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Summary. The genetic information of many vi-
ruses is divided between separately encapsidated
nucleic acid molecules. A simple evolutionary mod-
el is constructed to explain this phenomenon. All
multicompartmental viruses infect plants, and most
are RNA viruses. The former fact may be due to
the high transmission multiplicities enjoyed by plant
viruses. The latter may be due to the low replication
fidelity of RNA, although another explanation is
also offered. The logic of the analysis is contrasted
with that of previous explanaftions. In particular,
this paper proceeds from a “‘selfish DNA” view-
point, It is not necessary to suppose that the division
of the genome fills any adaptive function for the
virus. The theory makes testable predictions about
the parameters of multicompartmental ‘viruses.
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Introduction

Many viruses require the genetic information of sev-
eral nucleic acid molecules for successful replication
and/or encapsidation (see Bruening 1977; Van Vlo-
ten-Doting and Jaspars 1977; Matthews 1979). In
“multicompartment” viruses these molecules are
separately encapsidated. Tobacco rattle virus, for
example, is a two-component RNA virus. The vi-
rions are different sizes; the RNA of the long particle
contains the replicase gene while the coat protein
gene is carried by the short particle. A cell must be
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infected by both members of the complementing
pair if infectious progeny are to be produced.

A nucleic acid molecule that requires comple-
mentation runs the risk that the cell it is in will not
be coinfected by its complementing molecule. Hence,
an incomplete molecule may suffer a fitness cost
(due to its need for complementation) relative to a
complete molecule, i.e., one that contains all the
information necessary for a complete reproductive
cycle.

However, incomplete molecules have a higher
replication fidelity than complete molecules. A mol-
ecule that codes only one functional gene presents
a shorter target to deleterious mutations than a mol-
ecule that codes two functional genes.

To fix ideas, consider three kinds of molecules:
(1) one codes only a functional coat protein gene;
(2) one codes only a functional replicase gene; and
(3) one codes both functional coat protein and rep-
licase genes. Call these three kinds CP, R, and CP/R,
CP/R has the advantage that it does not require
complementation. But, given that they do replicate,
CP and R are more likely to produce functional CP
and R offspring. CP/R is more likely to suffer del-
eterious mutation in one or the other of its genes.
If the mutations result in complete loss of function,
then the mutated offspring of CP/R may be CP or R.

The relationship between the probability of del-
eterious mutation and complementation probability
determines whether multicompartmentalism will
evolve.

One implication of the model of this paper is that
it is not necessary to suppose that multicompart-
mentalism fills any function or yields any advantage
for the virus. It is simply a stable point in the fre-
quency-dependent evolution of nucleic acid mole-
cules.
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Previous Explanations

Many explanations of multicompartmentalism have
been suggested. Most postulate some advantage or
function at the level of the covirus (the complex of
mutually complementing defective virions). For ex-
ample, Van Vloten-Doting and Jaspars (1977) sug-
gested that the phenomenon is a substitute for re-
combination for RNA viruses [Pressing and Reanney
(1984) referenced many occurrences of this idea].
Recombination may be advantageous for a variety
of reasons. One especially relevant to RNA viruses
is the lowering of ““mutation load™ (Crow, in press).
Other suggested “‘explanations” can be found in Jas-
pars (1974) and Bruening (1977). These verbal ex-
planations have been critiqued by Pressing and
Reanney (1984).

The only attempt to provide a quantitative evo-
lutionary model of multicompartmentalism is that
of Pressing and Reanney (1984). They presented a
model in which the replication fidelity of the coviral
genome is increased when the genome is divided
into separate molecules. This fidelity increase is sup-
posed to provide the selective advantage of multi-
compartmentalism.

In their model, the fidelity advantage gained is
proportionally greater, the larger the genomic rep-
lication error rate. This has the virtue of seeming
to explain why almost all multicompartmental vi-
ruses are RNA viruses. RNA has a per-nucleotide
replication error rate of 1073 to 104, whereas the
rate for DNA is 1077 to 10~ '!, This difference may
be due to the lack of error-correcting mechanisms
in enzymes that replicate RNA (Reanney 1982).

Pressing and Reanney (1984) compared the rep-
lication fidelity of the ensemble of incomplete mole-
cules, the “covirus,” to that of a hypothetical com-
plete molecule, But they did not explain why
evolution would seek to maximize their measure of
the replication fidelity of the covirus ensemble.

