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The goal of this paper is to develop a mathematical model that analyzes the selective advantage of the SOS response in
unicellular organisms. To this end, this paper develops a quasispecies model that incorporates the SOS response. We
consider a unicellular, asexually replicating population of organisms, whose genomes consist of a single, double-stranded
DNA molecule, i.e. one chromosome. We assume that repair of post-replication mismatched base-pairs occurs with
probability 4, and that the SOS response is triggered when the total number of mismatched base-pairs is at least /5. We
further assume that the per-mismatch SOS elimination rate is characterized by a first-order rate constant ksops. For a single
fitness peak landscape where the master genome can sustain up to / mismatches and remain viable, this model is
analytically solvable in the limit of infinite sequence length. The results, which are confirmed by stochastic simulations,
indicate that the SOS response does indeed confer a fitness advantage to a population, provided that it is only activated
when DNA damage is so extensive that a cell will die if it does not attempt to repair its DNA.

Citation: Kama A, Tannenbaum E (2010) Effect of the SOS Response on the Mean Fitness of Unicellular Populations: A Quasispecies Approach. PLoS ONE 5(11):

Received April 17, 2008; Accepted October 26, 2010; Published November 30, 2010

Copyright: © 2010 Kama, Tannenbaum. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by an Alon Fellowship, Israel Science Foundation (http://www.isf.org.il). The funders had no role in study design, data

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Genetic repair is an essential component of cellular genomes.
Without mechanisms for repairing damaged and mutated DNA,
genomes could not achieve sufficient information content to code
for the variety and complexity of modern terrestrial life [1].

Genetic repair mechanisms fall into two main categories: Those
that correct base mis-pairings during the replication cycle of a cell,
and those that repair mutated and damaged DNA during the
growth (G) phase of the cellular life cycle [1].

Two important examples of the first class of repair mechanisms are
DNA proofreading and mismatch repair (MMR). DNA proofreading
is a repair mechanism that is built into the DNA replicases them-
selves. During daughter strand synthesis, an erroneously matched
base is excised, and a second attempt at a base pairing is made [1].
Mismatch repair also removes erroneous bases from the daughter
strand, but does this shortly after daughter strand synthesis [1].

Two mmportant examples of the second class of repair mechanisms
are Nucleotide Excision Repair (NER) and the SOS response [1].
NER protects a cell from damage due to radiation, chemical muta-
gens, and metabolic free radicals by removing damaged portions of
the DNA strand and using the other, presumably undamaged strand
as a template for re-synthesis of the excised region [1].

The SOS response is a genomic repair mechanism that only
activates when there is extensive damage to the cellular genome.
When DNA damage is sufficiently extensive, the cell stops growing,
and the SOS repair pathways attempt to restore complementarity to
the genome [1]. The SOS response only takes effect when DNA
damage is so extensive that it may be impossible to use undamaged
template strands to correctly re-synthesize damaged portions of the
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genome. Thus, although this means that the SOS repair mechanism
is highly error prone, it is evolutionary advantageous for the cell to
repair the genome and risk fixing deleterious mutations, than it is to
leave the damaged genome unrepaired [1-4].

In recent work with quasispecies models of evolutionary
dynamics, quasispecies models [5—7] considering the first class of
repair mechanisms have been studied [8-11]. In addition,
semiconservative replication, including semiconservative replica-
tion with imperfect lesion repair (i.e. not all base-pair mismatches
are eliminated), has been considered [12-15]. Additional effects,
such as multiply-gened genomes, as well as multiply chromosomed
genomes, have been considered as well [16,17].

This paper continues the theme of incorporating various details
characteristic of cellular genomes by developing a quasispecies
model that takes into consideration the SOS repair mechanism. The
model is highly simplified, and therefore only a first step in
developing proper evolutionary dynamics equations with SOS
repair. Nevertheless, because our model is analytically tractable, we
believe it is a useful and important initial approach to mathemat-
ically modeling the evolutionary aspects of the SOS repair pathway.
A proper modeling of the SOS response is an essential component
of developing a quantitative theory of mutation-propagation in
cellular organisms, which is important for understanding phenom-
ena such as the emergence of antibiotic drug resistance in bacteria,
and cancer in multicellular organisms [2-4].

Materials and Methods
Definitions and Model Set-Up

We consider a unicellular population of asexually replicating
organisms, whose genomes consist of a single DNA molecule, i.e.
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one chromosome. The genome may then be denoted by {g,0'},
where o, ¢’ denote the two strands of the DNA molecule. If the
genome is of length L, then we may write o=b;...bp,
a'=b ...b'; where each base b;, b'; is chosen from an alphabet
of size S (usually =4). If b; denotes the base complementary to b;
(for the standard Watson-Crick bases, the pairings are
Adenine(A) — Thymine(T), Guanine(G)— Cytosine(C)), and &
denotes the strand complementary to o, then @=by ...b1. This
follows from the antiparallel nature of double-stranded DNA [1].

