitness of the population would go down at different rates with or without recombination as
illustrated in Fig. 1. As stated, we shall refer to the mechanism with recombination as Ohta’s ratchet (OR). The theory

of OR, shown above, is standard textbook materials.

Fig. 1 here

In comparison, the mechanism of fitness decline without recombination is the classical Muller’s ratchet (MR;
(Muller 1964; Felsenstein 1974; Haigh 1978; Gabriel, et al. 1993). Although the approximate formulae for the fitness
decline of MR (Haigh 1978; Gessler 1995; Gordo and Charlesworth 2000a; Gordo and Charlesworth 2000b;
Etheridge, et al. 2009; Neher and Shraiman 2012) and for the more general cases with beneficial mutations (Goyal, et
al. 2012; Good, et al. 2014; Weissman and Hallatschek 2014) have been developed, the approximations are not always

sufficiently accurate. In this study, we simulate a discrete-time Wright-Fisher model for the MR effect (see Methods).

Comparison of fitness under the two ratchets

Given a parameter set of (N, sq,u), the rate of mutation accumulation per generation will be denoted as Uy, and
Uy, respectively for MR and OR. U,, is obtained by simulation as described in the Methods section and U, = uR as
shown in EqQ. (4). Let x be the fitness reduction per generation under MR. After one generation, the fitness w
decreases by x. Thus, w' =w(1 —x) =w(1 — sq)UM and
x=1-(1—5,)"™ =~ s,Uy (8)

Similarly, the fitness reduction per generation for OR is

y=1-(1—sy)% =~ s,U, (8"
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In the comparison between MR and OR, we use a series of values for s,(0.0001 -0.1) and N (10 - 10,000). We
let u = 0.03 which roughly corresponds to the per-generation rate for Drosophila (Haag-Liautard, et al. 2007;
Keightley, et al. 2014) or u = 0.3 coding mutations per generation per gamete for human (Scally and Durbin 2012;
Jonsson, et al. 2017; Ruan, et al. 2020). In Fig. 2a-2b where Ns,=0.1and u=0.3, itis clear that MR and OR have
similar rates of mutation accumulation and fitness decline. In Fig. 2c-2d where Ns,= 1 but u=0.03, OR works more
slowly. The time it takes to reduce the fitness by 50% increases by 2-fold (40,000 to 80,000 generations) from MR to
OR. The gain in stalling the fitness decline by acquiring recombination seems rather small in these examples. It is hard
to imagine the advantage of sexual reproduction when the two-fold cost associated with sex is taken into account

(Smith 1978; Kondrashov 1984; Gillespie 1998).

Fig. 2 Here

Fig. 2e and 2f present the results from the wider parameter space. We find that when Ns, < 0.1, the fitness
dynamics of Muller’s ratchet is almost the same as that of Ohta’s ratchet (shaded green in Fig. 2). When Ns, = 1, the
speed of Ohta’s ratchet is about half of Muller’s ratchet (shaded grey). When Ns; > 1, MR indeed moves faster than
OR. However, in much of the parameter space (no shading), the faster movement of MR is in fact too slow to drive the
evolution. The parameter sets whereby MR moves at a speed that seems biologically meaningful is shaded in yellow.
For the lower mutation rate of u = 0.03, the speed is set at > 10 per generation and, for u = 0.3, the threshold is set
at > 103, (We assume that small u is associated with short generation time and large population size; hence, a fitness
loss of 10 is biologically significant. The opposite is assumed for species with larger u’s.) The speed is important
because a slower ratchet can be easily reversed by factors that include beneficial mutations (see below and Wang et al.

2020).

In the analysis of MR vis-a&vis OR, the speed of MR at an intermediate rate may be biologically most significant
(yellow highlight). Previous studies (Haigh 1978; Gordo and Charlesworth 2000b; Gordo and Charlesworth 2000a;
Goyal, et al. 2012) have suggested that MR is most efficient when the number of individuals in the least-loaded (n, =
Ne~#/%a) is less than 1. Since n, for N = 100, sq = 0.1,u = 0.3 is 5, the contrast bolsters the argument that MR

needs to be viewed by its efficiency relative to that of OR.

In short, the part of parameter space where MR works and works much better than OR is a tightly confined one.

In other words, if the population experiences fitness decline, gaining the ability to recombine may not slow down the
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decline all that much. It is hard to see how the evolution of sex and a host of other major biological phenomena would

have been driven by MR.

Fitness change with both beneficial and deleterious mutations

The ratchet certainly could not operate indefinitely as beneficial mutations of a sufficient strength would reverse
the fitness decline. For that reason, the ratchet, as well as the phenomena attributed to MR, must happen between the
occurrences of such beneficial mutations. Here, we assume that all selection effects are multiplicative, as is usually
done (Felsenstein 1974; Haigh 1978; Goyal, et al. 2012; Neher and Shraiman 2012; Shi, et al. 2019; Xu, et al. 2019).
In reality, a beneficial mutation may annul the effects of many strongly deleterious mutations; for example, when the
deleterious mutations are on the same pathway that is bypassed by the beneficial mutation (see Discussion).
Nevertheless, for the sake of comparing the efficacy of MR and OR, multiplicative fitness may provide a glimpse of

the power of recombination.

