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THE TIME SCALE OF EVOLUTIONARY TRAJECTORIES

KRISHNENDU CHATTERJEE! ANDREAS PAVLOGIANNIS|  BEN ADLAM!  MARTIN A. NowaAKk?!
t IST Austria
! PED, Dept. of Organismic and Evolutionary Biology, Dept. of Math, Harvard University, USA

A fundamental question in biology is the following: what is the time scale that is needed for
evolutionary innovations? There are many results that characterize single steps in terms
of the fixation time of new mutants arising in populations of certain size and structure® '3,
But here we ask a different question, which is concerned with the much longer time scale
of evolutionary trajectories: how long does it take for a population exploring a fitness
landscape to find target sequences? Our key variable is the length, L, of the sequence that
undergoes adaptation. In computer science there is a crucial distinction between problems
that require algorithms which take polynomial or exponential time'* 6, The latter are
considered to be intractable. Here we develop a theoretical approach that allows us to
estimate the time of evolution as function of .. We show that adaptation on many fitness
landscapes takes time that is exponential in L, even if there are broad selection gradients
and many targets uniformly distributed in sequence space. These negative results lead us
to search for specific mechanisms that allow evolution to work on efficient time scales. We
study a regeneration process and show that it enables evolution to work in polynomial
time.

Our planet came into existence 4.6 billion years ago. There is clear chemical evidence for life on earth
3.5 billion years ago'”'®. The evolutionary process generated procaria, eucaria and complex multi-cellular
organisms. Throughout the history of life, evolution had to discover sequences of biological polymers that
perform specific, complicated functions. The average length of bacterial genes is about 1000 nucleotides,
that of human genes about 3000 nucleotides. The longest bacterial genes contain more than 10° nucleotides,
the longest human gene more than 10°. Here we ask how the time scale of evolution depends on the length
of the sequence that needs to be adapted.

Evolutionary dynamics operates in sequence space, which can be imagined as a discrete multi-dimensional
lattice that arises when all sequences of a given length are arranged such that nearest neighbors differ by
one point mutation'?. For constant selection, each point in sequence space is associated with a nonnegative
fitness value (reproductive rate). The resulting fitness landscape is a high dimensional mountain range.
Populations explore fitness landscapes searching for elevated regions, ridges, and peaks2°~27.

We consider an alphabet of size four, as is the case for DNA and RNA, and a nucleotide sequence
of length L. We consider an asexual population of size N. The mutation rate, u, is small: individual
mutations are introduced and evaluated by natural selection and random drift one at a time. A sequence
of type i is ¢ steps away from the target, where i is the Hamming distance between this sequence and the
target. The probability that a type ¢ sequence mutates to a type ¢ — 1 sequence is given by wi/(3L). The
fixation probability of the new mutant, p;;_1, depends on the fitness landscape and the population size.
For a Moran process we have p;;—1 = [L — (fi/fi—1)]/[1 — (fi/fi—1)"] where f; denotes the fitness of type
i sequences. In order to maintain maximum symmetry we consider that all type i sequences have the same
fitness. The probability that the evolutionary process moves from a type i sequence to a type ¢ — 1 sequence
is given by P;;—1 = [Nui/(3L)]p;i—1. Thus we have an evolutionary random walk, where each step is a
jump to a neighboring sequence of Hamming distance one. The stochastic process is a Markov chain on the



one-dimensional grid 0,1, ..., L.

We first consider a broad peak of targets. There is an ideal sequence, and any sequence within a certain
Hamming distance of that sequence belongs to the target set. Specifically, we consider that the evolutionary
process has succeeded, if the population discovers a sequence that differs from the ideal sequence in no more
than a fraction ¢ of positions. For example, if L = 100 and ¢ = 0.1, then the ideal sequence is surrounded
by a cloud of approximately 10'® sequences. For a broad peak the target set contains at least 2°F/(3L)
sequences, which is an exponential function of L.

At first we consider neutral drift. The fitness landscape outside the broad peak is flat. The population
needs to discover any one of the target sequences in the broad peak, starting from some sequence that is not in
the broad peak. Our result is as follows (see Corollary 2 in SI): (i) If ¢ < 3/4, then the expected discovery time
is exponential in L; a lower bound for the expected discovery time, t, is given by ¢ > exp[(3 — 40)1L—6 log 46(13].
(ii) If ¢ > 3/4, then the expected discovery time is at most O(L3/u), which is polynomial in L. Thus, we
have derived a strong dichotomy result which shows a sharp transition from polynomial to exponential time
depending on whether a specific condition on ¢ does or does not hold.

For the four letter alphabet most random sequences have Hamming distance 3L/4 from the target
center. If the population is further away than this Hamming distance, then random drift will bring it closer.
If the population is closer than this Hamming distance, then random drift will push it further away. This
argument constitutes the intuitive reason that ¢ = 3/4 is the critical threshold. If the peak has a width of
less than ¢ = 3/4, then we prove that the expected discovery time by random drift is exponential in the
sequence length L (see Figure 1). This result holds for any population size, N, as long as 4% >> N, which
is certainly the case for realistic values of L and N.

Next we consider a multiplicative fitness landscape, f;_1 = rf;, where r > 1 is a constant factor
representing fitness gain. Sequences that are closer to the target set are fitter than those that are further away.
Each mutation that brings us one step closer to the target set has the same multiplicative fitness gain. These
are unrealistically favorable conditions for natural selection: the fitness landscape increases exponentially
and is completely symmetric around the target set. First we consider when the fitness slope extends to all
sequences. Again we derive a strong dichotomy result (see Corollary 2 in SI): (i) If ¢(1 +r¥~=1/3) > 1, then
the expected discovery time is polynomial in L; and (ii) otherwise, for all fitness gains, r, and population
sizes, N, there exists a constant Ly such that if L. > Lg, then the discovery time is exponential in L. We
note, however, that Ly can be very large and, therefore, this particular result may only be of mathematical
interest.

The polynomial discovery time for a broad peak surrounded by a fitness slope, requires the slope to
extend to a Hamming distance greater than 3L/4. What happens then, if the slope only extends to a certain
maximum distance less than 3L /47 Suppose the fitness gain only arises, if the sequence differs from the ideal
sequence in not more than a fraction s of positions. Formally, we can consider any fitness function, f, that
assigns zero fitness to sequences that are at a Hamming distance of at least s from the ideal sequence. Now
our previous result for neutral drift with broad peak applies. Since we must rely on neutral drift until the
fitness gain arises, the discovery time in this fitness landscape is at least as long as the discovery time for
neutral drift with a broad peak of size ¢ = s. If s < 3/4, then the expected discovery time starting from any
sequence outside the fitness gain region is exponential in L (Figure 1). Figure 1 summarizes all the above
scenarios.

We highlight two important aspects of our results. First, when we establish exponential lower bounds
for the expected discovery time, then these lower bounds hold even if the starting sequence is only a few
steps away from the fitness slope of the target set. Second, we present strong dichotomy results, and derive
mathematically the most precise and strongest form of the boundary condition.

Let us now give a numerical example to demonstrate that exponential time is intractable. Bacterial life
on earth has been around for 3.5 billion years, which correspond to 3 x 10'3 hours. Assuming fast bacterial
cell division of 20-30 minutes on average we have at most 10'* generations. The expected discovery time for
a sequence of length L = 1000 with a very large broad peak of ¢ = 1/2 is approximately 105 generations;
see Table 1.

If individual evolutionary processes cannot find targets in efficient time, then perhaps the success of




evolution is based on the fact that many populations are searching independently and in parallel for a
particular adaptation. We prove that multiple, independent parallel searches are not the solution of the
problem, if the starting sequence is far away from the targets. If an evolutionary process takes exponential
time, then polynomially many independent searches do not find the target in polynomial time with reasonable
probability (Theorem 4 in SI). In such a case, one could quickly exhaust the physical resources of an entire
planet. The estimated number of bacterial cells?® on earth is about 103°. To give a specific example let us
assume that there are 10%* independent searches, each with population size N = 10%. The probability that
at least one of those independent searches succeeds within 10'* generations for sequence length L = 1000
and broad peak of ¢ = 1/2 is less than 10726,

In our basic model, individual mutants are evaluated one at a time. The situation of many mutant
lineages evolving in parallel is similar to the multiple searches described above. As we show that whenever a
single search takes exponential time, multiple independent searches do not lead to polynomial time solutions,
our results imply intractability for this case as well.

The broad peak constitutes a particular geometry, where all target sequences are arranged around a
center. Let us now explore another geometry where there are m target sequences, which are randomly
and uniformly distributed in sequence space. Around each target sequence there is a selection gradient
extending up to a distance sL. Formally we can consider any fitness function f that assigns zero fitness to a
sequence whose Hamming distance exceeds sL from all the target sequences. We derive the following result:
if m << 4% and s < 3/4 then the expected discovery time is at least t > (1/m) exp[2L(3/4 — 5)2]. The lower
bound holds also in the case where there is a broad peak of width sL around each target sequence. Whether
or not the function (1/m)exp[2L(3/4 — s)?] is exponential in L depends on how m changes with L. But
even if we assume exponentially many target sequences, m, we need not obtain polynomial time (Figure 2
and Theorem 5 in SI).

It is known that recombination can accelerate evolution on certain fitness landscapes . Recombina-
tion, however, reduces the discovery time only by a linear factor in sequence length?=3!. A linear or even
polynomial factor improvement over an exponential function does not convert the exponential function into
a polynomial one. Hence, recombination can make a significant difference only if the underlying evolutionary
process (without recombination) already operates in polynomial time.

What are then adaptive problems that can be solved by evolution in polynomial time? We propose
a “regeneration process”’. The basic idea is that evolution can solve a new problem efficiently, if it is
has solved a similar problem already. Suppose gene duplication or genome rearrangement can give rise to
starting sequences that are at most k point mutations away from the target set, where k is a number that
is independent of L. It is important that starting sequences can be regenerated again and again. We prove
that L**! many searches are sufficient in order to find the target in polynomial time with high probability
(see Figure 3 and Section 10 in SI). The upper bound, L**!, holds for neutral drift (without selection). In
this case, the expected discovery time for any single search is still exponential. Therefore, many searches
do not succeed. The key is regeneration of the starting sequence. The upper bound, L**!, can possibly be
further reduced, selection and/or recombination are included.

The regeneration process formalizes the role of several existing ideas. First, it ties in with the proposal
that gene duplications and genome rearrangements are major events leading to the emergence of new genes3?.
Second, evolution can be seen as a tinkerer playing around with small modifications of existing sequences
rather than creating entirely new ones®?. Third, the process is related to Gillespie’s suggestion®® that the
starting sequence for an evolutionary search must have high fitness. In our theory, proximity in fitness value
is replaced by proximity in sequence space. Our process can also explain the emergence of orphan genes
arising from non-coding regions®®. Section 12 of the SI discusses the connection of our approach to existing
results.

There is one other scenario that must be mentioned. It is possible that certain biological functions
are hyper-abundant in sequence space?! and that a process generating a large number of random sequences
will find the function with high probability. For example, Bartel & Szostak3® isolated a new ribozyme from
a pool of about 10'® random sequences of length L = 220. While such a process is conceivable for small
effective sequence length, it cannot represent a general solution for large L.
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Our theory has clear empirical implications. The regeneration process can be tested in systems of
in vitro evolution®”. A starting sequence can be generated by introducing k point mutations in a known
protein encoding sequence of length L. If these point mutations destroy the function of the protein, then the
expected discovery time of any one attempt to find the original sequence should be exponential in L. But
only polynomially many searches in L are required to find the target with high probability in polynomially
many steps. The same setup can be used to explore whether the biological function can be found elsewhere
in sequence space: the evolutionary trajectory beginning with the starting sequence could discover new
solutions. Our theory also highlights how important it is to explore the distribution of biological functions
in sequence space both for RNA2%21:36:38 and in the protein universe3? .