We let n(; ) denote the number of organisms with genome
{0,0'}, and we assume that replication occurs with a genome-
dependent, first-order rate constant, denoted k{4 ). The set of all
K{s,s/y defines the filness landscape. 1t should be emphasized that
fitness in this model only refers to replication rate. In particular,
this model does not consider cell death.

The semiconservative replication of the DNA genomes happens
in three stages:

1. Strand separation, whereby each strand of the chromosome
separates to act as a template for daughter strand synthesis.

2. Daughter strand synthesis. We assume a genome and base-
independent mismatch probability ¢. This error probability &
includes all error correction mechanisms, such as proofreading
and mismatch repair, that are active during the replication
phase of the cell.

3. Lesion repair, where any post-replication mismatches are
removed. Here, there is no longer the parent-daughter strand
discrimination that was available during daughter strand
synthesis, so in contrast to DNA proofreading and mismatch
repair, lesion repair has a 50% chance of removing the
mutation, and a 50% chance of communicating it to the parent
strand and fixing the mutation in the genome (the lesion repair
can occur via either Base or Nucleotide Excision Repair) [1].
We also do not assume that lesion repair is perfectly efficient, so
that we consider a genome and base-independent probability 4
of removing a mismatch. We call A the lesion repair efficiency.

In our simplified model, the SOS response is triggered if a given
genome has at least /g mismatches. The replication rate of all cells
undergoing SOS repair is zero. We assume that removal of
mismatches is catalyzed by an enzyme that binds to a mismatch
and then eliminates the mismatch at a rate characterized by a first-
order rate constant kgps. Therefore, the probability that a given
mismatch is eliminated over an infinitesimal time interval dt is
given by Ksosdt (see Figure 1).

In this paper, we will consider the behavior of the model in the
limit of infinite sequence length. If u=eL is held constant as
L— o0, then the probability of an error-free daughter strand
synthesis is given by (l—e)L—w*”. Therefore, fixing p in the
infinite sequence length limit is equivalent to fixing the per-
genome replication fidelity. It should be noted that p is the average
number of mismatches produced per DNA strand per replication
cycle.

The assumption of infinite sequence length is a common
assumption in quasispecies theory, because it is the mathematical
formalization of the long genome-length regime that makes the
neglect of backmutations exact. While finite genome length effects
need to be considered in dynamic fitness landscapes, where
adaptation to specific genomes is important [18], for static
landscapes (like the one being considered in this paper), good
agreement with the infinite sequence length results may be
obtained with genomes as short as ten bases.

Finally, we assume that the fitness landscape is defined by a
master genome {09,8¢}. Specifically, we define a genome {o,0'}
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Figure 1. (Color online) lllustration of the SOS repair mecha-
nism being considered in this paper. A DNA genome with two
base-pair mismatches is restored to a fully complementary genome in
two repair steps, where during each step a single mismatch (i.e. lesion)
is eliminated. The first lesion is repaired correctly, so that the original
base-pair of the master genome strands (solid blue lines) is restored,
while the second lesion is repaired incorrectly, so that a mutation
(dotted red lines) becomes fixed in the genome.
doi:10.1371/journal.pone.0014113.g001

to be viable, with a first-order growth rate constant k > 1, if it has
fewer than / mismatches, and if it does not differ from {09,560} by
any fixed mutations. Otherwise, the genome is unviable, with a
first-order growth rate constant of 1. We recognize that this
terminology is somewhat inappropriate, since a genome with a
first-order growth rate constant of 1 may still replicate. However,
this is standard terminology from quasispecies theory, where
“viable” and “‘unviable” are taken to be synonymous with “higher
fitness” and “lower fitness” respectively.

The justification for this choice of fitness landscape is as follows:
If a genome has a fixed mutation, then neither DNA strand
corresponds to either of the master strands gp, 9. As a result, the
genome does not contain all of the information corresponding to a
viable organism, hence the organism is unviable. While this
assumption is clearly extreme and oversimplified, it is the analogue
of the single-fitness-peak landscape for single-stranded genomes.

However, in the case of a mismatch where one of the bases is
the same as the corresponding base in one of the master strands,
the information contained in the master genome is still preserved
in one of the strands, so that the organism is assumed to remain
viable if the total number of such mismatches does not exceed
some cutoff value /.

For convenience, Table 1 summarizes the main parameters of
the model.

Symmetrized Population Distribution

We can develop the infinite sequence length equations for our
model, assuming an initially prepared clonal population consisting
entirely of the wild-type (mutation-free) genome {09,6¢}, i.e. a
population consisting entirely of the fastest replicating genotype.
Because, during replication, only a finite number of mutations are
possible, at any time time the population will consist of a
distribution of genomes {0,0'} where g, ¢’ differ from either gy
and 09 in at most a finite number of spots. Thus, given two gene
sequences o1, 02, if we let Dy(01,02) denote the Hamming
distance [19] between o1 and o3 (i.e. the number of sites where 1
and o, differ), then either Dy (0,00) and Dy (d',69) are finite, or
Dy (0,60) and Dy (d’,00) are finite.
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Table 1. The various parameters and their definitions in our

model.

