
1 Virus SimulatorOur group is 
urrently working on various proje
ts involving the study of virusevolution [M
Cauley & Hein, 2006, de Groot et al., 2006, M
Cauley et al., 2006℄.To test whether devised methods work, and to investigate the true nature ofthe evolutionary pro
ess, requires a program whi
h 
an simulate the evolutionof viruses over time. Developing su
h a virus simulator is an ex
iting, 
hal-lenging and highly useful proje
t with the potential of many appli
ations in thebioinformati
 �eld.There are various models available for the evolution of sequen
es, some morerealisti
 than others. Over time nu
leotides 
an mutate or even be deleted andinserted, as shown in �gure 1. The rates at whi
h this happens, are obviouslyhighly dependent on the fun
tionality of the genomi
 region. Additionally, notjust single nu
leotides undergo this pro
ess, but entire 
hunks of DNA 
an getinserted and deleted. RNA se
ondary stru
ture also lays down 
onstraints onthe evolution of the sequen
e, and a model for this would need to be in
orporatedinto a more advan
ed sequen
e simulator.
Figure 1: A referen
e sequen
e above with a des
endant subsequen
e below. Weobserve one substitution (C ! A), one deletion (A ! -) and one insertion (- !C) having o

urred over time.In the 
ase of viruses however, things are 
ompli
ated even further, due tothem generally have a very 
omplex stru
ture. Viruses are generally 
onstrainedin length and for maximal eÆ
ien
y, this often results in the presen
e of overlap-ping 
oding regions, where one nu
leotide is involved in simultaneously 
odingfor more than one gene (see �gure 2).
Figure 2: A multiple 
oding region, where the above bars indi
ate the tripletsen
oding one gene, and the below ones indi
ate the triplets en
oded by the othergene. The boxes show the di�erent 
oding sequen
es for ea
h gene.Within a gene, one amino a
id is made up of a nu
leotide triplet, wherethe same amino a
id 
an be en
oded for by several di�erent triplets | forexample CCT, CCG, CCA and CCC all 
ode for the amino a
id proline. Whenone of these nu
leotides mutates, this may or may not result in a 
hange of1



amino a
id. If indeed it does, we 
all this a non-synonymous substitution.Some viral regions are under heavy evolutionary 
onstraints, meaning that veryfew non-synonymous mutations are observed. Other regions are en
ouraged tomutate faster than average, for example to avoid immune response. The pro
essunderlying this phenomenon is 
alled sele
tion, where positive and negativesele
tion 
orrespond to fast and slow evolution. In a multiple 
oding regionhowever, as shown in �gure 3, a mutation may result in a non-synonymoussubstitution in one gene and in a synonymous one in the other, thus 
ompli
atingthe 
on
ept of sele
tion within our evolutionary model.Looking ba
k at the top sequen
e in �gure 1, it is 33 nu
leotides long andif we only allowed substitution events, there would be 3 alternative nu
leotidesat ea
h position. Thus there are 99 sequen
es that are rea
hable from thatsequen
e in 1 substitution. Sin
e we 
an spe
ify the basi
 rates of substitutionand sele
tion strength against an amino a
id 
hange, we 
an write down exa
tlythe probability that it will jump to any of those 99 neighbour sequen
es. Thesame is the 
ase for allowing insertions and deletions.

Figure 3: A C ! T mutation 
ausing a non-synonymous 
hange from prolineto leu
ine above, and a synonymous 
hange below.When testing various methods to analyze the viral genome, it is importantto know how statisti
ally signi�
ant one's observations are. For this one needsa simulator, whi
h mo
ks the evolution of viral sequen
es. One wishes to makestatements about what e�e
t re
ombination, or se
ondary stru
ture 
onserva-tion 
ould have on one's results, as well as how far apart sequen
es must be toeven be able to pi
k up on sele
tion levels. Additionally, developing a realisti
virus simulator 
ould be a step towards understanding the evolutionary pro
essbetter, sin
e one 
ould simulate from di�erent models and see whi
h one �ts thereal data best.The simulator development 
an be phased into a basi
, regular and advan
edsimulator, dependent on how many levels of realism are desired. The basi
 sim-ulator is a garanteed rea
hable goal, while the 
reation of an advan
ed simulatoris both a major 
hallenge and would be viewed as a major su

ess.The things that 
ould be drawn into a

ount, when attempting to modelsequen
e evolution in a realisti
 way, in
lude:� Nu
leotide sequen
e evolution� Overlapping reading frames 2