In summary, we have developed a theory that allows us to estimate time scales of evolutionary tra-
jectories. We have shown that various natural processes of evolution take exponential time as function of
the sequence length, L. In some cases we have established strong dichotomy results for precise boundary
conditions. We have proposed a mechanism that allows efficient evolution. There are two key aspects to
this ‘regeneration process’: (a) the starting sequence is only a small number of steps away from the target;
and (b) the starting sequence can be generated repeatedly. This process enables evolution to overcome the
exponential barrier.

Acknowledgments. We thank Nick Barton and Daniel Weissman for helpful discussions and pointing us
to relevant literature.

REFERENCES

[1] Kimura, M. Evolutionary rate at the molecular level. Nature 217, 624-626 (1968).

[2] Ewens, W. J. The probability of survival of a new mutant in a fluctuating environment. Heredity 22,
438-443 (1967).

[3] Barton, N. H. Linkage and the limits to natural selection. Genetics 140, 821-41 (1995).

[4] Campos, P. R. Fixation of beneficial mutations in the presence of epistatic interactions. Bulletin of
Mathematical Biology 66, 473 — 486 (2004).

[5] Antal, T. & Scheuring, I. Fixation of strategies for an evolutionary game in finite populations. Bulletin
of Mathematical Biology 68, 1923-1944 (2006).

[6] Whitlock, M. C. Fixation probability and time in subdivided populations. Genetics 164, 767-779
(2003).

[7] Altrock, P. M. & Traulsen, A. Fixation times in evolutionary games under weak selection. New Journal
of Physics 11 (2009).

[8] Kimura, M. & Ohta, T. Average number of generations until fixation of a mutant gene in a finite
population. Genetics 61, 763-771 (1969).

[9] Johnson, T. & Gerrish, P. The fixation probability of a beneficial allele in a population dividing by
binary fission. Genetica 115, 283-287 (2002).

[10] Orr, H. A. The rate of adaptation in asexuals. Genetics 155, 961-968 (2000).
[11] Wilke, C. O. The speed of adaptation in large asexual populations. Genetics 167, 2045-2053 (2004).

[12] Desai, M. M., Fisher, D. S. & Murray, A. W. The speed of evolution and maintenance of variation in
asexual populations. Current Biology 17, 385-394 (2007).

[13] Ohta, T. Population size and rate of evolution. Journal of Molecular Evolution 1, 305-314 (1972).



[14]
[15]
[16]
[17]

[18]
[19]
[20]

[21]

[22]

23]
[24]

[25]

[26]
[27]
28]

[29]
[30]

[31]

[32]
[33]
[34]
[35]

[36]

[37]

Papadimitriou, C. Computational complexity (Addison-Wesley, 1994).
Cormen, T., Leiserson, C., Rivest, R. & Stein, C. Introduction to Algorithms (Mit Press, 2009).
Valiant, L. G. Evolvability. J. ACM 56, 3:1-3:21 (2009).

Allwood, A. C. et al. Controls on development and diversity of early archean stromatolites. Proceedings
of the National Academy of Sciences 106, 9548-9555 (2009).

Schopf, J. W. The first billion years: When did life emerge? FElements 2, 229-233 (August 2006).
Maynard Smith, J. Natural selection and the concept of a protein space. Nature 225, 563-564 (1970).

Fontana, W. & Schuster, P. A computer model of evolutionary optimization. Biophysical Chemistry
26, 123 — 147 (1987).

Fontana, W. & Schuster, P. Continuity in evolution: On the nature of transitions. Science 280,
1451-1455 (1998).

Eigen, M., Mccaskill, J. & Schuster, P. Molecular quasi-species. Journal of Physical Chemistry 92,
6881-6891 (1988).

Eigen, M. & Schuster, P. The hypercycle. Naturwissenschaften 65, 7-41 (1978).

Park, S.-C., Simon, D. & Krug, J. The speed of evolution in large asexual populations. Journal of
Statistical Physics 138, 381-410 (2010).

Derrida, B. & Peliti, L. Evolution in a flat fitness landscape. Bulletin of Mathematical Biology 53,
355-382 (1991).

Stadler, P. F. Fitness landscapes. Appl. Math. & Comput 117, 187-207 (2002).
Worden, R. P. A speed limit for evolution. Journal of Theoretical Biology 176, 137-152 (1995).

Whitman, W. B., Coleman, D. C. & Wiebe, W. J. Prokaryotes: The unseen majority. Proceedings of
the National Academy of Sciences 95, 6578—6583 (1998).

Maynard Smith, J. Natural selection and the concept of a protein space. Nature 225, 563-564 (1970).

Crow, J. F. & Kimura, M. Evolution in sexual and asexual populations. The American Naturalist 99,
pp- 439-450 (1965).

Crow, J. & Kimura, M. An introduction to population genetics theory (Burgess Publishing Company,
1970).

Ohno, S. Ewvolution by gene duplication (Springer-Verlag, 1970).
Jacob, F. Evolution and tinkering. Science 196, 1161-1166 (1977).
Gillespie, J. H. Molecular evolution over the mutational landscape. Evolution 38, 1116-1129 (1984).

Tautz, D. & Domazet-Loso, T. The evolutionary origin of orphan genes. Nat Rev Genet 12, 692-702
(2011).

Bartel, D. & Szostak, J. Isolation of new ribozymes from a large pool of random sequences. Science
261, 1411-1418 (1993).

Leconte, A. M. et al. A population-based experimental model for protein evolution: Effects of mutation
rate and selection stringency on evolutionary outcomes. Biochemistry 52, 1490-1499 (2013).



[38] Jiménez, J. I., Xulvi-Brunet, R., Campbell, G. W., Turk-MacLeod, R. & Chen, I. A. Comprehensive
experimental fitness landscape and evolutionary network for small RNA. Proceedings of the National
Academy of Sciences (2013).

[39] Povolotskaya, I. S. & Kondrashov, F. A. Sequence space and the ongoing expansion of the protein
universe. Nature 465, 922-926 (2010).



exp(L) poly(L) or exp(L) exp(L)

) H ) )
Q ' (o} o
- 8 : - 8 - 8
O H Q O ®
» -§ H » é 7 g
-+ [] -— -
[} @ )
o 2 ‘ o= o=
T @ ' & @ © 4
~ ' - 8 — o
m C ] m C B C
= 0 gl =
L ' (i I
] "] ||
0 L TL L 0 cL 3T L 0 cL sL 3TL L
Hamming Distance Hamming Distance Hamming Distance
(a) (b) (©)
10"
’g | c=1/3 ’té\ ‘ S PR 4
ie) | | 0:1/2 ie) 1010 -
5 W c=3/4 T
2 2
o) o 10
(@) ()}
C C
== < 108 |
o [}
= £
= = 10t
> >
o o W N=100
> > . B N=150
8 g 1w W V=200
2 1] W c=1/2
a a
10 | 1 | | 1 | J 100 | 1 | | | | | 1 J
50 100 150 200 250 300 350 20 40 60 80 100 120 140 160 180
Sequence length, L Sequence length, L
(d) (e)

Figure 1: Broad peak with different fitness landscapes. For the broad peak there is an ideal sequence, and
all sequences that are within Hamming distance cL are part of the target set. (a) If the fitness landscape
is flat outside the broad peak and if ¢ < 3/4, then the discovery time is exponential in sequence length,
L. (b) If the broad peak is surrounded by a multiplicative fitness landscape whose slope extends over the
whole sequence space, then the discovery time is either polynomial or exponential in L depending on whether
c(1+7rN=1/3) > 1 or not. (c) If the fitness slope extends to a Hamming distance less than 3L/4, then the
discovery time is exponential in L. (d) Numerical calculations for broad peaks surrounded by flat fitness
landscapes. We observe exponential discovery time for ¢ = 1/3 and ¢ = 1/2. (e) Numerical calculations for
broad peaks surrounded by multiplicative fitness landscapes. The broad peak extends to ¢ = 1/6 and the
slope of the fitness landscape to s = 1/2. The discovery time is exponential, because s < 3/4. The fitness
gain is r = 1.01 and the population size is as indicated. As the population size, N, increases the discovery
time converges to that of a broad peak with ¢ = 1/2 embedded in a flat fitness landscape.
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Figure 2: The search for randomly, uniformly distributed targets in sequence space. (a) The target set
consists of m random sequences; each one of them is surrounded by a broad peak of width up to sL. The
figure shows a pictorial illustration where the L-dimensional sequence space is projected onto two dimensions.
From a randomly chosen starting sequence outside the target set, the expected discovery time is at least
(1/m) exp[2L(3/4 — s)?], which can be exponential in L. (b) Computer simulations showing the average
discovery time of m = 100, 150, and 200 targets, with ¢ = 1/3. We observe exponential dependency on L.
The discovery time is averaged over 200 runs. (c) Success probability estimated as the fraction of the 200
searches that succeed in finding one of the target sequences within 10* generations. The success probability
drops exponentially with L. (d) Success probability as a function of time for L = 42,45, and 48. (e)
Discovery time for a large number of randomly generaged target sequences. Either m = oL/342 or m = 4L/3
sequences were generated. For b = 0 and b = 3 the target set consists of balls of Hamming distance 0 and 3
(respectively) around each sequence. The figure shows the average discovery time of 100 runs. As expected
we observe that the discovery time grows exponentially with sequence length, L.
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Figure 3: Regeneration process. Gene duplication (or possibly some other process) generates a steady
stream of starting sequences that are a constant number k£ of mutations away from the target. Many
searches drift away from the target, but some will succeed in polynomially many steps. We prove that L*+1
searches ensure that with high probability some search succeed in polynomially many steps.



Table 1: Numerical data for the discovery time of broad peaks with width ¢ =1/3,1/2, and 3/4 embedded
in flat fitness landscapes. First the discovery time is computed for small values of L as shown in Figure 1d.
Then the exponential growth is extrapolated to L = 100 and L = 1000, respectively. We show the discovery
times for ¢ = 1/2, and 1/3. For ¢ = 3/4 the values are polynomial in L

_ 1 1 - |

r=1 c=3 c=3 c=13
n = 102 1.02 - 1018 7.36 - 107 182.71
n =103 5.89 . 10170 1.28 - 1095 2666.2
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Table 2: Numerical data for the discovery time of broad peaks embedded in multiplicative fitness landscapes.
The width of the broad peak is either ¢ = 1/12 or ¢ = 1/6 and L = 1000. The fitness slope extends to s = 1/3
and s = 1/2. The data are extrapolated from numbers obtained for small values of L. For population sizes
N = 1000 and greater, there is no difference in the discovery time of ¢ = 1/6 and ¢ = 1/12. For N — oo the

discovery time for a particular s converges to the discovery time for a broad peak with ¢ = s embedded in a
flat fitness landscape

r=1.01 N =107 N =103 N =00
oo 1 c=15 1.87 - 10337 5.89 - 10170 5.89-10'70
=3
c=1 5.96 - 10260 5.89 - 10170 5.89- 10170
1 c=15 3.28 - 10764 1.28 - 10%° 1.28 - 10%°
s = 5
c=14 1.39-10'88 1.28-10% 1.28-10%
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SUPPLEMENTARY CI‘NFORMATION: DETAILED
PROOFS FOR “THE TIME SCALE OF
EVOLUTIONARY TRAJECTORIES

1. OVERVIEW AND ORGANIZATION

We will present detailed proofs of all our results. In this section we present an overview of the proof structure
and the organization of our results.

