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fection groups is above a certain minimum (Szathmary, 1992). An analogous
: was treated by Michod (1983) showing by a trait group modet that DI molecules
Id be controlled by population structure imposed on prebiotic replicators.

Aaynard Smith (1983) criticized Wilson’s model mainly for semantic reasons. He
nted out that it is incorrect to refer to it as a model of genuine group selection.
: term group selection ought to be spared for cases where the units of evolution
lergoing multiplication, heredity, and variation, are in fact the groups and not
individuals. [n Wilson’s model it is the change in gene frequency from one global
| to the next one in time that we calculate, rather than the change in group
juency from one set of groups to the next one in time. Leigh (1938) expressed the
1e opinion: “I mean by group selection the differential mortality and replication
rroups, which to my mind seems meaningful only if one can single out ancestors
_ descendants of groups. I do not think that the trait-group selection.of Wilson

6 o .20 Ceco e ©
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Fia. {. A “structured deme” of coviral replication. (From Szathméry.. 1992).
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7 TNV, Tobacco necrosis virus; AAV, adeno-associated vires. ©

~'moi of DI is’decisive. Increased yield of the standard virus i possible only if tf
" initial moi of DI particles is sufficiently low. The final yield of both viruses is domi-

-;;Tobra..,,‘,-,. s

Bangham & Kirkwood (1990) constructed a detérministic'iﬁodéll"_(_j'f a’,y.irds—_'_I:)I_"’?.i'
. - system, tracking the numbers of standard virions, DI particles, uninfected cells, and
- " cells infected by stanidard virons, DI particles, and both. '\I‘hey'rt;qpiid;tha.t_theij.x__ljgal,}

384 E. SZATHMARY = .
functions: to resist Muller’s ratchet (the loss by chance of the optimal genome class),
and the reduction of mutational load when deleterious mutations act synergistically.
In the following I deal mainly with the conditions for dynamical coexistence of
virus. particles that are either defective or complementing each other. The primary
examples considered in detail are the selection of defective interfering (DI) viruses
in competitive situations, and the successful establishment and stable coexistence of
co-viruses. Defective interfering particles are deletion mutants that are capable of
replication only when complemented by the wildtype virus but then interfer with the
reproduction of; the, fatter. DI viruses arise spontaneously during replication. High
moi increases the DI:standard ratio in cultures. Holland (1990) gives a useful sum-
mary of DI 'genome characteristics. Table I gives a list of DI-like genomes and
multicompartment viruses. | - : '

U TABLE 1

Defective vira[j__geﬁgmes and multicbmpartment viruses from Holland (1990) and
' ' _ Matthews (1979), respectively - "

DEFECTIVE VIRAL GENOMES™ - S

Integrated defectives (¢.g. defective lysogenic viruses) - '

Satellite viruses and RNAs & _ . ~
coliphage satellite . : . : ' ,
plant virus satellites (e.g. TNV, virusoids)
human . satellite viruses (c.g. AAV) _ .

Pseudovirions (containing host genome segment) " .

Helper-virus dependent DI viruses of - - '

RNA viruses
Negative-strand RNA viruses ~ : ,

- Positive-strand RNA viruses (picorniaviruses, alphaviruses)

Reoviruses ' ‘ :
~ Papovaviruses, Herpesviruses

MULTICOMPARTMENT VIRUSES
With two segments ' :
- Pea enation mosaic '’
v Como: . e am
"Nepo T ..

With three segments ' L
-.-Alfalfa mosaic. - ~* .0
Ual". _ S .

= - * .
1 \.:'_h:‘ R e 2T - L

2 Cacumo vt T o e e T ‘ ' o

“lﬂ#‘?‘ "

nantly influenced by this number. If it is too high, this can result in the disappearance -
of DI and standard viruses together (‘self-curing’). The model accounts for the

4



5 R Emormuni as well as the template is provided by V itself [Fig. :SH.

. " ométry of the system indicates that V acts as a “catalyst” in the reproduction &,. two templates: V_and

- proauct of the concentration ot V and DI, since V provides the replicative machinery -
-and DI provides the template [Fig. 1(a)]. In order to be consistent, replication of V.
. should depend on the product xx or x? as in eqn (1a), since there the replicative