Any explanation of multicompartmentalism that
invokes some property of the covirus ensemble is a
group sclectionist explanation. This sort of expla-
nation is relevant if organisms infected by the co-
virus are not also infected by the complete virus
with which natural selection is comparing it. In gen-
eral, group selection explanations require a very spe-
cial population structure in order to work.

On the other hand, an analysis that treats the
individual replicating molecules as the units of
evolution does not necessarily presuppose anything
about the natural history of virus transmission. As-
sumptions about the transmission process may be
introduced as desired to see how these assumptions
affect the outcome. The following model is such an
“individual selection™ model.

Model

There are a large number of parameters involved in
the evolution of multicompartmentalism. The goal
of the model is a graphic representation of viral
parameter space with delineated regions within
which multicompartmentalism can evolve.

Imagine a virus consisting of two functional genes,
areplicase and a coat protein gene. Unconditionally
deleterious mutation will give rise to some genomes
containing only a functional replicase gene and other
genomes containing only a functional coat protein
gene. It is assumed that such defective genomes are
the components of a mutually complementing two-
component system. Ifa cell is infected by both types
of incomplete molecule it will have the complete set
of genetic information necessary for the production
of potentially infectious virus progeny.

We will define the fitness of a molecule to be the
average number of functionally identical copies made
from that molecule in an infected cell. Let g be the
probability, per nucleotide per replication, that a
copying error rendering the gene nonfunctional will
not occur (so q measures copying fidelity). Let the
number of nucleotides in the functional genome of
a complete molecule be L, while the number in each
of the two complementing incomplete molecules is
L/2. The fitnesses of a complete virus and an in-
complete molecule, W-and W,, are

WC = KCqLa (1a)
W, = K,g™?R. (1b)

K is the number of copies of a molecule made
within a cell if replication occurs at all. R is the
probability that an incomplete molecule will be
complemented, i.e., that it will be replicated at all.
q® (qv?) is the replication fidelity of the complete
(incomplete) molecules. I assume that R and K are
the same for both types of incomplete molecule and
that they have the same functional genome length.

Incomplete molecules will certainly increase in
frequency if

W, > W, ie., (2a)
R/qY? > K/K,. 2b)

As the composition of the virus population
changes, the Ks will change. This is because the
number of copies of a molecule made in a cell de-
pends on the quantities of functional gene product
contained therein (see, ¢.g., Cole and Baltimore
1973). The amounts of functional gene product de-
pend in turn on the characteristics of the infecting
viruses; it is assumed in this analysis that the ratio
K/K, is a constant.

R may also change as evolution proceeds. If it
decrcases, then although incomplete molecules may
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Fig. 1. The dots show the region of (K,/K;, K-/K,) parameter

space for which the fixation condition, R/q¥? > K./K,, can pos-
sibly be satisfied for some combination of R and 2. When the
condition is satisfied, the complete virus is entirely eliminated
from the virus population. Multicompartmentalism cannot pos-
sibly evolve in the undotted region of the picture. Each horizontal
line corresponds to a particular replication fidelity. The line in-
tersects the K/K, axis at the inverse of this fidelity. For a par-
ticular replication fidelity, fixation is only possible in the dotted
region below the corresponding line. In this region, multicom-
partmentalism will evolve if transmission multiplicity, hence R,
is sufficiently high.

be able to increase in frequency when rare, they may
not be able to replace the complete molecules en-
tirely. That is, they may not be able to go to fixation.
Multicompartmentalism has evolved when the in-
complete molecules do go to fixation, i.e., when the
complete molecules are entirely eliminated from the
population. What are the conditions necessary for
this to occur?

For fixation, condition (2) must be satisfied when
the complete molecules are rare.

It is possible to put an upper limit on the mag-
nitude of R/qV? according to the following reason-
ing. When a function-loss mutation occurs in an
incomplete molecule, a “junk” molecule is pro-
duced that codes for no functional protein at all. A
junk molecule may be replicated and encapsidated
if it is complemented by both types of incomplete
molecule, as long as it still has its replicase and
encapsidation protein recognition sites.