Parameter  Definition

{o,0'} General notation for a genome

{60,60} The master genome

S Alphabet size

L Genome length

€ Per-base mismatch probability during daughter strand
synthesis

u Lc

k Fitness of the master genome

2 Lesion repair probability

I Maximum number of mismatches a genome can tolerate and
still remain viable

Is The minimum number of mismatches required to trigger the
SOS response

KsSos First-order rate constant characterizing the rate of SOS repair

doi:10.1371/journal.pone.0014113.t001

The Hamming distance between two sequences ¢ and o2 1s
simply equal to the number of positions by which they differ. It may
be readily shown that the Hamming distance is a metric over the
space of sequences [19], so that, in particular, the Hamming distance
satisfies the Cauchy-Schwartz Inequality: Given three sequences a1,
07, and g3, we have DH(O'l,O'z) +DH(O'2,0'3) ZDH(61,0'3).

Now, in the limit of infinite sequence length, it may be
shown that, with probability 1, that the Hamming distance
between ¢y and its complement 6y is infinite [12]. Therefore, if
Dy(0,00) and Dpy(0,G9) were both finite, we would obtain
0 :DH((T(),a'()) SDH((T(),(T) +DH((T,6'0) < oo=><, and so ¢ can-
not simultaneously be of finite Hamming distance to ¢ and 6.
Similarly, ¢’ cannot simultaneously be of finite Hamming distance
to op and ay.

As a result, we can define a strand ordering (0,6") for a genome
{0,0'}, where it is understood that ¢ is a finite Hamming distance
from 09 and ¢’ is a finite Hamming distance from &y.

A given genome (0,0’) may then be characterized by four
parameters /¢, I, g, and . We let /¢ denote the number of sites
where ¢ and ¢’ are both complementary, yet differ from the
corresponding bases in oy and 6o. We let /. denote the number of
sites where ¢ differs from gy, but ¢’ is identical to 9. We let /g
denote the number of sites where ¢ is identical to a¢, but ¢’ differs
from &y. Finally, we let /5 denote the number of sites where ¢ and
¢’ differ from oy and 6y, but are not complementary (for an
illustration of these parameters, see [7,13]).

Note that the fitness landscape depends only on ¢, /1, I, and
Ip, and hence the fitness of a given organism may be denoted by
K(le.l1Irl5)> Where for our single-fitness-peak landscape we have
K(iepirdg) =K if lc=0 and I +Ir+Ip</, and 1 otherwise. The
condition /¢ =0 means that there are no mutations fixed in the
genome, while the condition /, + /g + /5 </ means that there are
fewer than / lesions.

By the symmetry of the fitness landscape, and by the symmetry
of the initial population distribution, we can group all genomes of
identical /¢, I1, I, and Ig, and derive the dynamical equations of
the symmetrized population distribution. We therefore let
i1y Ix.l5) denote the total number of organisms in the population
whose genomes are characterized by the parameters /¢, [1, Ig, and

SOS . .
Ig, and we let n;; denote the total number of organisms in
(le IR, IB)
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the population undergoing the SOS response, whose genomes are
similarly characterized by the parameters Ic, Ip, Iz, and Ig. The
C?Srégsponding population fractions are denoted z(.j, 1.1, and

Z(edidrs)? respectively.

Dynamical Equations

Toggvelop the dyn.a.mical equatigns for both. the.ZUCJLJRJK) and
the Z(ediinly) duantities, we begin by considering a genome
(g,0"), characterized by the parameters /¢, I;, Ig, and /3.

We first consider the case where this genome is not undergoing
the SOS response. Then, due to the semiconservative nature of
DNA replication, this genome is being destroyed at a rate given by
— K(ielp Jrds) el ir.lz)- Lhis genome, however, is produced by
other genomes in the population, as a result of replication. So,
consider some other genome (¢”,6"") which produces (,6”) upon
replication. This can either occur via the ¢” template strand, the
d"" template strand, or both.

If the (¢”,6"") genome is characterized by the parameters /'¢,
l'f, 'k, and [’g, then ¢” differs from oo in I'c+17 +1’s bases.
Because sequence lengths are infinite, the probability of a
mismatch in one of these bases during daughter strand synthesis
is 0. In the remaining sites, let /7 denote the number of mis-
matches that are not corrected, and /%5 denote the number of
mismatches that are repaired, but fixed as a mutation in the
genome. Then the resulting genome (g,0") is characterized by:

Lile=lc+17+1s+15

2.1,=0
3. lg=11
4.1p=0

The probability of a given set of mutations corresponding to /7,
1%, is et (1=2)" (7)2)% (1 —e+ei2) L - l==E e
term (1 —6+€ﬂ/2)L7,€7”‘/ ~li=l = 3 rises as a probability that the
remaining L—1'¢ —1'7 —1'g—1{ —1% sites on ¢" remain identical
to 09, and the corresponding daughter strand sites are identical to
0o. The per-site probability of this is the probability of error-free
daughter strand synthesis, 1—e¢, plus the probability of a
mismatch, times A, the probability that complementarity
is restored, times 1/2, the probability that complementarity is
restored correctly. It is assumed that complementarity is restored
by various DNA repair mechanisms, such as Nucleotide Excision
Repair (NER) and Base Excision Repair (BER) [1]. However,
because NER and BER do not distinguish between parent and
daughter strands, the probability of correctly removing a mis-
match via these mechanisms is 1/2.