1.

In Section 2] we present relevant lower and upper bounds on hitting time for Markov chains on an one-
dimensional grid. The results of this section are technical and the basis for the results of the following
sections. However, a reader does not need to understand the technical proofs of this section for the
following sections. We will only use the results of Lemma [3| and Lemma [4| (and their consequence
Corollary ; and Lemma [5| (and its implication) in the following subsections. We present the results
in the most general form for Markov chains, and they might possibly be used in other contexts as well;
and then present simple applications of the general results of Markov chains for the discovery time of
evolutionary processes.

In Section [3| we introduce evolutionary processes and for simplicity we introduce them for evolution-
ary adaptation of bit strings. Also for mathematically elegant proofs we first introduce the Fermi
evolutionary process in this section, and later consider the Moran process.

In Section [4 we present our results for the Fermi evolutionary process with neutral fitness landscapes
and a broad peak of targets.

In Section [p| we present our results for constant selection in the Fermi evolutionary process with a
broad peak of targets.

In Section [6] we show how the results of Section [f] and Section [5] imply all the desired results for the
Moran evolutionary process.

In Section [7] we show how the results of Section [d] Section [5] and Section [6] extend from bit strings to
strings over alphabet of any size (and obtain the results for four letter alphabet as a special case).

In Section [§ we present the results for multiple independent searches; and in Section [ we discuss some
cases of distributed targets.

In Section [10] we discuss the results for a mechanism to enable evolution to work in polynomial time.
Finally, in Section [11] we present details of some numerical calculations used in the main article.

In Section [12] we discuss and compare our results with relevant related work, and end with additional
simulation results in Section [[3]

2. BOUNDS ON HITTING TIMES OF MARKOV CHAINS ON A LINE

In this section we will present our basic lower and upper bounds on hitting times of Markov chains on a line.
The results of this section will be used repeatedly in the later sections to provide lower and upper bounds
on the discovery time for several evolutionary processes. We start with the definition of Markov chains, and
then define the special case of Markov chains on a line.

12



Definition 1 (Markov chains). A finite-state Markov chain MC'f, = (S,0) consists of a finite set S of states,
with S = {0,1,...L} (i.e., the set of states is a finite subset of the natural numbers starting from 0), and
a stochastic transition matriz § that specifies the transition probabilities, i.e., 0(i,7) denotes the probability
of transition from state i to state j (in other words, for all 0 < i,5 < L we have 0 < §(i,7) < 1 and for all

0 <i < L we have Zf:o 5(i,j) =1).
We now introduce Markov chains on a line. Intuitively a Markov chain on a line is defined as a special

case of Markov chains, for which in every state, the allowed transitions are either self-loops, or to the left,
or to the right. The formal definition is as follows.

Definition 2 (Markov chains on a line). 4 Markov chain on a line, denoted as My, is a finite-state Markov
chain (S,0) where S ={0,1,... L} and for all0 < 4,5 < L, if §(i,5) > 0, then |i—j| <1, i.e., the transitions
allowed are only self-loops, to the left, and to the right (see Supplementary Figure .

5(0,0) §Gi—1,i—1) (4, 1) SG4+1,i+1) 5(L, L)

(1 (e () () )
O . O L O

Figure 4: Markov chain on a line. Pictorial illustration of Markov chain on a line.

5(i —1,4) §Gi,i+1) S(i+1,i+2)

We now define the notion of hitting times for Markov chains on a line.

Definition 3 (Hitting time). Given a Markov chain on a line My, and two states ny and ns (i.e., 0 <
ny,na < L), we denote by H(ni,n2) the expected hitting time from the starting state ny to the target state
ni, i.e., the expected number of transitions required to reach the target state ny starting from the state nso.

The recurrence relation for hitting time. Given a Markov chain on a line My, = (S,0), and a state ny (i.e.,
0 <ny < L), the following recurrence relation holds:

1. H(nhnl) = O,

2. Hny,49) =1+06(5,i+1)- H(ny, i + 1)+ 6(i,5— 1) - H(nq,i — 1) + 0(4,¢) - H(nq,14), for all nq < i < L,
and

3. H(ny,L) =1+ 6(L,L—1)- H(ny,L — 1)+ 6(L,L) - H(L, L).

The argument is as follows: (a) Case 1 is trivial. (b) For case 2, since i # nq, at least one transition needs to
be taken to a neighbor state j of 4, from which the hitting time is H(nq, 7). With probability (i, + 1) the
neighbor j is state i + 1, while with probability §(é,7 — 1) the neighbor j is state ¢ — 1. On the other hand,
with probability 0(¢,7) the self-loop transition is taken, and the expected hitting time remains the same.
(c) Case 3 is a degenerate version of case 2, where the only possible transitions from the state L are either to
the state L — 1, which is taken with probability 6(L, L — 1), or the self-loop, which is taken with probability
d(L, L). Also note that in Case 3 we have §(L,L — 1) =1 — (L, L). In the following lemma we show that
using the recurrence relation, the hitting time can be expressed as the sum of a sequence of numbers.

Lemma 1. Consider a Markov chain on a line My, with a target state ny, such that for all ny < i < L
we have 8(i,i — 1) > 0. For all ny < i < L we have that H(ny,i) = S5/~ bj, where b; is the sequence

j=L—i
defined as:
1 14 O(L—j L= +1) b .
(1) bo_(S(L,L—l)’ (2) b; = SL-JL-j—1) for § > 0.
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Proof. We consider the recurrence relation for the hitting time and first show that for all 0 <7 < L —n; we
can write H(ny, L —1) as
H(Tll,L—i) = bi—l—H(nl,L—i— 1)

for the desired sequence b;.

(Base case). For i = 0 we have

H(ni,L) = 1+46(L,L—1)-H(ny,L—1)+6(L,L)-H(ny,L)

1+o0(L,L-1)-Hny,L—-1)+(1—-96(L,L—1))-H(ny, L)
1
= —— +H L—-1
spL—n Hm L=,
thus the statement holds with by = ﬁ.

(Inductive case). Assume that the statement holds for some ¢ — 1 (inductive hypothesis) and we will show
that it also holds for i. Let y = §(L —4,L —i+ 1) and © = §(L —i,L —i — 1). We establish the following
equality:

Hny,L—4) = 1+y-Hm,L—i+1)+z-Hn,L—i—-1)+(1—x—y) H(ny,L—1)
= 1+y- (b1 +H(m,L—4)+x-H(n,L—i—1)+ (1 —z—y) H(ny,L—1i)

1 b ,
— Y L —i— 1),
x
The first equality follows from the recurrence relation (case 2) by substituting ¢ with L — ¢; the second
equality follows by substitution and the inductive hypothesis; the third equality is simple re-writing, since
x # 0. Thus we have H(ny,L —i) =b; + H(ny,L — i — 1), where

1 14+ 6(L—j,L—j+1)-bj_1 .
1) bg = ———; 2) b, = f 0.
W bo =Sz 73 (2) b; SL—GL—j—1) ory >
Hence we have H(ny,L — i) = Zf;im_l b; and by substituting back i <— L — ¢ we obtain H(nq,7) =
Zf:_gli_l b;. The desired result follows. O

Definition 4. For positive real-valued constants A and B, we define the sequence a;(A, B) as follows:

(1) ao(4. B) = ) a4, 5) = LA (A D)

5 fori>0.

Lemma 2. For positive real-valued constants A and B, the following assertions hold for the sequence
ai(A,B):

e IfA> B and B <1, then a;(A,B) > (%)i, with % > 1.
o If A< B, then a;(A,B) = O(%).
Proof. The result is as follows:

e Case A > B: Then we have

a;(A,B) = 1+A-aé_1(A,B) >%.ai_1(A,B) > (2)1'%(14’3) — <A>i';2 (A)’

(by just ignoring the term 1 in the numerator and since B < 1).
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e Case A < B: Then % <1and a;(A,B) = M‘aifgl(&m < % +a;—1(A,B) < % + % =0(%).
The desired result follows. O

Uu‘s.

Ezponential lower bound. We will use the following standard convention in this paper: a function t(L) is
lower bounded by an exponential function, if there exist constants ¢ > 1, £ > 0 and Ly € N such that for all
L > Ly we have t(L) > ¢*F = 2¢¢L  where ¢* = loge > 0, i.e., it is lower bounded by a linear function in
the exponent.

Ezxponential lower bound on hitting times for Markov chains on a line. In the following lemma we will show
an exponential lower bound on the hitting time. We consider a Markov chain on a line My, such that there
exist two states x and y = x + k, for k > 0, such that in the whole contiguous segment between z and y the
ratio of the probability to drift towards the right as compared to the left is at least 1 + A, for a constant
A > 0 (strictly bounded away from 1). Then the expected hitting time from any starting point right of = to
a target to the left of x is at least (1 + A)k~1.

Lemma 3 (Lower bound). Consider a Markov chain on a line My,. If there exist two states x,y < L with
y=x+k, for k>0, and a constant A > 0 such that for all x < i < y we have gg:zi; > 1+ A, then for all
ni,ne < L such that ny < x < ny we have H(ny,ny) > (14 A)F~1L,

Proof. From Lernma ! we have that H(ny,ny) = S 5! b;:

j=L—no
L—ni—1 L—(z+1)
H(n1,n2) Z b > Z bj =br—z—1.
j=L—nso j=L—(xz+1)

We have 6EZ HB > 14 A by the given condition of the lemma. We show by induction that for all j between
L-yandL—-—2—1(Ge,L—y<j<L—x—1)wehaveb; >a;_r4y(1+A4,1).

1. (Base case). We have by,_, > 1 = ao(1 + A, 1), since b; is non-decreasing and by = > 1.

1
S(L,L—1)
2. (Inductive case). By inductive hypothesis on j — 1 we have bj_1 > a;_1-r4+y(1 + A, 1), and then we

have

ST I o it et A =01+ A

b =

since % >1+Aand 6(L —j,L —j—1) <1 Thus we have b; > a;_r4,(1+ A,1).
Thus for all L —y < j < L —z — 1 we have b; > a;_p+,(1 + A,1). Hence H(ni,n2) > br_p—1 >
ay—o-1(1+ A1) =ap_1(1+ A, 1) > (14 A)*! (from Lemma |2} since 1+ A4 > 1). O
Lemma 4 (Upper bound). Given a Markov chain on a line My, and 0 < nj <ng < L, if for allny <i< L
we have 6(i,i — 1) > §(i,i + 1), then H(ny,ng) = O(é—i), where B* = min,, «;<r(1 — §(7,1)).

Proof. From Lemma [1| we have that H(ny,ng) = Z]L I ni bj. Let B = ming,, <i<r, 6(i,i — 1). We show by

induction that for all 0 < j < L —ng — 1 we have b; < a;(1, B)

1. (Base case). We have by = 577 < + = ao(A, B) (because of our choice of B we have B <

.1
6(L, L —1)).