� Codon bias� Genome stru
ture evolution{ Indels{ Loss/gain of start/stop 
odons� Heterogeneity & stationarity of sele
tion� RNA se
ondary stru
ture� Insertion/deletion of new genes1.1 Nu
leotide Sequen
e EvolutionThere are several models whi
h des
ribe the substitution pro
ess underlying theevolution of nu
leotide sequen
es, the most general being the the General TimeReversible (GTR) model (see [Tavar�e, 1986℄). On top of this we must draw thepossibility into a
ount of nu
leotides being added or deleted over time.1.2 Overlapping Reading FramesSin
e three nu
leotides 
ode for one amino a
id, ea
h lo
us may be 
oding forup to three genes simultaneously. Overlapping regions are likely to evolve ina di�erent way to single 
oding regions, due to the multiple 
oding 
onstraintsthey are under. One paper postulating a model for the evolution in overlappingregions is by [Hein & St�vlb�k, 1995℄, however an improvement on this wouldbe desirable.1.3 Codon biasIt is known that the usage of some 
odons is mu
h more 
ommon than that ofothers [Sharp & Li, 1987℄ { this 
an be related to G-C 
ontent, gene expressionand translational eÆ
ien
y. We 
ould in
lude a 64*1 
odon usage matrix andweigh the mutation probabilities of ea
h nu
leotide by the appropriate matrixentry to a

ount for 
odon bias. In overlapping regions one would presumablymultiply up the weights.1.4 Genome Stru
ture EvolutionGenome stru
ture may evolve over time, meaning that start and stop 
odons ofa gene 
an 
hange. This obviously has a large impa
t on nu
leotide sequen
eevolution, sin
e something that priorly has been non-
oding 
ould suddenlybe
ome fun
tional and thus potentially more 
onstrained.1.5 Heterogeneity & stationarity of sele
tionWhen modelling sele
tion a
ross the genome we must draw possible intra- andintergeni
 evolutionary pressures into a

ount. A simulator would, for ea
hnu
leotide position in the sequen
e, have a 
ertain sele
tion level atta
hed toit, and let the lo
us evolve a

ordingly. It is also possible to let this sele
tionstrength 
hange over time, espe
ially in the 
ase of a region newly be
oming
oding. 3



1.6 RNA se
ondary stru
tureWe may �x an RNA se
ondary stru
ture on top of the sequen
e and either insiston it being 
onserved or evolve it in 
onjun
tion with the sequen
e [Holmes, 2004℄.We 
ould have two di�erent mutational models for stem and loop regions, aswell as draw into a

ount 
o-evolution of two sites due to stem base-pairing.1.7 Insertion/deletion of new genesAt a very small rate we 
ould allow for insertion and deletion of new genes.Whether this would o

ur as a gain/loss of fun
tionality (e.g. an elonga-tion/shortening of an open reading frame) or a large indel event is optional.Referen
es[de Groot et al., 2006℄ de Groot,S., Mailund,T., Hein,J. (2006) Comparative Annotation ofViral Genomes with Non-Conserved Gene Stru
ture, Bioinformati
s, In Review[Durbin et al., 1998℄ Durbin,R., Eddy,S., Krogh,A., Mit
hison,G. (1998) Biologi
al Sequen
eAnalysis, Cambridge University Press[Hein & St�vlb�k, 1995℄ Hein,J., St�vlb�k,J. (1995) A maximum-likelihood approa
h to an-alyzing nonoverlapping and overlapping reading frame, Journal of Mole
ular Evolution,40(2), 181-189.[Holmes, 2004℄ Holmes,I. (2004) A probabilisti
 model for the evolution of RNA stru
ture,BMC Bioinformati
s, 5:166[M
Cauley & Hein, 2006℄ M
Cauley,S., Hein,J. (2006) Using HMMs and observed evolutionto annotate viral genomes, Bioinformati
s, Advan
e A

ess published online on April13, 2006[M
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Cauley,S., de Groot,S., Mailund,T., Hein,J. (2006) Annotation ofSele
tion Strengths in Viral Genomes, About to be submitted[Rogozin et al., 2002℄ Rogozin,I., Spiridinov,A.N., Sorokin,A.V., Wolf,Y.I., Jordan,I.K.,Tatusov,R.L., Koonin,E.V. (2002) Purifying and dire
tional sele
tion in overlappingprokaryoti
 genes, Trends in Geneti
s, 18(5), 228-232.[Sharp & Li, 1987℄ Sharp,P.M., Li,W.H. (1987) The 
odon adaptation index | a measure ofdire
tional synonymous 
odon usage bias, and its potential appli
ations, Nu
lei
 A
idsResear
h, 15(3), 1281-1295.[Tavar�e, 1986℄ Tavar�e,S. (1986) Some probabilisti
 and statisti
al problems in the analysisof DNA sequen
es. In: Miura RM (ed) Some mathemati
al questions in biologyDNAsequen
e analysis, Ameri
an Mathemati
 So
iety, Providen
e, 57-86[Yang & Swanson, 2002℄ Yang,Z.H., Swanson,W.J. (2002) Codon-substitution models to de-te
t adaptive evolution that a

ount for heterogeneous sele
tive pressures among site
lasses, Mole
ular Biology and Evolution, 19(1), 49-57.
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