The  degeneracy is given by (L—I¢—1I1—1I)!/
(BN L—1e—11—Is—11—13)!, so in the limit of infinite
sequence length the total probability becomes,

(L—le—1;—15)!
MBN(L—=1c—1p—15—11—13)!

i
x el +B (1 _/l)/f (%) (1—(1 _/l/z)e)L—l&—lZ—l[;—li’—lé’

1 i (B2 i
~ =21 (%) e m

1

If (0,0") is generated by ¢’”, then we have,

Lle=I1¢+1h+15%+15
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2. I =11
3.Ig=0
4.13=0
We also obtain an overall transition probability of
L/ (13D [ = 2] (i 2)" e (=22

It is important to note from the ¢’ and o' results that genomes
with />0 cannot be generated during replication. Since SOS
repair eliminates mismatches, it follows that a population where /5
is initially O for all genomes will always have a population where
Ip=0. Therefore, we may assume in subsequent derivations that
Ig, I'g are 0.

Furthermore, note that strands ¢ that are a finite Hamming
distance away from ¢y can only generate daughter genomes where
[, =0, while strands ¢'” that are a finite Hamming distance away
from Gy can only generate daughter genomes where /g =0

Then for the genomes (0,0") generated by d”,
le=1lt+11+15, and [g=1]. Therefore, the restriction on
(a",6") is that 0<ls5<le, o<l <lc—1%, and
l't=1c—1"1 —15. Note that there is no restriction on /'z.

Then for the population number 7(. 0.0, we have a
contribution from the ¢” strands of

we have

1 IR p—1(1=2/2)
Tl =a)re

Klie—1p 507 13.0) (10— 1~ B.17 13.0)

A similar expression is obtained for the population number
N(10,1,,0,0)> except IR is replaced with /7, and the roles of /7 and I'
are exchanged.

It should also be noted that, by the symmetry of the fitness
landscape, we have that 7. 1, i 15) =M(ic.ix,01.15)- Another way to
note this is that, for a given genome (g,0"), if we change the
ordering of the strands so that the first strand is of finite Hamming
distance to 69, and the second strand is of finite Hamming distance
to 0, then the genome {7,0’'} must be represented as (¢',0), and
is characterized by the parameters Ic, Ir, Iz, and Ip. If By j, 1e.1)
denotes the number of genomes characterized by I¢, I1, g, and I,
with respect to the (69,0¢) strand ordering, then since there is a
one-to-one correspondence between genomes (a,6") with param-
eters Ic, I, Ig, I with respect to the first ordering, and genomes
(0,6") with parameters Ic, Ig, Ip, Ip with respect to the second
ordering, it follows that A, s, 1..15) =M(lc,lry 15)- However, since
the fitness landscape is invariant under strand ordering, we have
Ml dplrls) =Pic iy lnly)s SO that Tic,ludr.tg) = e Ir.L.l8) -

Taking into consideration the contribution to 1, 0,0,0), we may
put everything together and obtain, after changing variables from
population numbers to population fractions, the differential
equations governing the time evolution of the various population
fractions. These equations are,
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dz(1-.00 0 _

7 — (00,000 ®()Za.0.0.0)

(S0S) (50S)
+ KSOS(Z(IC,O,I,O) +(1— 51C0)Z(1C _ 1,0,1,0))

lc lc—llc » !

. y 1 AR

—u(1—7/2) I

e /20 /z—:o /z—:olLC!<2)
1.c=0 =0 h=

Kic—h,c—hlh0)2Uc =1y c—11.01.k.0)

dz(1.0,15>00)

i = — (K 0.0.1p.0) T K(O)2(1.0.12.0)

+ 1 [u(1— 2))Re=H1=4/2)
IR!

le=lic o

ZZZ

1.c
( ) Ko —I, o~ 02—l ¢~ 1111 .0)
=0 Ij=0 =0 he

for IR = 1, ...,IS -1
(S0S)
dz (/C01R>00)
dt
. R+1( (508) F(1=6, 4)2599) )— 1z 599)
NN 2100 +1.0) 1c0)Z(10 1,0 +1,0)) ~IRZ(1,0.15.0)
. _(SOS)
- K(I)Z(IC,O,IR,O)
for IR = 1, ...,IS -1
(S0S)
dZ(/C,0,1R>0,0) _
dt
lR+1 (S0S) (S0S)
Ksos Cipoig+10T0= 51Co)z(,c,1 015 +1.0) ~IRZ(120.12.0)

(505)
- "(I)Z(/C 0./%.0)

+ 1 [u(1— 7)) Re=H1=4
Ig!