DI

" F16.2.” Reproduction
s . o | o - , S n_a__c_n.»canmﬁ_%&m, sin
ey ey S S

© Figi L. Reptoduction scheéme for defective interfering (a) and wildtype (b) particles. The formal stoichi- -

o7 DI, both of which are autocatalytic. L _ngo .m,(onmmo subje

~ . average V. individu:

1t is apparent that in the present model V forms a osmyaoacﬂnm.:wvmn@o_m_ | of V-across trait grc

(Eigen, 1971; Eigén & Schuster, 19784): V catalyses the template replication of itself . -« . ‘

(double of second-order autocatalysis; Fig. 2). The quadratic growth term without - R _

an ecological constraint leads to strange behaviour: x reaches infinity in finite time. . .

Various problems associated with such models (cf. Szathmary er al., 1988; . © o7 oo aEl

Szathmary, 1989a, 1991) suggest that caré should be taken when applying them in~ -~ ~ .~ . ﬂr.ﬁo P, p 18 p,:no.ﬂo_m
. .- i Visp, and oy is th

modelling realistic systems: I shall come back to this problem in section 6. .-

ot

L ... Note how the vari
. S : o L ..oy oo o0 Similarly, the avera
.- 2.1, A STRUCTURED DEME MODEL WITH FIXED COINFECTION GROUP SIZE ~ .~ .. s T :

- The mode of application of the structured deme model to our case is schematized © . - R

in Fig. 3. 1 theréfore assume that the gene pool becomes completely mixed when the = .. - where o, is the cor
viruses leave the cells after burst [“butst size” simply indicates the avetage number - - v .l an__wmmzan.ﬁrmﬁ :.5
of all virus particles produced by a cell; cf. Bangham & Kirkwood (1990)]. Complete e _“”._._.E.m Tespective varia
‘mixing (lack of viscosity) is assumed within coinfection groups as well. The pumber * -

of cells and thé size of the gene pool ate very large. -~ .

SRt it

ey

We are interested in the dynamics of the relative frequency p of V ahd g of DI S which in this case
To this end we must consider the overall help that an average virus gets from the ik - subjective frequenc
others, averaged over all trait groups (cells; see Wilson, 1980 for the general descrip- : and the variances g

Aﬂ\J: \J*l .—rb mothAaAdY o arcriena 1hoat [} PRV TN o SVGEPINNY oI & S0 ar 1 ny
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COEXISTENCE OF VIRUS.SEGMENTS : ' 387

o

. Fic.2. .Reproduction of the wildtype virus V asa one-membered hypercycle: the two arr_ows_.ihdicate
doublg autocatalysis, since V is a template and reproducti&c'ma;hincry at the same time. - '

L

o ¢ -
i

is the é#erage subjeqﬁ?é' frecjuenéy of V as v scj‘:es‘, it. Th'u's,; the péi' ééﬁita aid for an L
average V individual by other V’s is proportional to the average subjectve number .
of V across trait groups as V sees it. p, is a weighted average of ,t.heﬁ._fOIIdWingngm: o

: .‘i:'-;‘-': S T pp:.Z-Psz/szp=p+G;/p 4
»P;_‘_. : - co ’ i e ) _-,P T p‘ .V -
. where P, is the relative frequeiicy of trait groups in which the ‘relative frequency of

Vis ﬁ-,‘andr'c'rf, is théjarjiaric‘;e"in'the? relative frequency of V acxfbsS' all trait groups
Note how the variance increases the average subjective frequency of V to itself.
Similarly, the average subjective frequency of V as DI sees it is ' |

/6

.Pq =P~ Ope/q | | (2b)



396 o o | E. SZATHMARY -

where i and £ are the mutation rates from Vto DI and R, respectively. It is obvious
that the edges V-DF and V-R cannot have fixed-points any more: whenever V is
present, both DI and' R must appear through mutations. There are only two fixed-
points on the boundary of the simplex: the point g=1 and r=1. The former is
unstable and the latter is stable. ; | - .

