What is a Quasispecies?

Lessons from the large literature
on plant reproductive biology
have already shown surprising par-
allels in marine systems, and will
be a productive guide to future
research.
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A quasispecies is a well-defined distribution
of mutants that is generated by a
mutation—selection process. Selection does
not act on a single mutant but on the
quasispecies as a whole. Experimental
systems have been designed to study
quasispecies evolution under laboratory
conditions. More recently, virus populations
have been called quasispecies to indicate
their extensive genetic heterogeneity. The
most prominent examples are probably the
human immunodeficiency viruses HIV-1
and HIV-2. The quasispecies nature of HIV
has formed the basis of a model that
provides a mechanism for the pathogenesis
of acquired immunodeficiency syndrome
(AIDS) in humans. This article focuses on
the nature of the quasispecies concept and
its implications [or evolutionary biology and
virology.

The term ‘quasispecies’ was in-
troduced by Eigen and Schuster’
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in 1977, in the context of their
work on the origin of life, to de-
scribe the cluster of closely re-
lated molecular ‘'species’ produced
by errors in the self replication
of macromolecules (nucleic acids).
This followed Eigen'’s first theoreti-
cal model of molecular evolution
based on chemical kinetics?.

In the original notion of Eigen and
Schuster, a quasispecies is defined
as the equilibrium mutant distri-
bution that is generated by a
specific mutation-selection process
describing the erroneous repli-
cation of macromolecules (nucleic
acids)'-’. Suppose there are n dif-
ferent nucleic acid sequences /,, I,
... I, that can serve as templates for
replication. Each variant is charac-
terized by a specific nucleotide se-
quence. This nucleotide sequence
may determine the replication rate
of a given variant. The replication
fates of the variants {, 1,, ..., [ may
be denoted by a,, a,, .., a,. These

quantities represent the selective
values of the individual mutants. In
the absence of mutation, the variant
with the highest replication rate will
grow fastest and reach fixation.

The result of selection in
this world without errors is a
homogeneous population consist-
ing of the fastest replicating variant.
But replication is not error free.
Thus it is necessary to define the
probabilities Q, that (erroneous)
replication of template /, results in
the production of the sequence I.
The quantities Q, for i=1, 2, .., n
and j=1, 2, .., n form the so-called
mutation matrix.

A system-of ordinary differential
equations describes the time evol-
ution of the population of these
nucleic acid sequences. The growth
rate of a specific variant, e.g. /,, can
be written as

dx/dt = aQ x, + a,Q,.x, + ..

e
+ anQIan (l)

Here x, X,, .., x, denote the popu-
lation sizes of the variants /.. /,, ... /.

n
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~ New particles of variant / can be
formed by error-free replication of
1; this happens at the replication
rate a, and the probability Q, ; the
overall rate is therefore given by
a,Q, x,. Erroneous replication of any
other mutants /, .., I can also
lead to new [, particles. This is
represented by the growth terms
a,Q,x%+.. +a,Q x in Eqn I.In the
same way, we can write the rate of
production of any of the other
variants to obtain the whole system
of differential equations
n
dx/dt = 2‘7 aQx i=1..n (2
i=

In this context, the population will
no longer consist only of the fastest
growing sequence, but of a whole
ensemble of mutants with different
replication rates. This ensemble of
mutants is the quasispecies (see
Box 1).

The frequency of a given variant
within the quasispecies does not
depend on its replicative value
alone, but also on the likelihood
with which it is produced by
erroneous replication of other
templates and their frequencies in
the quasispecies distribution. This
is important to the understanding of
the structural organization of a
quasispecies. The consequence of
this effect is that the individual
sequence I, with its replicative
value a, no longer serves as the
unit {or target) of selection. The
quasispecies itself is the target of
selection in a mutation—selection
process. This fact has important
implications. Evolution is normally
thought of as the interaction
between mutation and selection.
Selection is a factor that favors
advantageous mutants that have
been generated by pure chance;
indeed, it is normally considered a
mistake to think of mutations as
being guided other than by chance.
A quasispecies, however, can guide
mutations. This does not mean that
there is any correlation between the
{intrinsically stochastic) act of mu-
tation and the selective advantage of
the mutant. But selection operates
on the structure of the whole
quasispecies, which is adapted to
its fitness landscape (this term is
originally from Sewall Wright).
Therefore, evoiution can be guided
towards the peaks of this fitness
landscape. This happens because

more-successful mutants (which
may be closer to the peaks of the
landscape) will produce more off-
spring than less-successful mutants
{which may be further away from the
peaks). Evolutionary optimization
can be viewed as a hill-climbing
process of the quasispecies that
occurs along certain pathways in
sequence space (see Box 2).

