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Selective advantage for conservative viruses
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In this article we study the full semiconservative treatment of a model for the coevolution of a virus and an
adaptive immune system. Regions of viability are calculated for both conservatively and semiconservatively
replicating viruses interacting with a realistic semiconservatively replicating immune system. The conservative
virus is found to have a selective advantage in the form of an ability to survive in regions with a wider range
of mutation rates than its semiconservative counterpart, as well as an increased replication rate where both
species can survive. This may help explain the existence of a rich range of viruses with conservatively
replicating genomes, a trait that is found nowhere else in nature.
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Deoxyribonucleic acidDNA) is often called the mol- duced by the cell or coded for by the virus and we refer the
ecule of life. The vast majority of organisms in nature storeinterested reader to the vast literature on the subject ranging
their genetic information in the form of double strandedfrom general overviews$1,2] to detailed work on aspects
DNA, which provides a number of benefits over its closesuch as strand asymmetry in RNA viral replicati@]. The
relative and likely predecessor, ribonucleic a@RNA) [1]. biochemistry of the immune system represents an equally
These benefits include a predictable secondary structure amdmplex field[4]. It is fascinating that, despite the complexi-

a resistance to autocatalytic cleavage and hence a longtes of these processes, the quasispecies model, described
half-life. However, viruses stand out as a notable exceptiofelow, has been very successful in providing detailed, ex-
to the “DNA world,” employing a variety of methods for perimentally verified, predictions on the nature and behavior
genetic storage including single stranded R{¢4y., tobacco of these systems.

mosaic virug, double stranded RNAsuch as reovirys lin- Introduced by Eigen in 1971, the quasispecies mp&lé|

ear and circular single stranded DNiucluding parvovirus has been used to study various characteristics of conserva-
and bacteriophageX174, respectively and a variety of tively replicating organisms ranging from equilibrium data to
double stranded DNA typggxamples of which include bac- punctuated evolutioh7-17]. The model consists of a popu-
teriophage T4, polyoma virus, and poxvifusDouble lation of independently replicating genomes each of
stranded DNA replicates semiconservatively, wherein awhich is made up of a set of “letters;s, - -s, chosen from
double stranded genome is unzipped and the single strands “alphabet” of sizeS. S is usually chosen to be 2 for
are individually replicated to produce new complementarysimplicity or 4, as in this paper, to model the nucleotides
strands. Many viruses, on the other hand, replicate conservésund in nature, adenine, cytosine, thymine/uracil, and gua-
tively, wherein multiple copies of a single strand are madenine (denotedA, C, T, and G, respectively. Each possible

and the original strand is conserved. This suggests that eithgenome is assigned a fitness that dictates its fecundity. This
the benefits of DNA, such as the facilitation of proofreading,mapping of fitness to genotype can be represented by a
must be less for viral specidpossibly due to a shorter ge- unique “fitness landscape.” The process of replication in-
nome length or unusual life cycleand/or a selective advan- cludes a probability of point mutation per base pathat is

tage must exist for conservatively replicating viruses, such agenerally assumed to be genome independent. By associating
lowering the cost of replication. In this paper we use thephenotype with genotype and assuming a first-order depen-
quasispecies model to demonstrate such an advantage fordance of the growth rate on concentration, a set of differen-
conservative virus coevolving with an adaptive immune systial equations can be solved to describe the competition be-
tem. Although this does not explain the prevalence of coniween various genotypeg5,6]. Although the model
servative viruses infecting simple organisms such as bacterimcorporates numerous approximations, it is well suited to
it does shed light on the interaction between viruses andescribing small RNA genomes and viruses and many of its
complex organisms, as well as the constant battle waged hyredictions have been experimentally verified. One of the
an immune system against disease. Lastly, the model can Imeajor successes of the model lies in recent work on novel
easily adapted to represent a rapidly changing environmengntiviral therapie$18,19.

independent of the existence of an adaptive immune system. The quasispecies model has recently been extended to the