Recall that the fitness of an incomplete molecule,
Wi, is

W, = K,q"’R. (3
The fitness of a junk molecule, W), is
W;=K,;R2 4)

This expression assumes that mutations (1) re-
storing lost function and (2) disrupting recognition
sites are so rare that the replication fidelity of junk
is approximately one, We also assume an indepen-
dent probability of being complemented by each
type of incomplete molecule.
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For the incomplete molecules to be at equilibri-
um with their derived junk, we must have W; <
W,. (Note that equilibrium does not occur when
W; = W because some of the offspring of incomplete
molecules are junk molecules.) Hence, a necessary
condition for equilibrium is

R/Q“2 < Ky/K,. (5)

If this condition is not satisfied, then the fre-
quency of junk will rise and complementation prob-
ability will fall until the condition is satisfied.

From condition (2) we know that for fixation to
occur it must be the case that R/gq¥? > K /K,.
From condition (5) we also know that near fixation,
R/q“¥? < K/K,. Therefore, a condition that must
be satisfied for fixation to be possible is

KK, < K/K;. ©)

This relationship is necessary, but not sufficient,
and is satisfied in the dotted region of Fig, 1.

This region of possible fixation may be further
partitioned by replication fidelity. Whether or not
fixation actually occurs in the dotted region depends
on condition (2). Since R < 1, fixation of incomplete
molecules cannot possibly occur unless 1/q%2 > K/
K,. This requirement is illustrated in Fig. 1, showing
that the region in which fixation is possible increases
as replication fidelity falls.

Fixation actually will occur in the possible region
if complementation probability, R, is sufficiently
large. R is a function of the proportion of junk in
the virus population and the transmission multi-
plicity, i.e., the average number of viruses that infect
a cell. It is shown in the Appendix that for any
reasonable R function, increasing transmission mul-
tiplicity will stably increase R [up to its maximum,
given by (5)]. Because of the way Fig. 1 is con-
structed, we can say that if a virus’s parameters fall
in a possible fixation region of Fig. 1, then the fix-
ation of incomplete molecules will occur if trans-
mission multiplicity is sufficiently high.

Figure 1 shows that it is not necessary that rep-
lication fidelity be low for incomplete molecules to
go to fixation. In the Discussion we will present an
additional explanation of the preponderance of RNA
as the genetic material of multicompartmental vi-
ruses, one that emphasizes high transmission mul-
tiplicity rather than the low replication fidelity of
RNA.

In general, transmission multiplicities may, in
fact, be low and therefore complementation prob-
ability may be well below its maximum. In Fig. 2
we see the effect of transmission multiplicity on fix-
ation. For this figure I chose a particular replication
fidelity (0.8) and a random (Poisson) model of com-
plementation. The Appendix presents the mathe-
matics necessary to construct this graph.
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Discussion

As Pressing and Reanney (1984) maintained, rep-
lication fidelity is certainly an important parameter
in the evolution of multicompartmentalism. But fi-
delity is not the only important parameter, nor even
the most important. Complementation probability
is very important as well.

Consider the fact that all multicompartmental
viruses are plant viruses. It may be that features of
plants, such as the absence of an immune system,
allow viruses to reach much higher transmission
multiplicities than can be attained by animal or bac-
terial viruses. Of course, plants do have systems that
may “localize” the infection, confining the virus to
a small area around the point of entry (Sela 1981).
Such abilities, however, are commonly of an “all or
nothing” sort under the control of a single gene. In
any case, Matthews (1970) pointed out that the virus
concentration attained in successfully infected plants
is quite high enough for complementation not to be
a problem upon transmission.

Given a very high complementation probability
for plant viruses, the predominance of RNA as the
genetic material of multicompartment viruses may
simply be due to the following fact: most plant vi-
ruses are RNA viruses (Primrose and Dunnock
1980).

It is hard to evaluate the relative importance of
(1) the low replication fidelity of RNA and (2) the
RNA-plant virus connection in explaining the pre-
ponderance of RNA as the genetic material of mul-
ticompartmental viruses. The low replication fidel-
ity of RNA viruses is the most important explanatory
fact if Ko/K; > 1, as we can see from Fig. 1. There
is no direct information on the values of these pa-
rameters, but there is some suggestive information
to be gleaned from the phenomenon of defective
interfering viruses.