2. (Inductive case). By inductive hypothesis on j — 1 we have b;_; < a;_1(1, B). Then
b__1+5(L—j,L—j+1)-bj,1 < 1 0(L—j5L—j5+1)-a;—1(1,B)
S ) T ML-5L-j-1) o(L—j,L—j—1)

1 1+a;_1(1,B)
< B +a;—1(1,B) < # =a;(1, B).
. 5 ,
since 5(L7j71L7j71) <1, (;Eé ;é ;ﬂg <1,and & > 1. Thus b; < a;(1, B).
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It follows that for all L—ns < j < L—n; —1 we have b; < a;j(1, B) and thus b; = O(%) from Lemma

Then H(ni,ns) = ZJL:_L"i;Zl bj=0(ng—m)-(L-—m1—1)- %) = O(%). Let j = arg min,,, «;<r, 0(¢,i—1).
We have 1 1 )

B=d(G.j—1)> 3 (66,7~ 1) +0Gi+1) = 5-(1-0G,3) > 5 - B
because §(j,5 — 1) > 6(j,7+ 1) and 1 — (4, 5) > B*. We conclude that H(nq,ng) = O(IL;) O

Markov chains on a line without self-loops. A special case of the above lemma is obtained for Markov
chains on a line with no self-loops in states other than state 0, i.e., for all 0 < ¢ < L we have 1 — §(4,4) =
1 = B*. We consider a Markov chain on a line without self-loops M7y, such that there exist two states x and
y = x + k, for kK > 0, such that in the whole contiguous segment between x and y the probability to drift
towards the right is at least a constant A > % (strictly bounded away from %) We also assume A < 1, since
otherwise transitions to the left are never taken. Then the expected hitting time from any starting point
right of « to a target to the left of z is at least c]j(l, where c4 = ﬁ > 1 (see Supplementary Figure

Corollary 1. Given a Markov chain on a line My, such that for all 0 < i < L we have 6(i,1) = 0, the
following assertions hold:

1. Lower bound: If there exist two states x,y < L with y = x + k, for k > 0, and a constant A > % such
that for all x < i <y we have 6(i,i +1) > A > %, then for all ni,me < L such that n1 < x < ng we
have H(ny,ng) > ci’\_l forca = ﬁ > 1.

2. Upper bound: For 0 < nj; < ng < L, if for all n; <1i < L we have §(i,i — 1) > %, then H(ni,ng) =
O(L?).

Proof. Since 6(i,7) = 0, we have that §(i,7 + 1) > A implies that ggzzig > ﬁ, and then the first item is
an easy consequence of Lemma [3| For item (2), we have §(i,i — 1) > 1 implies 6(i,i — 1) > 6(¢,i + 1) and

hence the result follows from Lemma [4] with B* = 1 since §(j, ) = 0 for all ny < j < L. O

Unloop variant of Markov chains on a line. We will now show how given a Markov chain on a line
with self-loops we can create a variant without self-loops and establish a relation on the hitting time of the
original Markov chain and its variant without self-loops.

Definition 5 (Unloop variant of Markov chain on a line). Given a Markov chain on a line M, = (5,0), we
call its unloop variant a Markov chain on a line M, = (S, ), with the following properties:

e 5(0,1) =1;

e For all 0 < i < L, we have 6(i,i — 1) = % and §(i,i + 1) = %, i.e., the

probabilities of transitions to right and left are normalized so that they sum to 1; and
e 5(L,L—1)=1.

We now show the following: (1) the hitting time of the original Markov chain on a line M, is always at
least the hitting time of the unloop variant; and (2) the hitting time of the original Markov chain is at most
z* times the hitting time of the unloop variant, where z* is the maximum of the inverse of the 1 minus the
self-loop transition probabilities.

Lemma 5. Consider a Markov chain on a line My = (S,08) and its unloop variant My = (S,0). Let
0 <ni,ng < L and ny < nz, and let H(ny,n2) denote the hitting time to state ny from state ny in My, and
H(ny,n9) denote the corresponding hitting time in My,. The following assertions hold:

(i) H(ni,ne) < H(ny,ny).

(i) H(ni,m2) < z* - H(ni,ng), where z* = maxXo<i<y, #(”)
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Figure 5: Lower and upper bound on hitting times for Markov chain on a line. Figure@ shows
a Markov chain on a line without self-loops, where for a length k between x and y the transition probabilities
to the right are at least a constant A > %, and then the hitting time from any starting point no to the right
of x to a target ni to the left of x is at least exponential in the length k; figure @ shows a Markov chain
on a line without self-loops where all the transition probabilities to the left upto the target n; are at least
%, and then the hitting time for any start point to the right of the target n; to the target is at most O(L?);
the graph |(c)| shows the exponential lower bound (red) and polynomial upper bound (green) on the hitting
times H(ni,nz) in the log-scale.
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Proof. From Lemmawe have that for all 0 < i < L, we can write H(n,1) = Z]L;Sizl bj and H(ny,i) =
ZL Moty b; where b; and b; are the sequences defined as:

j=L—i
1 14+ 6(L—,L—j+1)-bj, .
[ — 2) b; = f .
W =5E 2o st-jL-j-n 07t
and _ _
_ — 140(L-j L—j+1)-b_
(1) by = 1; (2) b; = FOL—jb=g ) b gy

S(L—jL—j—1)
(i) We prove inductively that for all 0 < j < L — 1, we have b; < b;.

1. (Base case). by =1 < m = by.

2. (Inductive Step). The inductive hypothesis guarantees that Ej_l < b;j_1. Observe that % =

S(L—j,L—j+1)
Sty = R Then

- 1+6(L—4,L—j+1)-b;_ 1 -
b = +9( J. Jf) -1 _ . . CRB
o(L—j,L—j—1) o(L—j,L—j—1)

1 14 0(L—j,L—j+1)b;4
R-b;_1 = b;
N S R N A ) :

because of the inductive hypothesis and 6(L — j, L —j — 1) > §(L — j,L —j — 1).

Thus for all such j, we have b; < b;, and H(nq,n2) = ZJL fln; b; < ZJL Lmnl = H(ny,no).

(ii) We prove inductively that for all 0 < j < L — 1, we have b; < 2* - b;.

1. (Base case). by = 5(L71L_1) = 1_5(1L7L) < zF=2z* b
2. (Inductive Step). The inductive hypothesis guarantees that b;_; < z* ~5j,1. Observe that
S(L—j,L—j+1 §(L—j,L—j+1 . . . .
EEL_;,L_;L; = 5EL—;,L—;‘J—F1§ = R. Moreover, let x =§(L—j,L—j—1)and y = §(L—7j, L—j7+1),

and then we have:

> . — = ey 21— o Y
z z x z* . —.
“1-6(L—j4,L—j) T x4ty 4 x Tz
Thus

1 b, 1 _ 6(L—j,L—j+1) b _
bj:M:*+R'bj71SZ*'x+y+R'Z*'bj,1:Z' + E ‘7’. J_+ ) i1 :z*-bj

x x x Y L—-j,L—5-1)

smcem—f L

S(L—j,L—j-1)"

Thus for all 0 < j < L—1, we have b; < 2*-b;, and hence H(ni,n2) = ZJL Lmn; b; < Z]L gln; 2% bj =

2* - H(ni,ng).
This completes the proof. O

Implication of Lemma[5 The main implication of Lemma [j] is as follows: any lower bound on the hitting
time on the unloop variant is a lower bound on the hitting time of the original Markov chain; and an upper
bound on the hitting time on the unloop variant multiplied by z* gives an upper bound on the hitting time
of the original Markov chain.
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3. EvoLuTIONARY PROCESS

In this section we consider a simple model of evolutionary process, where organisms/genotypes are repre-
sented as strings of length L, and view evolution as a discrete time process. For simplicity, we will first
consider the case of bit strings and present all our results with bit strings because all the key proof ideas are
illustrated there. We will then generalize our results to strings for any alphabet size in Section [7} For a bit
string s, at any time point a random mutation can appear with probability u, which will invert a single bit
of the string s. Such mutations can be viewed as transitions between genotypes which form a random walk
in the L-dimensional genotypic space of all 2% strings.

Notations. For L € N, we denote by B(L) the set of all L-bit strings. Given a string s € B(L), the
neighborhood Nh(s) of s is the set of strings that differ from s by only one bit, i.e., Nh(s) = {s' € B(L) : s, s
differ in exactly one position}. In order to model natural selection, we will consider a constant selection
intensity B € R and each string s will be associated with a fitness according to a fitness function f(s) € R.
The selection intensity and the fitness function will determine the transition probabilities between s and its
neighbors.

Transition probability between strings. Given a string s and s’ € Nh(s), the transition probability
A(s,s") from s to s’ depends (i) on the fitness of s and the fitness of the neighbors in Nh(s), and (ii) the
selection intensity. For all s” € Nh(s), let df(s,s”) = (f (s") — f (s)) denote the difference in fitness of s and

s”, and let g(s,s”) = W Then the transition probability is defined as follows:

!/
A(s,s')=u- 9(s,5) 1
(&) Zs“eNh(s)g(Sas”) o

The intuitive description of the transition probability (which is refered as Fermi process) is as follows: the
term u represents the probability of a mutation occurring in s, while the choice of the neighbor s’ is based on
a normalized weighted sum, with each sigmoid term W being determined by the fitness difference
between s,s’ and the selection intensity. The selection intensity acts like the temperature function. The
high values of the selection intensity will favor those transitions to neighbors that have higher fitness, while
setting 8 = 0 turns all the possible transitions of equal probability and independent of the fitness landscape

(we refer to this case as neutral selection).

Discovery time. Given a string space B(L), a fitness function f and a selection intensity [, for two
strings s1, s2 € B(L), we denote by T(s1, s2, f, 8) the expected discovery time of the target string s; from
the starting string so, i.e., the average number of steps necessary to transform ss to s; under the fitness
landscape f and selection intensity 8. Given a start string so and a target set U of strings we denote by
T(U, s, f,B) the expected discovery time of the target set U starting from the string s, i.e., the average
number of steps necessary to transform s, to some string in U. In the following section we will present several
lower and upper bounds on the discovery times depending on the fitness function and selection intensity.
Moran evolutionary process. The evolutionary process we described is the Fermi process where the
transition probabilities are chosen according to the Fermi function and the fitness difference. We will first
present lower and upper bounds for the Fermi evolutionary process for mathematically elegant proofs, and
then argue how the bounds are easily transferred to the Moran evolutionary process.

4. NEUTRAL SELECTION

In this section we consider the case of neutral selection, and hence the transition probabilities are independent
of the fitness function. Since § = 0 for all strings s, the transition probability equation (Eqn [1f) simplifies to
A(s,s") = 4 for all s € Nh(s). We will present an exponential lower bound on the discovery time of a set
of targets concentrated around the sequence 0, and we will refer to this case as broad peak. For a constant
0 < c < 1,let UL denote the set of all strings such that at most cL bits are ones (i.e., at least (1 —c¢) - L

19



bits are zeros). In other words, UF is the set of strings that have Hamming distance at most cL to 0. We
consider the set UL as the target set. Because there is neutral selection the fitness landscape is immaterial,
and for the sequel of this section we will drop the last two arguments of T'(, -, f, 8) since 8 = 0 and the
discovery time is independent of f.