While viruses are highly diverse in nature and architec-coevolution of hosts and parasites and the particular case of
ture, viral replication can generally be thought of as one stegn adaptive immune system interacting with a vir2e,21].
in the infectious cycle, usually characterized as host cell enviruses make detrimental use of host biochemical processes
try, genome replication, and transcription/translatisome-  while the immune system expends enormous effort to keep
times accompanied by integrating into the host genom®  viral concentrations as low as possible. As the immune sys-
sembly of progeny virus, and host cell exit. From atem develops new defenses, the virus must adapt to defeat
biochemical perspective, viral replication is a complex,them. The immune system must then evolve to destroy the
virus-specific, matter, incorporating humerous enzymes prorewly resistant strains, and a nonlinear coevolving feedback
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loop is created. To model this behavior, the immune system {p, 9}
and virus are both assumed to evolve on a single fitness peak
landscape, where the fitness of all genomes is equal with the

. . Strand Separation
sole exception of a single master sequence of far greater

fitness, or
7, PF o, ? [/}
Alg) = { _ D
o> 7, ¢ - ¢01 )
where A(¢) represents the fithess of genorpeand {o, 5} Daughter Strand Synthesis
={a,, n,} for the virus and o, 7} ={0;s, 75} for the immune < v

system. This landscape is dynamic in that the fithess peak is
allowed to shift from one genome to another at specified
intervals. To model the interspecies interaction, the master
sequence for the immune system is assumed to impose a Lesion Repair
death rated on the corresponding viral sequence. When this
coincides with the viral master sequence, the viral fithess
peak shifts out of self-preservation. The new viral master {9, 0"} {9, 0}

seguence regenerates on a time seglelefined as the time _ o

required for the new master sequence to outnumber the old, F'G- 1. A schematic model of DNA replication. Adapted from
At this point, the immune fitness peak shifts to match the'@nnenbaunet al. [22].
viral master sequence and will regenerate on a similarly d
fined time scalers after which the viral peak shifts again.
These steps are iterated so that the virus traverses geno
space with the immune system in hot pursuit. Using recen
results on the dynamics of a quasispecies on time-dependeﬂ

Iandsiapizf?]l, Kant"np and Bprnlhofli20,2]] f?unld exlprets- levels reached by the old master before the shift, the fithess
sions forthe fong-term survival o1 eonservativelyeplicat- peak moves again. As this process repeats, any initial qua-

uwgVivl;usfand |r:nmun<ia syst;a[ﬁ(:j,zr]]] tr)nyl cc;ir:rilderl?gnghe be- Isispecies will disappear and genomes become stochastically
avior of €ach speciés on a dynamic TItness 1andscape. ifqy i ted. Further, an optimal mutation rate for the immune
essence, every time the fitness peak shifts, the concentratl(%

of the master sequence droos dramatically and beains to r ?stem can be found that minimizes the range of viral muta-
) d P X y 9 fon rates that allow persistence of the viral quasispecies.
grow, while the large concentration of the old master se-

drai Ri V. the d . f .~ ~This optimal rate has been determined and found to be inde-
gquence drains away. RIgorously, the dynamics of & qUasISpe, yan of the parameters of the model and the properties of
cies on a single fitness peak landscape follow a set o

differential equations defining the evolution of the various he viral species as well as comparing admirably with the
genomes in terms of their Hamming distank® (e, ¢'). rates of somatic hypermutation B cells [20]. The agree-

. _ment suggests that this model, although approximate in na-
Rure, captures the robust features of the coevolution of vi-
ruses with an adaptive immune system.

Although the host-parasite model has yielded impressive
successes, work has been restricted to conservatively repli-
A" (&)™ (1 = g™y, cating systems, which differ greatly from the true semicon-

servative systems that dominate nature. In a conservative
—f (Hw o) system, multiple, possi_bly error-prone, copies qf an origir_wa_l

XA strand are produced without harming or changing the origi-
wherex e {v,is}, w, is the concentration of all sequences of nal strand. Thus, the original quasispecies model is ideally
Hamming distancel from the master sequence(t)  suited for the study of RNA viruses am vitro RNA evolu-
=3 As(DW, js=(0is— i) Wojs+ 7 fOr the immune system, tion experiments. Semiconservative replication follows a dif-
f,(t)=4 for the viral sequence that coincides with the im_f_erent route shown sche_matically in Fig. 1. DNA exist§ as a
mune master sequence, afn)=0 otherwise ¢, represents tightly bound double helix structure, where each stranid
the point mutation probabilitymore complex mutations such connected to a complementary strapidwhere ¢ represents
as insertions and deletions, as well as the possibility of rethe complement of strang, and can be written ass," s,
combination, are ignored where we aSSign the nucleotidés= 1, G=2,T=3, C=/4,