Ic le=llc «

1.C
> Y S () ke hsorite e

hc=0 =0 h=0

for Ip > Is (3)

where &(t)= Z;’CC‘:O Zfzzo E,O;:O K1y 0 0) (11 1R 0)
Zlc 0< (1¢.0.0.0)%(1¢.0.0.0) +23072%, K(1c00.0)7 (lCOIO)) is the
mean fitness of the population. It should also be noted that d;; is
the Kronecker delta function, so that d;=1 if i=j, and 0
otherwise.
Note that we do not write down the dynamical equations for
Z(l¢.1,0,0) OF Zgi?li))ﬂ)’ since they are redundant.
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The factor of 1/2 appearing in the SOS terms arises from
the fact that when a mismatch is removed, it either corrects the
daughter strand synthesis error, or it fixes the mismatch as a
mutation in the genome. In the former case, the value of /¢
remains unchanged, while in the latter case it is incremented by 1.

It should be noted that this factor is missing in the contribution to

Z(1¢,0,0,0) from SOS repair. The reason for this is that this contri-

(50S) _(50) (505) ) (505)
bution comes from 206010 Z(1:1.0,0) Z(le—1,0,1,0) and Z(e—1,1,00)"

(S0S) __(S0S) (S0S) _(505)
However, because 2010.01.0) = Z(1.1.0,0)° and Z(e—1.0,10) = Z(lc —1,1,00)>

we may combine identical terms and eliminate the factor of 1/2.

The factor of /+ 1 and / in front of the kg5og rate constant arises
from the fact that the fraction of genomes whose SOS enzymes are
bound to a mismatch is proportional to the total number of
mismatches, hence the resulting SOS rate constant is proportional
to the total number of mismatches.

Results and Discussion

Steady-State Behavior

Definitions and basic equations. To obtain the steady-
state behavior of our model, we begin by introducing some
definitions that will allow us to simplify the calculations.

L. 21 =2(0,0,0,0)-

2. 2= 30 _1 Z(0.00.0)-

3. z3= Z;’S;II-H 2(0,0,7,0)-
4o24= 3 1 200000)-
5.25= 3 S 1 Ze00.0)-
6.26=> P ZUe0r0)-
7.z
8.z
9.z

(SOS) __(S0S)
<201 =2(0,0,,0)

sos _(508)
Z/C 0% ICOIO)
(SOS) w _(SOS)
2o =120/

S08) _ o (SOS)
10. z(508) = =121
where we set /=1I[s—1 whenever [ was previously defined as
>Is. The differential equations for zj, z3, z3, za, zs, and zg are
readily derived. From the equations,

o0

Z (002.0)7(0.0.1.0) =k21 Thza+23 (4)

and
>3 L ()
oyt 0 2 OllC
(5)
Klic=h,c=hd1h0)%(lc =1 c=h411.0)
=" [kzy +2kzy + 223 + 24+ 225+ 22
we obtain,
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d.

% = — (k+(1))z1 + 2"V = kz) +kzy +23)
+KSOSZéfOS)

dz

= (kR0

+ (f1 (w,4) — l)e*“(1 —4/2) [kz) +kzy+z3)

dz

7[3 = —(14k&(1))z3

+ (flS* 1 (ﬂai) _ﬁ(/"}"))eiu(l —42) [kzl +k22 +Z3]
dZ4

o —(14%(1))z4

+2e H1=4/2) {e’“/z(kzl +2kzy+2z3+ 24+ 225+ 226)

6
—(k21 +k22 +Z3)} +Ksos |:2Z{?OS) Z(().?‘OS)] ( )
dz
=~ (1HR(D)zs

+ (i) = De 1=
[ewz(km +2kzy 4223+ 24+ 225+ 226)

*(kZl +k22+23)]

dzg _
v —(1+&(1))z6

+(flsfl(ﬂ,) f/(W))e MR
[e"*/z(kzl +2kzy 4223+ 24+ 225+ 226)

(ka1 + ka4 23)

We also have,

dz50% I+1

Oal] T =Ksos 5 250 —(Iksos + ®(1)z5 7
for 1 =1, ..., ls —1
dz(sos) [+1

il Ks0S 5~ ngff) (Iksos +R(1)z5 >

1=z k2

for [ > Ig

- (SOS) ()
i =wsos(+ D27 = (isos + k(D))"

for /=1, ...,1¢g — 1

dz (SOS) 14112508 _ g (S0S)
i =ksos(+1)zy, 7 —(xsos +E(D)zy;

1 :
+ 5 [ucl — ) e M= kz) 4 2kzy+ 223 + 24+ 225 + 224

for I > Ig
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We can add these equations to obtain,

d=(509)
e ksose O (2505
—u(l—7 8
+(1,e u(l )ﬁs—l(ﬂ’)~)> x (8)

[kZ1 +2kzy + 2234+ 24 + 225 +226]

For the purposes of computing the mean fitness at steady-state,
we can simplify the system of equations somewhat by defining
Z4=124+225+2z¢. We obtain,

dz _ Ca(1—

=~ (1 R(0)zs+ 2 ()

[e"}'/z (kzi +2kzy +2z3+24) — (kz) + kza 4+ 23) 9)
b rsos[ 22457 2509

For consistency of notation, in what follows we shall simply let z4

denote Zy4.