We model the evolutionary process as a Markov chain on a line, My, o = (S, dp) (0 for neutral), which is
obtained as follows: by symmetry, all strings that have exactly i-ones and (L — i)-zeros form an equivalence
class, which is represented as state i of the Markov chain. The transition probabilities from state ¢ are
as follows: (i) for 0 < i < L we have &o(i,i — 1) = %% and &o(i,i + 1) = u‘(LL_i); (i) 9p(0,1) = wu; and
(iii) 8o(L, L — 1) = u. Then we have the following equivalence: for a string s in B(L)\ UL the discovery time
T(UE,s) from s to the set UL under neutral selection is same as the hitting time H(cL,4) in the Markov
chain on a line My o, where s has exactly i-ones.

Each state has a self-loop with probability (1 — u), and we ignore the self-loop probabilities (i.e., set
u = 1) because by Lemma [5| all lower bounds on the hitting time for the unloop variant are valid for
the original Markov chain; and all upper bounds on the hitting time for the unloop variant need to be
multiplied by % to obtain the upper bounds on the hitting time for the original Markov chain. In other

words, we will consider the following transition probabilities: (i) for 0 < i < L we have o(i,i — 1) = + and

; L
So(iyi+1) = E=2: (i) 65(0,1) = 1; and (iii) do(L, L — 1) = 1.

Theorem 1. For all constants ¢ < %, for all string spaces B(L) with L > ﬁ, and for all s € B(L)\ UEF,

we have T(UE, s) > F71, where A=3=2¢ =14 1=2e 5 1 c) = A 51 gnd £ = 152¢ > 0.
4

Proof. We consider the Markov chain Mp, o for L > 1—5— and let us consider the midpoint ¢ between cL and

% -Lyie.,i= % - L. Such a midpoint exists since L > 1_42_6. Then for all j such that cL < j < i we have

L-j_L-i 3-2.c
L L 4

Y

do(j,j+1) = A>

N

The first inequality holds since j < ¢, while the second inequality is due to ¢ < % We now use Corollary
(item 1) for My o with ny =z =cL, y =4, and k = (1£2¢ —¢)- L = ¢ L and vary ny from z + 1 to L to
obtain that H(ny,nq) > ¢!, and hence for all s € B(L) \ UX we have T(UL, s) > ¢F7 1. O
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Figure 6: Neutral selection with broad peaks. The figure shows that when the target set is U of

strings that have at most ¢ - n ones (blue in , for ¢ < %7 for a region of length ¢- L — 1, which is from
¢-n to the mid-point between cL and %, the transition probability to the right is at least a constant A > %,

and this contributes to the exponential hitting time to the target set. Figure shows the comparison of
the exponential time for multiple targets and single target under neutral selection.
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Figure 7: Constant selection with broad peaks. The figure shows the illustration of the dichotomy
theorem. The blue region represents the states that correspond to targets, while the green region depicts the
states where the transition probability to the left is greater than % Intuitively given a selection intensity
3, the selection intensity allows to reach the region ﬁ - L in polynomial time. In figure there exists
a region between the blue and green, of length ¢ - L, where the probability of transitioning to the right is a
constant, greater than % In other words, when the blue and green region do not overlap, in the mid-region
between the blue and green region the transition probability to the right is at least A > %, and hence the
hitting time is exponential. When [ and c are large enough so that the two regions overlap (ﬁgure7 then
all transitions to the left till the target set is at least %, and hence the hitting time is polynomial.
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5. CONSTANT FITNESS DIFFERENCE FUNCTION

In this section we consider the case where the selection intensity 5 > 0 is positive, and the fitness function
is linear. For a string s, let h(s) denote the number of ones in s, i.e., the hamming distance from the
string 0. We consider a linear fitness function f such that for two strings s and s € Nh(s) we have
df (s,s") = (f(s") — f(s)) = =(h(s') — h(s)), the difference in the fitness is constant and depends negatively
on the hamming distance. In other words, strings closer to 0 have greater fitness and the fitness change is
linear with coefficient —1. We call the fitness function with constant difference as the linear fitness function.
Again we consider a broad peak of targets UZ, for some constant 0 < ¢ < % Since we consider all strings
in UL as the target set, it follows that for all strings s € B(L) \ UL the difference in the hamming distance
between s and s’ € Nh(s) from 0 and the target set UL is the same. Similarly as in the neutral casel, due
to symmetry of the linear fitness function f, we construct an equivalent Markov chain on a line, denoted
My 5 = (S,03), as follows: state ¢ of the Markov chain represents strings with exactly i-ones, and we have
the following transition function: (i) 65(0,1) = 1; (ii) dg(L, L — 1) = 1; and (iii) for 0 < ¢ < L we have
1 1
Tyer = %0t = 1) = o

K3

6ﬂ(i’i+ 1) =

(also see the technical appendix for the derivation of the above probabilities).

Again the discovery time corresponds to the hitting time in the Markov chain M, 3. Note that again
we have ignored the self-loops of probability (1 — u), and by Lemma all lower bounds for hitting time for
the unloop variant are valid for the original Markov chain; and all upper bounds on the hitting time for
the unloop variant need to be multiplied by % to obtain upper bounds on the hitting time for the original
Markov chain.

We will present a dichotomy result: the first result shows that if c- (1 + e®) < 1, for selection intensity
B > 0, then the discovery time is exponential, while the second result shows that if ¢- (1 4+ 6’8) > 1, then the
discovery time is polynomial. We first present the two lemmas.

Lemma 6. For the linear fitness function f, for all selection intensities B > 0 and all constants ¢ < % such
that c-v < 1, where v = 1 + €?, there exists Ly € N such that for all string spaces B(L) with L > Lg, for

all s € B(L)\ UL we have T(UL, s, f,8) > ¢! where A = 14 % >ica=:4>1and
(=10 0.
2-v

Proof. We consider the Markov chain My, g for L > Ly = 2. Consider the midpoint i between cL and %,

l—cwv’
ie., i= 1;# - L (such a midpoint exists because L > Lg and the choice of ¢). For all ¢L < j < i we have:

85(j, 5 +1) : 2 1 :
8\JsJ = - sl i e,
Lol gy Tl Tn o) ik

2-v—1—-c-v
c-v24+2-v-(1—¢)—2
B l—i— v-(2—c-v)
2 2-(v-(c-v+2-2-¢)—2)

=A>

N

The first inequality holds as %_J < Lii since j < i; the second equality is obtained since (v — 1) = eP
and substituting ¢ with its value 1;2’” - L; and the result of the equalities are simple calculation; and the
description of the final inequality is as follows: (i) since ¢-v < 1, we have 2—c-v > 0, (ii) the fact that ¢ < 1
and c¢-v > 0 implies that ¢-v+2—2-¢ > 1 and since we have v > 2, it follows that v (c-v+2—-2-¢) > 2;
establishing that the term along with % in A is strictly positive. We now use Corollary [1| (item 1) for
Mp g withn, =2 =cL,y =1 and k = 1;2’” -L =1/¢-L and vary ny from x + 1 to L to obtain that
H(ny,ng) > 471, and hence for all s € B(L) \ UL we have T(UL, s, f, 8) > ¢F71. O
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Lemma 7. For all string spaces B(L), for all ¢ < % and the linear fitness function, for all selection intensities
B >0 withc-(1+€P)>1, for all s € B(L)\ UF we have T(UE, s, f,8) = (Lz)

Proof. We consider the Markov chain My, g, where 3 is such that we have ¢ > ;5. For every ¢cL < j < L
we have: ) 1 . )
05(7,7—1) = _ > = > -
pld:d =) 1+e*ﬁ-L—ﬁ_1+6_5~% l4ef. 2= 2

The first inequality holds because Loi <L LCL since cL < j; the second inequality holds since c- (1+¢%) > 1

which implies that 1>4 (2= 1), and hence 1 + e~ 7 - (1 —1) < 2. Thus for all cL < j < L we have
6(j, 5 — 1) > 3, and by Corollary (item 2) we have that H(cL,ns) = O(L?) for all ng > cL. Thus we
conclude that T(UF, s, f, 3) = O(L?) for all s € B(s) \ UF. The desired result follows. O

Theorem 2. For the linear fitness function f, selection intensity 5 > 0, and constant ¢ < %, the following
assertions hold:

1. If c- (1 4+ €P) < 1, then there exists Ly € N such that for all string spaces B(L) with L > Ly, for all
s € B(L)\ UF we have T(UL,s, f, B) > %71 where A = i+ 2,(1}‘(3‘53_726;?0)_2) >3, ca= 2>
and { = 1552 > 0.

2. Ifc-(1+€P) > 1, then for all string spaces B(L), for all s € B(L)\UF we have T(UL s, f, 8) = O(L?).

6. MoORAN PROCESS MODEL

In the previous section we considered the constant selection intensity with Fermi process. We now discuss
how from the results of the previous section we can obtain similar results if we consider the Moran process
for evolution.

Basic Moran process description. A population of N individuals mutates with probability u in each
round, at N -u rate. Consider that the population is currently in state ¢ (which represents all bit strings with
exactly ¢ ones): the probability that the next state is ¢ — 1 is the rate of an ¢ — 1 mutant to be introduced,
times the fixation probability of the mutant in the population. Formally, the transition probability matrix
dnr (M for Moran process) for the Markov chain on a line under the Moran process is as follows:

. L
(1) 600 (i,i—1) = N-u-%-pm_l; (2) 6as (i, i+1) = N-u-TZ-p,,M; (3) 811 (3,3) = 1=z (4, i—1)—ar (i, i+1).

We assume that N-u < 1 and p; ; is the fixation probability of a j mutant in a population of N —1 individuals
of type ¢. In particular,

and p; ; € (0,1) for positive fitness f; and f;, where f; (resp. f;) denotes the fitness of strings with exactly ¢
(resp. j) ones. We first show a bound for the self-loop probabilities das(7,7): since strings closer to the target
have a greater fitness value we have f;_; > f;; and hence the probability of fixation of an (i — 1)-mutant in
a population of type ¢ is at least % Thus we have

. 7 1 U
6M(Za7/_1):N L " Piyi— 1>2N-u- E NZL
Then, 1 — 0pr(4,4) > dps(é,4 — 1) > ¥, and #(“) < % Hence we will consider the unloop variant of

the Markov chain and by Lemma [5| all lower bounds on discovery time for the unloop variant hold for the
original Markov chain; and the upper bounds for the unloop variant need to by multiplied by % to obtain
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the upper bounds for the original Markov chain. Hence if we consider the unloop variant of the Markov
chain on a line obtained from the Moran process we have:

[t

Sar(iyi—1) i

T i D)+ (i) i (L—i) - STy Ied P

Opr(iyi—1)

and (3,0 +1) =1 —dpr(i,i — 1). We now consider the case of multiplicative fitness function.

Multiplicative fitness rates. We consider the case where we have multiplicative fitness function where
fioa — r; > 1, as the fitness function increases as we move closer to the target. Then

fi

1—7riq1 N

Piit1 | 1-rN, _ (e T 1 rgg—1

frl * . )

Pii—1 1o riv, =1 rmi—1
1—r;

and 1 1
Oar(iyi—1) = : =
(0, ) 14 L=t Piig1 1 4 L=i —(N-1) rN—-1 -1

i piica T PN TroT

For constant factor r; = r for all ¢, we obtain

1
14 =f (-0

EM(Z7Z_1) =

Let us denote by darr(i,i — 1) = {7z=r,—w—y the transition probabilities of the unloop variant of the
Markov chain on a line for the Moran forocess with multiplicative constant r. Then we have the following

cases:

1. (Neutral case). In the neutral case we have r = 1, and then the Markov chain with transition proba-
bilities das,1 is the same as the transition probabilities dg of the Markov chain My o in Section (4| for
neutral selection.