Building on recent work regarding the dynamics of a qua-8nds=(s+S/2) modS. In order to undergo replication, the
sispecies on mobile fitness landscap@sa number of quali-  double helix unzips to free two single stranfiand ¢. Each
tative features have come to light. Besides the stangalrd of these is replicated to produce an error-prone complement,
beit modified by the dynamic nature of the landsdagreor  yielding{¢, ¢’} and{¢, ¢'}. Each error must result in a base
catastrophe at high,, the virus is only viable above a given mismatch, which can be recognized and selectively repaired
minimum mutation rate, below which it is unable to keep upby enzymes in the cell. These enzymes can recognize the

o, 0’} {0, 9’}

v v

Suith the moving landscap@lubbed the “adaptability” catas-
trophe. At these low mutation rates, each shift of the land-
gape is followed by a period of time wherein the new master
quence attempts to build up an equilibrium distribution.
wever, before the new master sequence can rebuild to the

that lead from¢ to ¢'. Utilizing the radial symmetry of the
fitness landscape, the quasispecies equations become

[
dWI,x _ (nx_ I,)!
dt ‘EO (n,=1)!
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new strand through the methylation process and ensure that After a fair bit of work, the condition for viability of the
the mismatch is repaired by replacing the new mismatcheidnmune genome can be expressed2g

base, keeping the effective error ratéow. This amounts to e (1-eg2)s

defining the error rate as the number of errors that occur per Kis= ( Tis€is IS - )
replication after the methyl-directed mismatch repair and (S=D(ois— M[2(1 - €5/2)™s — 1]

methylation processes are complete._This sidesteps the com- % (2014 S mlr _ d2mlL - eg2)Vs-2n] N=1
plexities associated with the methylation process. In the final '
stage, the strands become indistinguishable and various 5
maintenance enzymes repair the remaining errors with a 50%

probability of correcting the mismatch in either strand. Thus, T=Tg+ T, (6)

the final result is two new pairs, each consisting of two new

strands,{¢",¢"} and {¢",¢"}. Each new genome is de- (1 - €4/2)"s€;q
stroyed when it replicates, thus yielding a reproductive sys- In [2(1 - €/2)"s — 1](S- 1)
tem with significantly different dynamics, even for viruses Tig=— (7)

with large burst sizes. Recent work by Tannenbaetal. [2(1 - &/2)"% = 1](o3s = 79)
[22] has extended the quasispecies model to the case of seraind, for a semiconservative viral species,
conservative replication, which was found to display signifi- _—

cantly different behavior in the infinite time limit on a static . — ( 0,&(1 - €/2)™ )
landscape. Recently, the semiconservative quasispecies equa- =\ (S-1)(o, = 7,)[2(1 - €,/2)™ - 1]
tions were combined with the coevolution modi2B]. The

behavior of the semiconservative adaptability catastrophe

D% (e[ZO'v(l - €U/2)nv—av—17v]7' _ e[27]U(1 - 51;/2)””_27/1;]7) > 1'

was investigated and a plausible explanation for the lower (8)
mutation rates found in semiconservative viruses was pos-

ited. Here, we further apply this combination to demonstrate (1-¢,/2)ve,

that conservative viruses enjoy a significant selective advan- In [2(1-¢,/2)% - 1](S- 1)

tage over their semiconservative counterparts when battling T, = L (9

- N > .
an adaptive immune system. [2(1-¢/2)% - 1)(0, = 3,) + &

To p_roperl_y treat a semiconservative quasispecies model conservatively replicating virus interacting with a semi-
on a single fitness landscape, ignoring back mutations, Egonservative immune system will follow the behavior de-

(2) must be recast g22] scribed by the conservative model of Kamp and Bornholdt,
I ! n n
LK l—"( 6X>nx_l_l <(e(qv%-%>f— e n (1 -g)0 )
—2 =2 A1) (e2 1-= Wi - v/ Yv , 10
" EO {1)(&2) 5 I K, S (10)
= [A) +f(t)Iw , (3) Wwhere g=1-¢€ represents the replicative fidelity per base