Error thresholds

Another important concept in
quasispecies theory is the error
threshold of replication'#°, If repli-
cation were error free, no mutants
would arise and evolution would
stop. Evolution would, however,
also be impossible if the error
rate of replication were too high
(only some mutations may lead to
an improvement in adaptation, but
most will lead to deterioration).
The quasispecies concept allows us
to quantify the resulting minimal
replication accuracy that maintains
adaptation.

Let us assume that a population
consists of (1} a fast replicating
variant I, — the wild-type sequence
- with replication rate a, and (2) its
mutant distribution (error tail) 1,
with a lower average replication rate
a, (see Refs 6 and 10). Let g denote
the per-base accuracy of replication,
i.e. the probability that a single base
is accurately replicated. Thus the
probability that the whole sequence
(of length m) is replicated without
errors is given by Q=g™. Neglecting
the small probability that erroneous
replication of a mutant gives rise to
a wild-type sequence leads to the
equations

dx,/dt = a,Qx,
dx/dt = a,(1-Q)x, + a,x,
Here the ratio of wild type to
mutants converges to
aQ-a,
all-Q)

Therefore the wild type can only
be maintained in the population if
Q>a,/a . Thismeans that the single-
digit replication accuracy, q, must be
larger than a certain critical value.
This error threshold relation is ob-
tained as

X /x, —

= I
q>qc1it_(a/a) m
For rcplication accuracies lower
than g, the wild-type sequence will

be lost from the population al-

Box 1: Chemlcal Kinetics: the origin of the
quaslspecies

" DNA or RNA replication can be vnsuahzed
: gas the followmg chemncal reaction: .
y : aO

errpr free (A

mutatlon ,
he symbol A deriotes low-molecular-welght *
materials (the -four: nucleotides) ‘that -are
“required for DNA or BNA - synthes:s It.is
-assumed:that the avallable amount of A
“is constant..and hence it “will ‘not enter:
_as -3~ variable -into.the kinetic tfferent«al,
‘equations. Error-free repllcatlo r N
s+ tation ‘are parallel ‘reactions of the same .
mechamsm The . rate.- of repllcatlon, a,
“depends on the" template I ‘the: mutation
“*‘probability, Q, dependson boththe template -
++and the product of ‘replication. Inaddition, .-
we .consider an unspecific degradatlon or
dilution flow /,— 0, which may be adjusted in
such a way that the ‘total populatlon is of.
. constant size. This'leads to'the following -
-+ differential equation descrlblng the chemlcal
{mass action} kinetics - , :

JdX fdt —~Wx —f(x)

~The vector X’ contains the population den-'
smes of the |nd|V|duaI sequence: :

B

and mutation probabllltles :

a,0,, 8,0y, ... .

2,0, a,Q,, ...

s The total populatlon suze, Zx,,
stant if 5

. The equ«hbnum of Eqn 2 can be calculated by
" 'solving the standard elgenvalue problem of
- linear algebra

i ;precise mathematlcg; ter
..dominant eigenvector x .= X,
_“which belongs to the largest eigenvalg)e )\m,
~of the matrix W, This"eigenvector,:x", ‘de-.:
- scribes the exact population structure of the =
i quasispecies; each, mutant /,is contamed dn
- the quasispecies wuth frequen

normalize ‘such that 3x, =1, y :

‘eigenvalue is exactly the’ aVérage eplication:
ratek of the quasuspecle A 3

though it has the highest replication
rate. This leads to an important
relationship between the repli-
cation accuracy and the sequence
length

m< 1/(1—q)

Here | have used the approximation
that the logarithm of a /a, is about
. This represents an a;:p,oximation
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‘ Box 2. The sequence space short distances, many .

J-routes

Nucleic ‘acids such as ‘DNA ‘or RNA con-
sist of specific sequences (or strings) of the
four individual nucleotides (G,"A, Cand U or
..T). For a given chain length /n there are 47
“different varlants This means _that even for
¥ moderate chain Iengths a ’hyper-astronom:-

_cally’ large number of different variants can -

be formed. For example, for a polynucleotide
of length m=300, which is just large enough
~to encode one of the smallest proteins, there
_are more. than .10 different variants. The
-genome length of HIV is about 10000 bases.
A particular HIV sequence is one choice out
" of 10802 different nucleotide sequences of the
‘same length. For comparison, there are only
‘10" stars in our galaxy, or about 10% protons
“in our universe; Avogadro’s number is only
6 %108,