Eqg. (7) defines the condition for beneficial mutations to reverse OR. If we assume s, = s, =0.001and N =
10,000 such that Ns = 10, then p/q of Eq. (7) would be ~ 2 x 10°°. In other words, beneficial mutations only need to be
two billions as frequent as deleterious mutations to stop OR. It is expected that MR could be stopped by fewer and/or
weaker beneficial mutations because the efficacy of selection is lower in the absence of recombination (Hill and
Robertson 1966; Felsenstein 1974; Comeron, et al. 2008; Charlesworth, et al. 2009). Nevertheless, the asymmetry
between beneficial and deleterious mutations in driving the change in population fitness is so great that recombination

is not expected to override the asymmetry between beneficial and deleterious mutations.

Fig. 3 here

Fig. 3 shows the decline in population fitness driven by MR vs. OR when Ns,= 1. The 8 panels differ in the
relative strength of selection (s, /s, row 1 to row 4) and the relative mutation frequency (p/q, column 1 and column
2). In panels a to c, the fitness decline would happen by both MR and OR although the speed is higher by MR. In
panels f to h, the fitness would increase by either mechanism, but faster by OR. There is a small parameter space
where the fitness would decline by MR and would increase by OR (see Fig. 3d and 3e). As the frequency of beneficial
mutations become higher (Fig. 3f vs. 3e), both MR and OR would be reversed. Most important, when Ns,, increase

to 10, neither process would operate (unless p/q is fairly close to 0). Note that Ns,, = 10 indicates rather modest
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advantage; for example, for N = 10,000, the selective advantage is only 0.001. MR thus appears to be susceptible to

being reversed by beneficial mutations of modest strength.

Discussion

Since MR, as well as the more general HR process, is foremost about the power of recombination, a proper
analysis should be the comparison of MR and OR, without and with recombination. The small degree of difference
between the two processes seems intuitively obvious. As first shown by Haigh (1978), MR is effective when i) N, the
population size, is small; ii) s, the selective strength, is weak; and iii) U, the genomic mutation rate, is large. These are
also the conditions for OR to work effectively. Hence, it is not surprising that MR is biologically significant only in a
small parameter space, vis-&vis OR. In particular, when Ns < 1, OR is nearly equally effective. Since weakly
deleterious mutations with Ns < 1 are rather common (Lu and Wu 2005; Eyre-Walker, et al. 2006; Eyre-Walker and
Keightley 2007; Huber, et al. 2017), turning on full recombination is not likely to stall the ratchet, or the fitness

decline.

In this study, we also consider the power of beneficial mutations in reversing the ratchet. While some authors
may incorporate beneficial mutations into a more general MR, a ratchet is a devise of one-way movement. (MR with
beneficial mutations is no longer a ratchet and should probably be called Muller’s Wrench.) In general, either ratchet
can be easily reversed by beneficial mutations because beneficial mutation can impact the population fitness much
more strongly than a deleterious mutation of equal strength in the opposite direction. The condition for reversal as
specified in Eq. (7) is not particularly stringent. For that reason, the ratchet has to operate mostly between the

emergence of beneficial mutations in order to avoid being reversed.

In this study, the fitness effects of mutations, both beneficial and deleterious, are assumed to be multiplicative.
While this assumption may not be realistic, the goal is to assess the difference in the efficacy of MR vs. OR. As
suggested above, in the extreme form whereby beneficial mutations are epistatic over deleterious ones by the “bypass
mechanism”, the difference may be even smaller than under the multiplicative model. Other forms of epistasis, such as
the truncating selection model of Kondrashov (Kondrashov 1984; Kondrashov 1988), may also have similar impacts
on MR and OR. In general, epistatic fitness interactions are expected to generate complex, and often unpredictable,

outcomes (Chen, et al. 2019; He, et al. 2019).
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In this analysis, we did not cover the range of mutation rate but set u close to that of Drosophila and human,
respectively. Nevertheless, if u is very small, recombination would not matter, for instance, if there is only one
polymorphic site in the genome. On the other hand, if u is large, then the chance of accruing beneficial mutations
cannot be neglected. Eq. (7) only describes beneficial mutations of equal strength. However, if we assume the
selective advantage to have a long-tailed distribution, then a large u would mean the availability of highly beneficial

mutations to reverse the fitness decline.