) ) _ _ pair, =75+ 7, as always, and
wheref(t) is defined above. Here, we examine the dynamics

of the semiconservative equations within the confines of — In[(1-q,)/(S-1)] (11)
Kamp and Bornholdt's model of coevolution. This study will ! qo,— )+

focus on the dynamical aspects of E8), as opposed to the . . . . .
y P 8 bp 7 IS described by the semiconservative result described by

equilibrium effects studied by Tannenbawnal. [22]. Fol- Eq. (7). In Fig. 2 we plot the regions of viability defined b
lowing Kamp and Bornholdt, the condition for the viability =Y- >1‘ 9. €p 9 y . y
K, is=1 with a particular set of parameters for a semiconser-

of the quasispecies is ST . ; . :
vative immune receptor interacting with both a conservative
Wy (7) and a semiconservative virus. It is immediately clear that the
kx= BTN =1, (4) conservative virus can survive under a wider range of con-
n,(S—1)e™wy,(0) o ; i . .

' ditions than the semiconservative. While the immune system
where « represents the ratio of master sequence concentrgs slightly less robust for the semiconservative virus, this
tions at the beginning and end of an entire cycle of landscapeffect is small and lies near the region where the immune
shifts in an unconstrained system compared to the equivaleslstem becomes unviable, and hence should have little effect
growth of a random sequence far from the peak. Note thadn real systems. Furthermore, in the regions where both spe-
Eq. (4) differs from Kamp and Bornholdt’s result by a factor cies are viable, the conservative virus generally possesses
of (S-1)n,, asw, 4 includes then,(S-1) possible sequences higher values of, [23]. Although this behavior is dependent
that differ from the master sequence by one error, as opposesh the parameters of the model, the qualitative trend was
to only a single such sequence. Obviously, if the master saobust for the vast majority of biologically reasonable pa-
guence outgrows the random sequence over this period, eveameter choices. Further, the increased viability lies both
with the concentration losses incurred by the peak shift, inear and far from the optimal immune mutation rate, impor-
will survive for all times. If the master sequence is outgrowntant since a population of viruses in nature is expected to
by the random sequence, i.e.,K 1, the master sequence interact with a range of immune system properties, and the
will diminish and disappear at long times. behavior away from the optimum should play an important
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0.025

N <t can survive. This does not mean that any conservative virus
will outreplicate any semiconservative. However, it does
mean that, for any set of parameters, the conservative virus
® >1 . . . . .
oo should outreplicate the semiconservative virus with the same
parameters. The key point is that, while other factors, such as
001 the varying costs of replication, may lead to different values
for o in nature(with conservative viruses expected to repli-
0.005} 1 cate quickey, we have demonstrated that this fails to tell the
o M\ whole story. The agditional capability to more effectively
o cope with a dynamic landscape demonstrates a further and
0 0.005 0.01 0.015 0.02 0.026 . . P
g fundamental aspect of the dynamics bestowing an additional
) o . ) selective advantage on conservative viruses.

FIG. 2. Regions of viability for a coevolving host-parasite sys-  \we conclude with a cautionary note. One must always
tem. The contours for both semiconservative and conservative Vig)q great care in extracting grand predictions from simpli-
ruses interacting with a conservative immune system are showrﬁed models such as this one. In nature, a myriad of evolu-
The vertical lines represent the region where only the conservatiVﬁOnary pressures battle for dominance aﬁd itis often difficult
virus is viable, while the horizontal lines represent the region when?0 pinpoint the selective advantage for a given trait. The
he i i ly viable f i s - . . L )
igolrzmgzezsl)/géem ':S orlyivu&a:bzzooraconservatlve VIS relative merits of conservative replication are numerous,

sy s o= ' ranging from structural aspects to the cost of replication.

. ) . However, the model presented here likely captures many ro-
role in the evolution of the system. Hence, for any giveny g features of the evolution, and suggests a possible expla-
value of o, the conservative model generally yields higheration for the success of conservative viruses in nature, as

values of «, which measures the viability of the ever- \q|| a5 demonstrating an interesting aspect of host-parasite
changing fittest sequence on the dynamic landscape. Thuggeyolution.

for the region where both conservative and semiconservative

viruses can survive, the conservative virus generally prolif- The authors gratefully acknowledge useful discussions
erates more rapidly, and a region exists, the verticallywith Emmanuel Tannenbaum and Brian Dominy. This re-
hatched region in Fig. 2, where only the conservative virusearch was supported by NIH.
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