2. (Constant r multiplicative fitness). The transition probabilities d57,.(i,7 — 1) has the same form as the
transition probabilities of the Markov chain M}, g under positive selection intensity and linear fitness
function, in Section [5| In particular, for e® = rN=1, we have dg of My g is the same as SMW and thus
from the results of Section [5] we obtain similar results for the Moran process.

Summary of results for Moran process with multiplicative fitness landscape. From the results of
Section [ and Section [B] and the equivalence of the transition probabilities of the Markov chains in Section []
and Section [5] with those in the Moran process, we obtain the following results for Moran process of evolution
under constant multiplicative fitness landscape 7:

1. (Single target). For a single target, for all constants r and population size N, the discovery time from
any non-target string to the target is exponential in the length of the bit strings.

2. (Broad peaks). For broad peaks with constant ¢ fraction of clustered targets with ¢ < 3, if ¢-(1+rV71) <
1, then the discovery time from any non-target string to the target set is at least exponential in the
length L of the bit strings; and if ¢- (1+7¥~1) > 1, then the discovery time from any non-target string

to the target set is at most O(LTS) (i.e., polynomial).

7. GENERAL ALPHABET

In previous sections we presented our results for L-bit strings. In this section, we consider the case of general
alphabet, where every sequence consists of letters from a finite alphabet ¥. Thus, B(L) is the space of all

25



L-tuple strings in LF. We fix a letter ¢ € ¥, and consider a target set U, consisting of all the L-tuple
strings, such that every s € UF differs from the target string t = o* (of all 0’s) in at most cL positions (i.e.,
Hamming distance at most ¢- L from the target string ¢). We will prove a dichotomy result that generalizes
Theorem

We can again consider a Markov chain on a line My, g, where its i-th position encodes all the strings in
B(L) which differ from ¢ in exactly ¢ positions. We consider a string s that corresponds to the i-th state of
My g, for 0 < i < L. Then we have the following cases:

e There are exactly 7 neighbors of s in state ¢ — 1, since in each position among the i positions that s
does not agree with ¢, there is exactly one mutation that will make s and ¢ match in that position.

e There are exactly (L —i) - (|]X]| — 1) neighbors of s in state ¢ 4 1, since in each position among the L —i
positions in which s agrees with ¢, there are |X| — 1 mutations that will make s not agree with ¢ in that
position.

e There are exactly i - (|X| — 2) neighbors of s in state 4, since in each position j among the i positions
that s does not agree with ¢, there are |3| — 2 mutations that will preserve this disagreement.

Let us denote |X| = 1+ k, where k > 1. Based on the above analysis and Equation |1} the following
holds for the transition probabilities of M, :

bpliitl) (L—0) h g L—i g
Sp(iyi—1) S i

while for §5(¢,) we have:

e (k=1): Then d3(i,47) = 0, since every mutation changes the distance from ¢.

e (k> 1): Then by Equation for 0 <+ < L:

1
0p(i,1) = RO
) -(L—1)-(k+1)
L+ K- (1+e B) + i-r-(1+eP)
which is maximized when i = L to 6(L, L) = 17 L , constant for a fixed alphabet 3.
k- (1+e=P)

Lemma 8. For the linear ﬁtness function f, for all selection intensities 5 > 0 and all constants ¢ < A7

such that ¢ -v < 1 for v =1+ <, there exists Lo € N such that for all string spaces B(L) with L > Lq, for
all s € B(L)\ UL we have T(UE, s, f,8) > A"L=1 where A = “2=9=L .o =B > 1 and £ = 15¢2,

14cv 2-v

Proof. We consider the Markov chain My, 5 for L > Ly = [{Z%-]. Consider the midpoint i between cL

1—cv

and %, i = L-12Y (such a midpoint exists because L > Ly and the choice of ¢, as i > cL). For all
cL<j§zwehave

.. o . J A O 1
04,5 +1) _ L ]-m-e_5>L ) 5 _ B .5.6_5:21) 1 CU B 4s1

ds(4,7 — 1) J = B LIJQF% 1+c-v

. The equalities follow as simple rewriting, while

A>2”22 K-e ﬂ—(vfl) K-e ﬁfl since ¢-v < 1. WenowuseLemmaforMngrchnlfxicL
y=1i,and k=1L- E“’—[ L and vary ny from z + 1 to L to obtain that H(nl,n2)>A5L L and hence
for all s € B(L) \ UL we have T(UL, s, f,8) > A®L—1. O

Lemma 9. For all string spaces B(L), for all ¢ < 5 and the linear fitness function f, for all selection

+
intensities 8 > 0 with ¢-v > 1 forv = 1 + £ —, for all s € B(L)\ UEX we have T(UL, s, f,8) = (LMQ), where

M = minge;<p 1 —0g(4,1) =1 —
! d 1+K-(1+c*3)
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Proof. We consider the Markov chain M7y, g, where 3 is such that we have ¢-v > 1. For every cL < j < L
we have: ‘ 5 ,

op(d,g —1) ].'3>L~eﬁ: c-e’

6s(j,j+1) L—j Kk ~L-k-(1-¢) K—cCc-Kk

The first inequality holds because ¢L < j; the second inequality holds because ¢ - (1 + %) > 1 and thus
> 1. Thus for all ¢L < j < L we have dg(j,7 — 1) > d3(j,5 + 1), while M = ming<;<r 1 — dg(i, i) =

1- ﬁ Then, by Lemmawe have that H(cL,ns) = O(ﬁ) for all ny > cL. We conclude that
k- (14e—B)
T(UE, s, f,8) = O(Lﬁg) for all s € B(s) \ UL. The desired result follows. O

Lemmas [8] and [9] yield the following dichotomy (recall that |S| =1+ k):

Theorem 3. For alphabet size |X|, for the linear fitness function f, selection intensity § > 0, and constant

¢ < g, where [X] =1+ k; the following assertions hold :

1. ife- (14 eﬁ) < 1, then there exists Ly € N such that for all string spaces B(L) with L > Lg, for all

s€ B( )\ UL we have T(UL, s, f,B) > A“L=1 where A = %'K/'@_’B > 1 and € = 1552, with
e +K,

V= and

2. ife-(1+ ) > 1, thenfor all string spaces B(L), for all s € B(L)\UL we have T(UL, s, f,8) = (]LT;),

where M =1- .
1+m

Note that Theorem [3| with the special case of |X| = 2 and k = 1 gives us Theorem

Corollary 2. For alphabet size |X| = 1+ k, consider the Moran pmcess with multiplicative fitness landscape

with constant r, population size N, and mutation rate u. Let ¢ < K+1 The following assertions hold :

cife- (1 + rt ) < 1, then there exists Lo € N such that for all string spaces B(L) with L > Ly,
for all s € B L) \ UL the discovery time from s to some string in UF is at least A**~! where A =

7(12+CC.)1) L N> 1 and £ =155, withv =14 —

; and

’"N_l) > 1, then for all string spaces B(L), for all s € B(L) \ UL the discovery time from s
1

2
I+ k(14— (N=1)y

2. ifc-(1+

to some string in UL is at most O(%), where M =1 —

15 constant.

Explicit bounds for four letter alphabet. We now present the explicit calculation for Ly and ¢ of
Corollary [2] for four letter alphabet. For the four letter alphabet we have k = 3, and for the exponential
lower bound we have cv < 1. In this case we have

3Nt and g_l—Sc—crN’l_3(1—0)—CTN*1
3 o 6+2rN-1 64 2r Nl
Since cv < 1 we have
N-—-1
N2w—cv—1_ 2(v-1) _ ~ 6
A— 3N > 31N 3 _
" l+cw — 14 " M 3(1+c¢)+erN-1

By changing the exponential lower bound to base 2, we have that the discovery time is at least 2(¢L—1)logz 4
Thus we have the following two cases:

e Selection: With selection (i.e., r > 1) the exponential lower bound on the discovery time when cv < 1
is at least:

3(1—c)— erN 6
2( 642rN—1 L 1) log, 3(c+1)derN—T

)

for all L > Lo = 557420 .
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e Neutral case: Specializing the above result for the neutral case (i.e., 7 = 1) we obtain the exponential
lower bound on the discovery time when cv < 1 is at least:

2( 3_84CL—1) log, ﬁ;

forall L > Ly = ﬁ. We ignore the factor 1 as compared to L and have that (35 L-1)log; 5 >
exp ((258L) log, 155 ).
Discussion about implications of results. We now discuss the implications of Corollary
1. First the corollary implies that for a single target (which intuitively corresponds to ¢ = 0) even with

multiplicative fitness landscape (which is an exponentially increasing fitness landscape) the discovery
time is exponential.

,r,N—l

2. The discovery time is polynomial if ¢- (14 *—) > 1, however this requires that the slope of the fitness
gain extends over the whole sequence space (at least till Hamming distance (k/(x + 1)) - L).

3. Consider the case where the fitness gain arises only when the sequence differs from the target in not
more than a fraction of s positions, i.e., the slope of the fitness function only extends upto a Hamming
distance of s- L. Now our result for neutral drift with broad peak applies. Since we must rely on neutral
drift until the fitness gain arises, the discovery time of this process is at least as long as the discovery
time for neutral drift with a broad peak of size ¢ = s. If r = 1 (neutral drift), then we have that
the discovery time is polynomial if ¢(1 + %) > 1, and otherwise it is exponential. Hence if the fitness
gain arises from Hamming distance s- L and s < k/(k + 1), then the expected discovery time starting
from any sequence outside the fitness gain region is exponential in L. Moreover, there are two further
implications of this exponential lower bound. First, note that if » = 1, then »V~! is 1 independent of
N, and thus the exponential lower bound is independent of N. Second, note that if the fitness gain
arises from Hamming distance s - L, and it is neutral till the fitness gain region is reached, then the
exponential lower bound for s < k/(k + 1), is also independent of the shape of the fitness landscape
after the fitness gain arises. Formally, if we consider any fitness function f that assigns zero fitness
to strings that are at Hamming distance at least s - L from the ideal sequence, and any nonnegative
fitness value to other strings, then the process is neutral till the fitness gain arises, and the exponential
lower bound holds for the fitness landscape, and is independent of the population size. For a four letter
alphabet (as in the case of RNA and DNA) the critical threshold is thus s = 3/4.

Remark 1. Note that we have shown that all results for bit strings easily extend to any finite alphabet
by appropriately changing the constant. For simplicity, in the following sections we present our results for
strings over 4-letter alphabet, and they also extend easily to any finite alphabet by appropriately changing
the constants.

Remark 2. We have established several lower bounds on the expected discovery time. All the lower bounds
are obtained from hitting times on Markov chains, and in Markov chains the hitting times are closely
concentrated around the expectation. In other words, whenever we establish that the expected discovery
time is exponential, it follows that the discovery time is exponential with high probability.

8. MULTIPLE INDEPENDENT SEARCHES

In this section we consider multiple independent searches. For simplicity we will consider strings over 4-letter
alphabet, and as shown in Section [7] the results easily extend to strings over alphabets of any size.

8.1. Polynomially many independent searches. We will show that if there are polynomially many
multiple searches starting from a Hamming distance of at least %, then the probability to reach the target
in polynomially many steps is negligibly small (smaller than a inverse of any polynomial function). We will
present our results for Markov chain on a line, and it implies the results for the evolutionary processes. We
start with two simple lemma. In all the following lemmas we consider the Markov chain on a line for a four
letter alphabet.
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Lemma 10. From any point no > % the probability that % is not reached within L steps is exponentially
small in L (i.e., at most e~ L).