In conclusion, the fitness decline generally associated with MR has much to do with the selection landscape,
defined by the frequency and strength of fitness mutations, beneficial as well as deleterious. In a large part of this
landscape, recombination is not a major factor. The significance of MR in the real world will therefore require detailed
examinations of the various biological phenomena attributed to MR. A companion study covers the empirical

evidence for MR (Wang et al. 2020; see Supplement).

Methods

In this study, we simulate a discrete-time Wright-Fisher model for the MR effect as follows. At initial time, there
are N individuals and every individual has no mutations. The fitness of an individual with n,, beneficial mutations
and n, deleterious mutationsis w = (1 +5,)"?(1 — s,)"4, where and s,,, s, are the fitness gain and fitness loss
of beneficial and deleterious mutations. Each generation consists of separate selection and mutation steps. At selection
step, we will sample N individuals with replacement proportional to the relative fitness of each individual. And then
each of the N individuals will reproduce one offspring to consist of the next generation. During the reproduction
process, the mutation accumulation of each individual will follow Poisson distribution with rate x. The proportions of
beneficial mutations, deleterious, and neutral mutations will be p, g, and 1-p-q. Note p=0 represents the MR ratchet.

The above process is repeated (25 repeats for each parameter set unless otherwise specified) for a specified
number of generations. Note it takes some time for the population to reach a steady state. Thus, we measure the
features of dynamics after an equilibration time (10* generations are sufficient in this study; see supplement) to
remove transient effects from the initial conditions.

To estimate the accumulation rate of mutations, we will simulate 25 repeats for each parameter set and then
calculate the average number of mutations of least-load-class individuals over time. The rate of mutation accumulation
will be constant over time (black dashed lines in Fig. 2b and 2d). Having obtained the accumulation rate of mutations,
we can calculate the fitness decline per generation for MR according to Eq. (8). Note that it’s much time-consuming

while simulating the dynamics of a large population size (e.g. N=10000 or 100000). In this case, we only simulate
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100000 generations. If the mutation number of least-load individual is still 0, we just estimate the rate of mutation

accumulation to be less than 10°.
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Figures

Muller’s Ratchet
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Fig. 1 Accumulation of deleterious mutations by Muller’s ratchet (MR) and Ohta’s ratchet (OR). (a) In Muller’s
ratchet, there is no recombination and the most fit haplotype would occasionally be lost due to genetic drift. Here, the
fitness decline does not require fixation of mutations. (b) In Ohta’s ratchet, free recombination enables selection on
each locus independently. The fitness decline becomes irreversible when the deleterious variant is fixed. Despite the

differences, both processes operate most effectively in small populations with weak selection and high mutation rate.


https://doi.org/10.1101/2020.08.06.240713
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.06.240713,; this version posted August 7, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-ND 4.0 International license.

()

1.00

Fitness_max
)
o N
o v
f

e

n

o
L

(b)

20000

loadMin

N=1000, u = 0.3, sq = 0.0001

0 20000 40000 60000 80000
Generation

N=1000, u = 0.3, sq = 0.0001

10000 4

=== Sim(slope=2.8e-01)
----- Ohta(slope=2.7e-01)

0 20000 40000 60000 80000
Generation

N=1000, u = 0.03, sq = 0.001

(d)

0 20000 40000 60000 80000
Generation

N=1000, u = 0.03, sq = 0.001

1500 -

1000

loadMin

500

=== Sim(slope=1.9e-02)
----- Ohta(slope=9.4e-03)

Fig. 2 The relative efficacy of MR vs. OR with deleterious mutations only (p=0, g=1). (a, ¢) The fitness decline of

the asexual population over time. (b, d) The number of mutations accrue over time in the same process. The black and
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red lines are, respectively, for MR and OR. The dynamics of OR is given in Eq. (6’). MR is done by computer

simulations with 25 repeats (see Methods). In these two cases, the fitness decline happens with or without

recombination. (e-f) Summary of fitness decline over a large range of parameter values in u, s; and N. The rate of

fitness decline per generation is denoted x for MR and y for OR. The cases of Ns,<1 are shaded green whereby the

two ratchets are equally effective. The cases of Ns,=1 are shaded grey whereby OR is also effective, albeit somewhat
less than MR. In the cases without shading, OR generally does not operate but neither does MR operate fast enough to

be biologically meaningful. Only the cases shaded yellow show MR, but OR, to work in a realistic time frame. This is

the parameter space where recombination is biologically significant in preventing fitness decline (see text).
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Fig. 3 Fitness change with both beneficial and deleterious mutations. The red dashed line is the fitness dynamics
of OR over time, obtained by Eq. (6”). The grey solid lines (25 repeats) are for MR, obtained by simulation (see
Methods). In panels (a-c), the fitness would continue to decline for both MR and OR in spite of the input of beneficial
mutations. In contrast (panels f-h), the fitness would rise by either process. Recombination plays a significant role
only when MR is more robust than OR under the influence of beneficial mutations, as in panels (d-e) where the green

dashed line shows the constant fitness at 1.
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