Determining the population fractions zgas), z(SOS), and
7805),  To obtain the steady-state behavior of this system of
equations, we begin by first solving for the steady-state of the
population undergoing SOS repair.

For /[=0,...,/ls—1 we have at steady-state that,

(s0S) _

2 K(t=0)\ (sos)
o 2 (=),

10
Ksos o (10

which gives,
ol —1 [Ig—1
(S0S) __
forg T T |:1H1 (l+

For [>1s, we have,

2
(S0S)
200l =7 (1 +

2 1
KSos (l+ 1)'
e~ r1=4/2) [k21 +kz;p +Z3]

K(lzoo)):|z(()§0S) (11)

Ksos

'_C(IZOO)> (S05S)
— |Fn
Ksos

(1= 2] x (12)

This expression has the form of the recursion relation,
Xp41=0apX, —by. Using mathematical induction, it is possible to
prove that x,=a,_1 X ... XdpXo—ay,_1 X ... X albo—an,l X

. Xuzb] — ... —anflbnfz—bnfp Therefore,
-1 h R(1=0)
(SOS) ’
zZ, =— '+ —-=
ol il l’;( Ksos )
(S0S) 2 —u(1=4/2) (. k
Z0 —ae (kzi +kza+z3) 13)
I 1 ]Sfl
s w(1—4) k wl1=2)
1712(1/4—’{([ oo)) Pt 1:12(1S+1,+1c(t=oo))
Ksos Ksos
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where we define H?:l ai=1.

1—2
If we define g;(uA;&(t=00),ks0s)= Hf,zl H(%_)
. K(t=00)
'+ —=
, 1-1 Ksos
S Ik, u = ) , then imposing the requirement
= ——
SOS
that lim;_, o, ngOS) =0 gives, at steady-state, that,

(S0S

KS0SZo1 ):267”(171/2)[1621 +kzy+z3) % 8l (1/2,A; k(t=0),ks0s)

(14)

Using a similar argument, we obtain,

(SOS) __
1 =

KSo0sZ) eil‘(li;”)[kzl +2kzy +225 +Z4] X 8lg (,u,/l; fC(Z: OO),Ksos)

(15)

For the steady-state value of 2599, we have, using the identity
K(t)=kzy +2kzy + 223+ z4,

808) 1 _ p—r(1=2) o (flsfl(:“’/l) +g’s('u’/l; K(t= OO)JKSOS))

(16)
Computing the steady-state mean fitness k(#=0). Plug-

. . (SOS) (Sos) .
ging our expressions for Ksoszy, and Ksosz); into the

steady-state population fractions equations, we obtain,

0=—(k+x(t=00))z;
+2€7“(1 —4D (1 +g15 (g,)»; I_C(l= OO),Kst))X [kZl +kz, +Z3]

0= —(k+&(t=00))z2+ (fi(. ) — Ve = Dlkz) + kzy + z3)
+

(17)
0=—(14+&(t=00))z4
+2e M0 (fig 1 () + 15 (5 Rt = 0) kesos) )
X [kzy +2kzy + 223+ z4]
—u(— . uo,
—2e™ M1 <flsfl(ﬂa)t) +8ig (E K (t= OO),KSOS))
X [kZ] +k22+23]
From these equations we may derive the equality,
k(z1+22)+123
=[k(z1 +z2)+z3]le M4 (1)
o i 14216 (1) 2,2 ’(t = 00),k505) +J1(1,A)  fig—1(pt. ) —fi(u,2)
k+x(t=00) 1+K(t=00)

Below the error catastrophe, when zy, z, z3 are not all 0, we may
cancel k(z) +23) 4 z3 from both sides of the equation and re-arrange to
obtain,
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](r=00) = A(w2; Kokcsos k(1= 00) — B(u, A K.ksos) =0 (19)

where,
A(p,2; ®(1=00),K505)

=k |:e*/1(17%)(1 +f1(,u,l) +2g[S (g ,),; fc(t= OO),K505)> - 1:|

e D (g e —filw)) 1 (20)

B(u,2; &(t=00),ks05)

_ke "D +fig—1 (1A) + 281 (g,a; R(1= oo),rcsos)) —1]

Beyond the error catastrophe, the mutation rate is sufficiently
high that the selective advantage for remaining localized about the
lc =0 genomes disappears, so that zj, z3, and z3 drop to 0. The
relevant steady-state equation is then,

0=—(14+&(t=00))zg+2e H1=H

(21)
X (ﬁsfl(ﬂ,nglS(ﬂsi; k(1= OO)aKSOS))Zzt

which may be solved for k(t=00) to give,

R(1=o00)=2eH1=7 x [ﬁs_ 1(1aA) + g1 (a2 (1 = OO),KSOS)] =1
(22)

The error catastrophe occurs at the mutation rate for which the
two expressions for the mean equilibrium fitness become equal. As
with previous quasispecies models, the error catastrophe here also
corresponds to a localization to delocalization transition over
sequence space [5—7].