One plausible scenario for the launch of a virus
population on the evolutionary trajectory leading to
multicompartmentalism is an increase in the prob-
ability of complementation. Under laboratory cul-
ture conditions of high-multiplicity serial passage,
“defective interfering viruses” have been observed
to increase in frequency in all populations of animal
virus studied so far. Defective interfering (DI) vi-
ruses are typically deletion mutants that interfere
with the infection process because they do not pro-
duce one or more necessary functional proteins
(Huang 1973; Huang and Baltimore 1977).

Huang (1973) presented evidence that these DI
viruses increase in frequency because, in the lan-
guage of this paper, the DI nucleic acids are superior
at the intracellular level, i.e., Ko/K; < 1.

It is unknown why this is the case. It may be that
they have amplified their replicase recognition sites,
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Fig. 2. It is assumed that replication fidelity is 0.8 and that

complementation probability, R, is given by R = 1 —
exp[—N(1 — p)/2], where N is the transmission multiplicity and
p is the proportion of junk in the population. For a particular
transmission multiplicity, fixation will occur in the dotted region
below the correcsponding curve.

are more attractive to the replicase, or are better at
encapsidation. Being shorter may in itself increase
replication rate (Speigelman et al. 1975). There are
limits, however, to how short a molecule may be-
come, set by the requirements of encapsidation. (In
the limit, a molecule achieves an infinite replication
rate at a length of zero, but is inefficiently encap-
sidated.)

Whatever features provide higher K, it is clear
that there is a trade-off between having these fea-
tures and having a complete genome, otherwise the
complete molecules would already possess these fea-
tures. So the DI virus phenomenon weakly suggests
that K/K; < 1.

One might suppose that the components ofa mul-
ticompartment virus have incorporated all possible
features that provide an edge in the intracellular
struggle for survival. This being the case, their de-
rived mutants would be inferior at the intracellular
level. So perhaps K/K, > 1. I am unaware of any
recorded observations of DI viruses in multicom-
partment systems. This nonobservation is consis-
tent with K/K; > 1.

Many plant viruses are not multicompartmental
[e.g., the Tymovirus and Tombusvirus groups (Mat-
thews 1979)]. Further natural history information
and laboratory information about such groups would
be of interest. Perhaps they are not multicompart-
mental because the probability of complementation
is too low because of the natural history of their
transmission, or perhaps their other parameters are
inappropriate.
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Appendix

In this Appendix, we will study the complementation probability
when complete molecules are rare and incomplete molecules are
at equilibrium with their junk. This is called the “equilibrium
complementation probability.”

Let p be the frequency of junk. The recursion equation is

_ PK,R? + (1 — p)K(l — g“I)R

/ Al
(1 — pK;R + pK;R? (AD
After some manipulation, this becomes
p' =1 — q¥%/(i + uR), (A2)

where i = K/K;and u = p/(1 — p). At equilibrium p’ = p, so
p=i(1 — g“?)/i — R). (A3)

This condition defines a line of potential equilibria in (p, R)
space.

Notice that in order to satisfy 0 < p < 1, we must have R <
q"?K/K,. This necessary condition for equilibrium was derived
more directly in expression (5) in the text.

Complementation probability, R, is a function of p and trans-
mission multiplicity, N. For a given N, R is a function of p. If
R is a “reasonable” function, it is a declining function of p.

Equilibrium R, R, is determined by the intersection of R and
the line of equilibria (A3). This is illustrated in Fig. Al. This
figure also shows that for reasonable R functions, R is higher
with higher transmission multiplicities. )

Given q“? and N, R is a function of Ky/K,. The curves in
Fig. 2 are of R/q'/? as a function of K;/K,. They were obtained
as follows.

1 4
R
o 1
P
Fig. Al. The increasing line is the line of possible equilibria

from equation (A3). The decreasing lines are graphs of R as a
function of p, given a particular transmission multiplicity. The
higher R has a higher transmission multiplicity. The intersection
points are stable equilibria.
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Rearranging (A3) we get

i=Rp/(q-2— 1+ P). (A%)
If virus particles infect cells randomly,
R =1 —exp[-N( — p)/2]. (A3)
Then
p=1+2In{l - RVYN. (A6)

Substitute this value for p into (A4) to get

i=K/K,
=R[l + 21n(l — RYNJ[g“? + 2 In(1 — RYN]. (A7)

for 0<R< q“?K/K;, K//K isa strigt]y monotonic function
of R. Therefore from the set of points (R, K/K,) we obtain the
set (K,/K;, R/g¥?), which belongs to R/q%? as a function of K,/
K,.
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