Proof. We have already established that the expected hitting time from ns to % is L2. Hence the probability
to reach % within L3 steps must be at least 1 (otherwise the expectation would have been greater than

>3L

L?). Since from all states ng the probablhty to reach 3£ is at least 1 within L3 steps the probability

that 3£ is not reached within k - L3 steps is at most (1 - 7) Hence the probablhty that 3£ is not reached

w1th1n L5 steps is at most
I\
(1 — L) S eiL.

The desired result follows. O

Lemma 11. The contribution of the expectation to reach after L?- 2198 L steps to the expected hitting time
is at most a constant (i.e., O(1)).

Proof. From any starting point, the probability to reach the target within L steps is at least L% Hence
the probability not reaching the target within %k - L” steps is e *. Hence the probability to reach after
0. L? .28l gteps at most e L Thus expectation contribution from L? - 2F1°8 L steps is at most

e g 1 L2 . 2L-logL L2 . 2L-logL e / 1 22-log L+L-logL /¢ 1 1

: el S 'Z( :f E 27 (ef ef> T (e e1)2+(e— n ~ oW
=1 =1 =1
The desired result follows. O

Lemma 12. In all cases, where the lower bound on the expected hitting time is exponential, for all polyno-
mials p1(-) and pa(-), the pmbability to reach the target set from any state no such that ny > % within the

first p1(L) steps is at most p2(L)

Proof. We first observe that from any start point n} > SL the expected time to reach 34L is L2, and the
probability that 3 is not reached within L® steps is exponentlally small (Lemma. Hence if the probability

to reach the target set from 2L within p; (L) steps is at least ( AL then from all states the probability to

reach within L% -p;(L) steps is at least In other words, from any state the probability that the target

1
L-p2 (L) :

set is not reached within L® - py (L) steps is at most (1 — Hence from any state the probability that

1
L-p2(L) )

the target set is not reached within k- L® - p; (L) steps is at most (1 — Thus from any state the

1 \k
L-p2(L) ) :
probability that the target set is not reached within L3 - po(L) - L® - p; (L) steps is at most

1l— —F =e .

Hence the probability to reach the target within L8 - p1(L) - p2(L) steps is at least 1 — E% By Lemma

the expectation contribution from steps at least L? - 2E198 L is constant (O(1)).
Hence we would obtain an upper bound on the expected hitting time as

S oo D)Ly (1 L) L B2 9L
L*-pr(L) - p2(L) - (1= 5 | + ——z— + O(1) < L7 - p1(L) - p2(L).

Note that the above bound is obtained without assuming that p;(-) and ps(-) are polynomial functions.
However, if p;(-) and ps(-) are polynomial, then we will obtain a polynomial upper bound on the hitting
time, which contradicts the exponential lower bound. The desired result follows. O

Corollary 3. In all cases, where the lower bound on the expected hitting time is exponential, let us denote
by h denote the expected hitting time. Given numbers t1 and to, the probability to reach the target set from

any state ny such that ny > % within the first t = Lgitz steps is at most %
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Proof. In the proof of Lemmaﬁrst we established that the hitting time is at most L?-p; (L)-p2(L) (without
assuming they are polynomial). By interpreting t; as p1(L) and ty = po(L) we obtain that h < L% - ¢; - to.
The desired result follows. O

Theorem 4. In all cases, where the lower bound on the expected hitting time is exponential, for all polyno-
mials p1(+), p2(+) and ps(-), for ps(L) independent multiple searches, the probability to reach the target set
from any state ns such that ny > % within first p1(L) steps for any of the searches is at most pz%iL)'
Proof. Consider the polynomial py(L) = ps(L)-p2(L). Then by Lemmafor a single search the probability
to reach the target within p; (L) steps is at most E%—L). Hence the probability that none of the search reaches
the target in p;(L) steps is

p3(L) p3(L)- 5275 1 \P(D) 55ty ) 1
1 - =1—-—— =¢ 20 <1 — :
tmm) ~(mm) =) oy

since e 2% <1—g,for0 <z <

% The desired result follows. O
Remark 3. Observe that in Theorem [4 the independent searches could start at different starting points, and
the result still holds, because in all cases we established an exponential lower bound, the lower bound holds
for all starting points outside the target region.

8.2. Probability of hitting in a given number of steps. We now present a simple approximation of the
probability that none of M independent searches succeed to discover the target in a given number of b steps,
where the expected discovery time for a single search is d, for b << d. First we observe that the expected
discovery time is the hitting time in a Markov chain, and the probability distribution of the hitting time is
largely concentrated around the mean d. Hence the probability that a single search succeeds in b steps is at
most g, for b << d. The probability that none of the searches succeed is at least

()" s

9. DISTRIBUTED TARGETS

We now discuss several cases of distributed targets for which the exponential lower bounds can be obtained
from our results. We discuss the results for four letter alphabet.

1. Consider the example of distributed targets where the letters in a given Ly number of positions are
immaterial (e.g., the first four positions, the tenth position and the last four positions are immaterial,
and hence Lo = 9 in this case). Then we can simply apply our results ignoring the positions which are
immaterial, i.e., the string space of size L — Ly, and apply all results with effective length L — L.

2. Consider the example where the target set is as follows: instead of the target of all o’s (i.e., t = o%),
the target set has all sequences that have at least an « - L length segment of o’s, for a > 1/2. Then
all the targets have an overlapping segment of (2 -« — 1) - L number of ¢’s from position (1 — «) - L
to a- L. We can then obtain a lower bound on the discovery time of these targets by considering as
target set the superset containing all sequences with ¢’s in that region. In other words, we can apply
our results with single target but the effective length is (2-a — 1) - L. A pictorial illustration of the
above two cases is shown in Supplementary Figure

3. We now consider the case of distributed targets that are chosen uniformly at random and independently,
and let m << 4% be the number of distributed targets. Let the selection gradient extend up to a
distance of sL from a target, for s < 3/4. Formally we consider any fitness landscape f that assigns
zero fitness to a string whose Hamming distance exceeds sL from every target. We consider a starting
sequence for the search and argue about the estimate on the expected discovery time.
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Figure 8: Distributed target examples. Figure @ shows that if there are positions of the string that
are immaterial, then the effective length decreases. Figure @ considers the case when the evolutionary
process searches for a string of length o+ L, and it shows that it searches for a single string of length at least

(2-a—1)-L.
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First we consider the Markov chain M defined on B(L) where every string s in B(L) is a state
of the Markov chain. The transition probability from a string s to a neighboring string in Nh(s)
of Hamming distance 1 is m The Markov chain M has the following two properties: it is

(1) irreducible, i.e., the whole Markov chain M is a recurrent class; and (ii) reversible, i.e., if there

is a transition probability from s to s’, there is also a transition probability from s’ to s.

Since M is irreducible and reversible, and due to its symmetric nature, it has a very fast mizing

time (the number of steps required to converge to the stationary distribution). In particular,

the stationary distribution, which is the uniform distribution over B(L), is converged to with in

O(L -log L) steps [1].

Since s < 3/4, the expected time to reach a string from where the selection gradient to a specific

target is felt is exponential (by Corollary . Thus given m << 4% and s < 3/4, a string from

where the selection gradient to any target is felt is reached with in the first O(L-log L) steps with
low probability.

e Since any string from where the selection gradient is felt to a target is reached with in the first
O(L - log L) steps with low probability, and after O(L - log L) steps M converges to the uniform
distribution, a lower bound on the expected discovery time can be obtained as follows: consider
the probabilistic process that in every step chooses a string in B(L) uniformly at random and the
process succeeds if the chosen string has a Hamming distance at most sL from any of the target
sequence. The expected number of steps required for the success of the probabilistic process is a
lower bound on the expected discovery time. Hence we first estimate the success probability of
every step for the probabilistic process. Consider a target string and a string chosen uniformly
at random. Since the string is chosen uniformly at random, we can equivalently think that
the process is generating uniform distribution over the alphabet for every position of the string
sequence. The probability that the i-th position of the sequence of a target differs from the
chosen sequence has probability 3/4 (since we have a four letter alphabet). In other words, the
generation of the positions of the string are Bernoulli random variables with mean 3/4. Let X
denote the random variable for the number of positions of a target that differ from the chosen
sequence (in other words, X denotes the Hamming distance), and hence X is distributed according
to Bionomial(L,3/4). We now apply Hoeffding’s inequality and obtain that the probability that
chosen string lies within the selection gradient from a specific target is at most

P[X < sL] <exp(-2-(3/4—s)* L)

By union bound, the probability of success in every step is at most m - exp (72 -(3/4—5)?- L),

and thus the expected discovery time is at least w. Note that in proof of the lower

bound above any sequence with positive fitness is considered as a target, and hence the lower
bound on the expected discovery time holds even if there is a broad peak of width s around each
of the m target sequences.
Theorem 5. Consider the four letter alphabet, and a starting sequence in B(L). Let the target set of
m << 4L sequences be chosen uniformly at random, with selection extending up to a distance of sL

from each target sequence, with s < 3/4. Then with high probability the expected discovery time of the

exp(2-(3/4—s)>-L)

target set is at least ——— ——=.

Hence, if m is polynomial, or even an exponential smaller than exp (2 (3/4—s)%- L), then the ex-
pected discovery time is exponential with high probability.

10. A MECHANISM FOR PoLyNOMIAL TIME

In the previous sections we have shown the scenarios where the discovery time is not polynomial. We now
discuss a way that can ensure polynomial bounds. In the regeneration process, the process of evolution keeps
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on generating strings close to the target (say of distance k from the target). If the initial distance is k and
constant, then we show with very high probability in polynomially many regenerations the target is reached.

Polynomially many regenerations. First note that from every string s, if there is a transition from

the string s to a neighbor Nh(s), then there is at least a probability of ﬁ to move closer to the target (in
expectation a transition to a neighbor occurs in every & steps). Then with probability at least o = (ﬁ)k
the target is reached for a single trial in O(%) steps, and thus the probability to not reach in L*¥*t = L - é
trials is at most

1-a)st=cl

i.e., exponentially small in L. In other words, with L - (4- L)* = L - é trials (regenerations) the target is

discovered in time at most O(% -L- é) with very high probability; i.e., if k is constant, then with regenerations
the target is discovered in polynomial time with very high probability.

11. CALCULATIONS AND DETAILS OF DATA OF ARTICLE

We first present a calculation of the number of targets in a broad peak.

Calculation 1. For a four letter alphabet, the number of sequences that differ in at most ¢L positions form

0 is
ﬂ

and thus we have
2mn

By Stirling’s approximation we have n! >

L (£)" varL
1 — | c e (1—c)L
(cL)((1 =)L) (<L) \/3meL (U%) 2r(1— )L
1 - (1 _ C)(cfl)L
ceL+05(1 — C)(l*C)L‘FO.B\/ﬂ - VorL

where we first apply Stirling’s approximation, and for the inequality use that since ¢ < % we have CFL% > 1.
By converting the exponential to base 2 we obtain

12

(1— C)(c—l)L 9(c—1)Llogy(1—c)  ge(1—c)L
>

V2rL 2w L T V2wl

since —logy(1—¢) > cfor 0 <c < %. Hence the number of sequences at hamming distance at most cL from

0 grows exponentially, as
30L2c(1—c)L ocL ocL

> > —
VorL T V2xL — 3L
as 3°¢L > 2¢°L gince ¢ < 1, and V27 L < 3L.