Limiting Cases. We now proceed to consider the behavior of
the steady-state mean fitness for a number of limiting cases, in
order to better understand our model. We consider the following
cases: (1) A=1, corresponding to perfect lesion repair, so that there
are non-complementary genomes in the population. (2) /s= 00,
corresponding to the case where no genome ever undergoes the
SOS response. (3) ksos— 0, corresponding to the case where
SOS repair happens rapidly, so that there is a negligible fitness
penalty associated with undergoing the SOS response.

Case 1: A=1 When A=1, we get for I[g>0 that
g1 (1A k(1= 00),ks50s) =0, and that fj,_;(p,A)=1. Therefore,
above the error catastrophe, we obtain k(t=00)=1. Below the
error catastrophe, we have A(u,l;%,ksos)= k(Ze*”/z - l) -1,
B(,u,l;R(l‘=OO),K505)=]€(2(37“/2—1), giving fC(l=OO)=
k(Ze*"/ 2—1). These results are in agreement with the solution
of the semiconservative quasispecies equations with perfect lesion
repair [12].

Case 2: Is =00 When Ig= o0, then g, (u,4; k(1 =00),ks0s) =0.
Below the error catastrophe, we have A(u,4;K(t=0),ks0s)=
Kle™ 4P (14 f(129) — 1]~ fi(2)e 024 /21 and
B(p,2; K, ks05s) =k(e*”(1 —HD) ferA2 1). Above the error ca-
tastrophe, we have &(#=00)=1. Both results are in agreement with
the semiconservative quasispecies equations with arbitrary lesion
repair efficiency [13].
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Case 3: Ksps— 0 When kgps— 00, then gls(‘u,i; K(t=0),

Kksos)=e"1 =" —fi_1(u,1). Above the error catastrophe, we get
that (¢=00)=1. Below the error catastrophe, we obtain that,

A(u, ;K (t=00),K508) = k[e_”(l_}*/z)(l + fi(p,7) + 2er1=A/2

2 1(1/2.2)) = 1]+ e M (i (10,2 — fi(12)) — 1, and
B(u,2; k(1= 00),ks0s) =k [e T =HD (14 fi 1 (u,4)+2e1 (1 =42~
i1 (1/2,) 1.

Taking Is=1 for kspos—o0 gives A(u,4;K(t=00),ks05) =
k[2e_“/2 — 1] —1, and B(p,2; k(1= 0),ks0s) =k[2€“‘/2 — 1], so
that k(1= o0) =k[26_"/ 2 1] below the error catastrophe. This
result is identical with the semiconservative quasispecies equations
with perfect lesion repair, which makes sense, since here we
assume that any lesion is eliminated instantaneously [13].

Optimal cutoff. If we assume that k> 1, and kgos— 00, then
it is possible to find the value of Is which maximizes the steady-
state mean fitness k(¢=o00). To do this, we define a normalized
mean fitness ¢ to be equal to k(= 00)/k, and if we divide Eq. (19)
by k2, we obtain that ¢ is the solution to,

P sl bosos)h— L Bluisdasos) =0 (23)

where, a(p,4; §.kcs0s) =e 1 _1/2)[14‘](1(!4,2) +2eM1=A2—2fi

(/2214 2 [e 7 () i) —1], and (s

dKs0s) =e M4 [1 +fig—1(t,2) +2e11 =P/ —2ﬁs,1(#/2,1)}
—1.

Therefore, for large
a(u,4; ¢,ks0s), which gives,

k we obtain that ¢— limy_

B HIHD 20 2 e MU (fi(102) = 2fi 1 (1/2.))
(24)

so that maximizing ¢ is equivalent to maximizing fi(u,4)—
2fig—1(1/2,2).

Now, because / must be re-set to /s — 1 whenever we take Ig </,
we can only vary /s independently of / whenever Ig>1/. In this
regime, the expression fi(u,A)—2f1,—1(u/2,4) is maximized
whenever I[g=1+1.

In the regime where Is </, [ is re-set to /s — 1, and so,

Si(u2) =2fig-1(1/2.2)
:f/S* 1 (:u’;“) 72fl5*1 (/1/2,,{)

lg—2 k
_ [u(1=2)] !
=—14u(l1—2)x 1; e <1—27>

and so this expression is equal to —1 for Ig=1,2, and then
increases with successive values of Ig.

Now, because / is re-set to g — 1 for /g </, it follows that we take
I=I[s—1 for Is<I+1. For /=0, we then obtain that ¢ is
maximized over /s </+1 for /[g=1, while when /=1, we obtain
that ¢ is maximized over Ig </+ 1 for [s=1,2. For / >2, we obtain
that ¢ is maximized over Is </+1 for Ig=1+1.