The simplex interior is hard to analyse analytically. But, the exact details do not
matter as far as we camr decide whether R can successfully compete against V-DI. -
To this end consider the system (13) of the V-DI mutation-selection balance, which
is a sub-system of (23). Imagine that in the beginning r=0 and & is zero, thus V and
DI coexist. Then switch on £ instantly. Will the system now reach the point r=17 If
there is an attractor (any kind of attractor) in the simplex interior, then the basin of
this should be separated from that of point r=1bya separatrix. This separatrix may

o

.. F16. 7. Basic dynamics for the V-DI-R system with recurrent mutations. As there are only two fixed
" points on the simplex boundary, the point where R is alone should be accessible from the vicinity of the
) \{_—Dlﬁgdgc‘,:, even if there is a stable point with a certain domain of attraction i the simpl_ex inten_'or, N

) o tay

Drelel T Fiban
il

: tou0h tﬁe"’Sirpi)‘lle; bdgédéfj’!’gtj ethbrxum,pomtsonly (F ig

) Fig. 7). Clearly, r=1 is -
-/ excluded, 'since the separatrix cannot reach into_this-basin ‘of attraction, The only "
' choice’isg=1, ora separatrix which does not touch the boundary at all (which must
. -be an unstable limit cycle). In any case, the interior of edgeV-—DImllbearepellor, 55
 and its immediate vicinity will belong to the basin of attraction of the point r=1:2

5, 21t Is concluded. that when there is & measurable mutation rate from. V. 1.

gt e G LRI I BRI o T e . e gy ke .\-)«'»41-":‘;'!‘-.'t;'i,f..“"l"‘-s!:}’*!?ﬁ'. N
- latter competitively excludes the ¥-DI pair; in’accord with the experiments.

Y .

| 4The Stabie Coexistence of Coviruses (C)

Coviruses are segmented, multicompartment viruses, where several or all segments,

Aftaem memale Aol -



398 ' E. SZATHMARY

(3

-C1

. FiG. 8. Tcmplatm and reproductive machineries of coviruses. The former can be either segment Cl1 or

'C2, but the latter must be some complex of Cl and C2. Rate constants are indicated.

where w is the average fitness:

N E;pz_{nding the subjective frequencies we obtain: SR : :
' TEONSOW-Dope s

- .an.]. the theory of dyx-lamicalv systems wé know (ﬁbfbﬁﬁer & Sigmund, 1988) that ‘
L if 'wé-"di_iride'the'gfowth- terms in (26) by pg(N~ 1) and modify w accordingly, the -
- direction of the flows and the position of stable equilibria on the C 1-C2 simplex will
. not change (a velocity transformation). Thus we obtain the system (which becomes
Gt p=a(pN+g)—pw. 2
S “ L g=bgN+p) = qw 27b
" from which it is apparent that both components can invade when rare irrespective "
. of the sign of (a—5). (Note that when N tends to infinity, the terms in brackets
become pN and gN, respectively, and the whole system approaches the competition
of the Malthusian replicators.) The position of the stable internal equilibrium is: 4%
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Cells. with: :
inked genes : '

&

Non-segmented
1rJs

Pratocells L

. with unlinked
genes Monocompartment,
~ segrrer're:: vIrus
; . L
r
i . - - [}
- N . . [
r ! .' 7]
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v Coviral
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. coinfection grqub

groups:

L

*‘zation of the mono compartment mﬂuenza virus deﬁmtely denies a hypercycle\vxtf 5
s elght specific repllcases contrary to prev1ous suggestlon (Exgen & Schuster, 1982).

30
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typcs in their templatc composmon Thcsc compartments are trcatcd: as -
mutants (Fig, 11). . 720 I LI )

Everything is now ready t'oc constructmg an Elgcn eqn (I) at the compart- :
ment leveE: Amplification t‘actor 4, for the ith type compartment can be
calculated from the obvious relanon A= In(2)/1:,, where 1, is the compart-
ment”s generation time. 'I}'he: factors Q and 4 Can be calculated from the
stochastic distributiort. L 2 PR

We have arrived at the conclus:on that despltc mtcma] competmon

seloctnom at tfle compartmen& IeveI leads to a stabic protocellular quas;-

R

" growth Hcrcthe opt:mal‘ 1mnaIc9mposmon 1sthree copies. of ql;n kit
as well as tcmpfatc ailocatnon m_‘ccll dmsnon are slochas :

open c:;i:lw md:cate t.wo d:ﬂ'ercnts templatcs, bc_ut.h bclng neccs_sary for compartment
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