Calculation 2. For L = 100 and ¢ = 0.10, the number of strings in the cloud around the target is as follows:

10

Z <1(Z_)0> 3"~ 1.06- 108

=1

Calculation 3. We now apply the approximation results of Section for calculation of success probability
for multiple searches to discover the target in bounded number of steps. Let us consider b = 10 steps
(upper bound for 4 billion years), and M = 10?* independent searches, and let L = 1000 and ¢ = 1/2. Then
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the expected discovery time for a single search is at least 10%°. Thus applying the formula (1 — b/d)™ for
the probability that none of the searches succeed we have the probability of failure for all searches is:

1014 1024 1 102 1 10°1-10727 1 10737 1 e

Thus the probability of at least one search succeeding within 10'# generations is at most 10726 ~ 0.

More precise version of Table 1 of article. A more elaborate and precise version of Table 1 of article is given
below.

W=
(SIS
o
N[

L=10% | 1.027309-10'® | 7.366173-107 | 182.71
L =10 || 5.891566 - 1017 | 1.285790 - 10% | 2666.2

(a) Neutral drift with broad peaks

r=1.01 N =102 N =5-10? N =103 N =10* N =00
o1 c= & || 1.872592 - 10337 | 6.149382-10'70 | 5.893335-10'7" | 5.891566 - 10'7° | 5.891566 - 1017
- 3
c=¢ | 5.962263-102%° | 6.149382-10'7" | 5.893335-10'7" | 5.891566 - 10'7" | 5.891566 - 1017
o1 c= = || 3.285017-10%%4 | 1.307607 - 10%° | 1.285938-10%° | 1.285790-10% | 1.285790 - 105
-2
c=¢ | 1.396805-10'8 | 1.307607-10% | 1.285938-10%° | 1.285790-10% | 1.285790-10%

(b) Multiplicative fitness with broad peaks for L = 1000.

Table 3: Table 1 and Table 2 with higher precision. Table of numerical data for discovery time

12. RELATED WORK

In this section we discuss and compare our results with relevant related works from population genetics.

Genetic adaptation on continuous and sequence space. The subject of genetic adaptation has been an active
research area for several decades, and has been nicely summarized by Orr [2]. In a seminal work [3], Fisher
introduced the geometric model of adaptation in order to capture the statistical properties of beneficial
mutations and their effect in a continuous phenotypic space. He concluded that evolution proceeds via
mutations of small effect, a view that was first reconsidered later by Kimura [4]. Orr [5] extended this work
of Kimura by studying the distribution of sizes of mutations for the whole evolutionary walk, and showed that
it is an exponential distribution which retains its shape (but gradually shrinking) for the whole of the walk
(also see [6] for a review and summary of this work). Kimura is also known for having introduced the neutral
theory of molecular evolution [7]. To quote from Orr [2] “Throughout the 1960s and 1970s, evolutionary
geneticists grew increasingly convinced that much, if not most, molecular evolution reflects the substitution of
neutral [7}8] or nearly neutral [4,9-11] mutations, not beneficial ones.” In [12}[13], Maynard Smith conceived
the idea that organisms evolve in the discrete, high-dimensional space of DNA and protein sequences, and
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the adaptive walk proceeds via unit mutational steps to fitter sequences. The idea of exploring sequence
space was expanded in [14], where evolution in rugged fitness landscapes was captured by the NK model.
Gillespie [15] described a simple stochastic substitution model under strong selection and weak mutation,
and by means of extreme value theory concluded that the mean number of gene substitutions until fixation
is small. This view was further developed in [16,/17], where the assumption that the starting sequence must
be highly fit was necessary for efficient evolution. In a similar setting, Orr [18] showed that finding local
optima in sequence spaces takes at least e — 1 steps where e = 2.71.

Other works, such as [19[20] studied the rate at which populations cross fitness valleys between peaks,
and characterize the rate by means of the population size, the barrier width, the rate of emergence of
beneficial mutants, but not as a function of L. The work in [21] also studied the rate at which populations
acquire mutations sequentially to cross a fitness valley and concluded that fixation is slower when mutations
have to be acquired in a particular order.

The speed of adaptation has also frequently been characterized in terms of fixation rates of beneficial
mutations. Orr [22] studied the rate of adaptive substitutions in asexuals as a function of the mutation rate
under the assumption that selection against the deleterious mutations is stronger than selection in favor of
the beneficial one. It was shown that the mutation rate which maximizes the adaptation rate depends only
the strength of selection against deleterious mutations. This work was later extended in [23] where it was
shown that beneficial alleles with relatively small beneficial advantage also have relatively small probability
of fixation.

Other works have studied the rate of adaptation by means of fitness change and fitness variation. In [24],
a setting of large asexual populations was studied where the effect of beneficial mutations is smaller than the
effect of deleterious ones, and was found that the speed of adaptation, defined as the change of log fitness
over time, changes logarithmically in the population size. The authors in [25//26] studied the fitness variation
maintained by the mutation/selection balance, and its implications in the rate that beneficial mutations are
accumulated. This was further developed in [27] where the results were extended from moderate speeds of
adaptation to high speeds.

Role of recombination. A key research question is what phenomenon contributes to speed-up of the evolu-
tionary search process. The classical work of Crow and Kimura shows that recombination leads to a speed
in evolution. Crow and Kimura [28}/29] studied the advantage that recombination confers to an adapting
sexual population over its asexual counterpart, by eliminating the clonal interference between simultaneously
emerging beneficial mutants. In |28] the length L of the genome sequence is not a parameter, and the results
show that the speed-up due to recombination is proportional to the population size. The speed-up of recom-
bination in various models with L also as a parameter was considered by Maynard Smith, and Table 1 in [30]
summarizes the relative speed-up under various models. In the best case, the speed-up due to recombination
is proportional to the product of the population size and the length L of the genome. Charlesworth in [31]
also examined the advantage in the population mean fitness that sexual populations have over asexuals,
for various dynamic selection functions, and showed that this advantage is substantial for various breeding
systems.

As in asexual populations, the rate of adaptation in sexual populations has been studied in analogous
settings. In [32] the authors considered the case of fitness-valley crossing assisted by recombination, and
identified a transient behavior in the benefit of recombination depending on the ratio between the rate of
recombination and the selective advantage of adaptation, with low recombination rates contributing more
than high rates. The work in [33] also addressed the question of the fixation probability of a beneficial allele
in a sexual population, which in turn limits the rate of adaptation, and derived a formula in which the rate
of adaptation depends on the population size, the chromosome length, the beneficial mutation rate and the
selective advantage of beneficial mutations. In [34] a similar question was asked, and concluded that for
sufficiently small populations, the rate of adaptation is linear in the product of the population size and the
rate of beneficial mutations, while for larger populations the rate of adaptation grows logarithmically on this
product.

Our results. In this work our contributions are as follows:
1. We present the mathematical foundations to estimate the expected number of steps for evolutionary
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processes as a function of L;
2. we characterize scenarios when the expected time is exponential in L;
3. we present strong dichotomy results between exponential vs polynomial time;
4. we suggest a mechanism that enables to break the infeasible exponential barrier and allows evolution
to work in polynomial time.
Our results nicely combine and explain several existing results. The regeneration process that breaks the
exponential barrier requires that (i) the starting sequence starts only a constant number of steps away from
the target and (ii) the starting sequence can be repeatedly generated. The first aspect is related to the
results of Gillespie [16L|17] that using extreme value theory suggests that the starting sequence must be a
highly fit sequence for efficient evolution (i.e., in our setting close to the target). The second aspect ties
in with the long-standing ideas that gene (and genome) duplications are the major events leading to the
emergence of new genes [35] and that evolution is a ‘tinkerer’ playing around with small modifications of
existing sequences rather than creating entirely new sequences [36]. Our work shows that the combination
of these two ideas break the exponential barrier. Our results also nicely combine with the existing results
on recombination. Recombination that leads to a linear factor speed-up does not change an exponential
function to a polynomial one, but can contribute greatly to the efficiency of a polynomial process. The
polynomial upper bound of L¥*! for regeneration process holds without selection and recombination. But
the polynomial bound of L¥*+1 can still be inefficient, and then selection and recombination plays the role to
make the feasible polynomial bound much more efficient.

13. ADDITIONAL SIMULATION RESULTS

In this section we describe some additional computer simulation results. Our first simulation result is for the
Moran process and per-bit mutation rate. The second simulation result is for another classical evolutionary
process, namely, the Wright-Fisher process. The details are described in Supplementary Figure [J] and
Supplementary Figure respectively.

A. TECHNICAL APPENDIX: LINEAR FITNESS TRANSITION PROBABILITIES

We derive the transition probabilities of the corresponding Markov chain on a line M, g for the case of the
linear fitness landscape and any selection intensity. That is, given s and s’ € Nh(s), we have df(s,s’) =
(f(s') = f(s)) = —(h(s") — h(s)). Our goal is to show that for 0 < i < L we have:

1 .. . 1
T+ef i (i1) 6560 — 1) = —————

(i) d5(i,i +1) = B

For s in equivalence class 0 < ¢ < L, i.e. h(s) = i, there exist exactly i neighbors s’ € Nh(s) with
h(s') =i—1and df(s,s’) =1, and L — i neighbors s’ € Nh(s) with h(s”) =i+ 1 and df(s,s”) = —1. Then
from the normalized sum of Eqn [I] we obtain:

(i) 4
L—1i

1P 1 1 1
3p(iyi+1) = 4" = . = : = :

L—i i 1+ef —A41 L
irer T 1+é—ﬁ L+ szi ’ 1+ee—/f 1+ Lz—i el i-l—e_ﬁ L+ef L—i
(i) Let x = € - =
1 T 1 1

0p(l,i—1)=1—-0g(,i+1)=1—

l+z 14z %+1:1+e*B.Lfi

because % =e B %
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Figure 9: Moran process with per-bit mutation rate. The figure shows the results of the average
discovery time obtained from computer simulation of a Moran process with per-bit mutation rate. We
consider the case of neutral drift with broad peak of ¢ = 1/2. We consider a population of size N, and in
each round an individual A is chosen at random to reproduce, and the off-spring A’ of A is produced from
the string of A with per-bit mutation rate of 1%. Then an individual is chosen at random to die and the
off-spring A’ replaces the dead individual (thus population size remains constant). The process stops as soon
as one individual reaches a string with Hamming distance at most ¢L from the target (one individual hits
the broad peak). The discovery time is the number of generations (reproductions) required by the individual
who reaches the peak the first time. We ran the computer simulation for 1000 samples for each experiment
and then plot the average discovery time, and the figure shows the result for N = 100, 500, and 1000, and
shows the average discovery time as a function of the gene length L. We again observe that the discovery
times grow exponentially in n in all cases.
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Figure 10: Wright-Fisher Process. The figure shows the evolution of populations in the Wright-Fisher
model, for population size N = 104, for various values of L. We consider the multiplicative fitness landscape
with » = 1.01, and the selection is felt from L/2 away from the ideal sequence 0. At every generation a
new population replaces the old one, such that the expected number of off-springs of an individual of the
old population to the new one is proportional to its fitness. These off-springs are mutated with a uniform
mutation rate per bit (u = 107%)). The first two figures depict the evolution of the mean fitness and
normalized mean fitness of the population, while the last figure depicts the normalized average distance of
the population from the target sequence 0. The results are obtained from a computer simulation where for
each value of L the simulation was ran for 50 cases, and the averages are shown.
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