Therefore, in any case, we can maximize ¢ over [s</+1 by
taking /[s=/+1. Since we can maximize ¢ over lg>I[+1 by
setting Is =/+1, it follows that ¢ is maximized when lg=/+1.

We reach the conclusion that, when the fitness penalty for having
a non-viable genome is sufficiently great, the SOS response will confer a

(25)
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maxumum selective advantage if it is activated when and only when the genome
has sustained sufficient genetic damage so that it will be unviable without SOS
reparr. However, it should be emphasized that this only holds when u
is not near the error catastrophe, so that ¢ is sufficiently larger than
1 for large k that the above analysis holds.

Stochastic Simulations

We developed stochastic simulations of a unicellular population
capable of undergoing the SOS response, in order to numerically
test the analytical predictions of our model. We consider a
constant population of genomes that is cycled over every time step.
During each cycle, every genome is allowed to replicate with a
probability s ;1 At, where k(4,1 is the first-order growth rate
constant of genome {0,6'}, and At is the length of the time step.
We take At to be sufficiently small so that the probability of a given
genome replicating more than once during a cycle is negligible.

We assume that the population initially consists of a clonal
population of wild-type (mutation-free) genomes. The fitness of a
given genome {0,0'} is determined by assigning /c,/r,lg,lp
parameters to the ordered-pairs (,0"), (¢',0) with respect to the
ordered-pair (6¢,00). For each set of I, I1, Ir, and /g parameters,
a fitness is assigned based on the fitness landscape defined
previously. The fitness of the genome is then taken to be the larger
of the two calculated fitnesses. In the limit of infinite sequence
length, this prescription for calculating fitnesses becomes identical
to the method used in the analytical solution of our model.

If a genome replicates during a cycle, then it is removed from
the population, and the two daughters are added to the population
of genomes. To maintain a constant population size, another,
randomly chosen genome is removed from the population as well.
Because this approach is simply the stochastic implementation of
the quasispecies dynamics of the system, it converges to the infinite
population, continuous time result as the population size gets
larger and the time steps get smaller.

If a daughter genome is produced that has at least /s lesions, then
it enters the SOS response, and is assigned a replication probability
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of 0. A genome that has initiated the SOS response continues to
undergo SOS repair until all lesions have been removed, and a
complementary genome has been restored. During every time step,
a genome that is undergoing the SOS response has its lesions
scanned, and each lesion is repaired with probability ksosAt. In
addition to being chosen small enough so that the probability of
a given genome replicating more than once during a cycle is
negligible, we also choose At to be sufficiently small so that the
probability that a given genome undergoing the SOS response has
more than one lesion repaired during a cycle is also negligible.

The stochastic simulation is allowed to run for a sufficient
number of time steps so that the mean fitness of the population
does not change significantly, at which point the system is assumed
to be at steady-state.

Figures 2 and 3 show plots comparing the mean fitness obtained
from the analytical solution to the mean fitness obtained from
the stochastic simulations. As can be seen from the figures, the
agreement between the analytical solution and the stochastic
simulation is excellent.

Conclusions and Future Research

This paper developed a quasispecies approach for describing the
evolutionary dynamics of a unicellular population that incorporated
a simplified model of the SOS response. The model was a
generalization of the single-fitness-peak landscape that is often used
in quasispecies theory to study various problems in evolutionary
dynamics. The model was shown to be analytically solvable, and it
was found that the solution led to a maximal selective advantage to
the SOS response in a manner that is broadly consistent with the
behavior of actual organisms. Specifically, we showed that the SOS
response should only be activated in a cell with a sufficiently
damaged genome that it will be unviable if the SOS response is not
activated. In such a situation, the cell has “nothing to lose,”
meaning that it is better to attempt to repair the genome and risk
introducing deleterious mutations, than it is to leave a highly
damaged genome alone.

Mean Fitness

M

Figure 2. Comparison of the mean fitnesses obtained from both stochastic simulations (dots) and the analytical solution (solid line)
of our model. Parameter values are k=9, /=4, [s=35, 1=0.08, ksos =100, L=100. The population size was set at 1,000.

doi:10.1371/journal.pone.0014113.g002

@ PLoS ONE | www.plosone.org

November 2010 | Volume 5 | Issue 11 | e14113



SOS Response on Mean Fitness

10
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Figure 3. Comparison of the mean fitnesses obtained from both stochastic simulations (dots) and the analytical solution (solid line)
of our model. Parameter values are k=9, /=4, [s=5, 2=0.08, ksos =10, L=100. The population size was set at 1,000.

doi:10.1371/journal.pone.0014113.g003

For future research, it will be important to consider more
realistic models that will allow for quantitative models that can be
used in collaboration with experiment. Because the SOS response
is a genetic repair pathway that works in conjuction with other
cellular repair pathways, a proper understanding of the SOS
response is important for developing a coherent theory of
mutation-propagation that will be useful for understanding the
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