Let.us imagine all possnble nucleotide se-
quences to be arranged in a 'sequence space’
such that two sequences are neighbors if
one can be converted into another by a
single point mutation®. Thus the sequence
space is formed by:a set of sequences (of
uniform length m) together with a definition
of a distance between sequences." An ap-
propriate definition is given by the Hamming
distance.” Let us specify two sequences /,
and /; the Hamming distance counts the
number of different positions in these two
sequences. It represents the total number
of point mutations that are necessary to
change one sequence into the other. A cor-
rect ordering of all the mutants according
to their mutual Hamming distances leads
to an m-dimensional space. The important
features of this sequence space are (1) its
high dimensionality, (2} the large number of
shortest mutational routes between two dis-
tant mutant sequences {for two sequences
separated by a Hamming distance dthere are
d! shortest mutational routes) and (3) that
many sequences are confined to a close
neighborhood of each other. The diameter of
a sequence space that contains 10% points is
-only 133 length units, i.e. point mutations.
This means. that relatively few point mu-
tations can lead from one region in the
sequence space to a completely different
region, providing there exists something tike
a guiding gradient to avoid going in ‘wrong
directions’.- In'" evolution this gradlent is
.provided by natural selection.
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for the upper genome length m that
can be maintained by a given single-
digit replication accuracy without
losing adaptation.

Experimental studies }

The quasispecies concept be-
comes important whenever mu-
tation rates are high. This is often the
case in viral and bacterial popu-
lations. The first ‘in vitro darwinian
evolution experiment’ was per-
formed by Sol Spiegelman and
colieagues!'. In this traditional serial
transfer experiment, adaptation of
the E. coli phage QB to an
artificial selection pressure was
demonstrated. The artificial selec-
tion pressure was exerted by
ethidium bromide, which inhibits

{slows down) replication. After a
certain number of passages, a
mutant sequence evolved that was
growing twice as fast as the original
wild type in the presence of
ethidium bromide. The difference
between wild type and mutant was
just three point mutations. More
recently, machines have been
constructed to perform these serial
transfers automatically. Such ‘evol-
utionary reactors’ allow one to study
adaptation of viruses to a given
(artificial) selection pressure (H.
Otten, Thesis, Max Planck Institut,
Gottingen, 1990).

Biebricher et al.'? studied the
quasispecies distribution of short-
chained RNA templatesin a cell-free
medium with QB replicase. Se-
quence analysis indicated a broad
distribution of mutants around a
master sequence. In this system,
mutation rates and selective values
of individual sequences can be
measured.

Another interesting observation
was the de novo synthesis of RNA
templates by the QB replicase!’!4.
Initially the system contains only Qp
replicase and nucleotide triphos-
phates, but no RNA molecules.
Some templates are then formed by
chance. These short templates com-
pete for recognition and replication
by the QB enzyme. This leads to
the outgrowth of the best-adapted
sequence.

Mutation rates can be deter-
mined experimentally. Mutation
frequencies (i.e. the probability
that a replication enzyme makes
a misincorporation at a certain
position) have to be distinguished
from mutant frequencies (i.e. the
proportion of certain mutants in
a population). For example, a ‘hot
spot’ is a region in the genome
with very high mutant frequency. A
hot spot can be generated in two
ways: (1) the mutation rate at this
position is very high or {2) selection
favors (or tolerates) variation in
this region. In the second case,
mutant and mutation frequencies
are completely different. Thus, to
count mutants in a quasispecies
distribution is not a way to deter-
mine mutation rates. An elegant
method to obtain mutation fre-
quencies is to measure the rever-
sion rate of conditionaily lethal
mutants {produced by site-directed
mutagenesis).

Viral quasispecies

Virus populations in gener:
consist of a widely disperse
mutant distribution rather than
homogeneous population of
single wild-type sequence'*"". Errc
rates have been determined, fc
example, for influenza A virus"
vesicular stomatitis virus'®, foot
and-mouth disease virus®, splee:
necrosis virus?'2? and HIV-122, Al
results show a correlation betweer
error rate and sequence length.

In a classical experiment by
Domingo et al.? single particles o!
the phage QB were cloned. None o!
the different clones agreed exactly
in their genomic sequences. The
actual 'wild type’ was present at a
level of less than 5%.

The human immunodeficiency
virus is an important example of a
viral quasispecies. Patients infected
with HIV harbor a highly diverse
virus population with many different
mutants?-?°. Mutations are gener-
ated by the virus-encoded reverse
transcriptase, which has an error rate
of about 1074 to 10~? per base. This
implies that during each replication
of the whole genome |-10 errors
are produced. HIV seems to operate
very close to its error threshold®.
These observations have led to
the formulation of a mathematical
theory that outlines the potential
importance of antigenic variation
as a major factor driving disease
progression®-*. The essential idea
is that the virus evades immune
pressure by the continuous pro-
duction of new mutants resistant
to current immunological attack.
This results in the accumulation
of antigenic diversity during the
asymptomatic period. The exist-
ence of an antigenic diversity
threshold is derived from the
asymmetric interaction between
the virus quasispecies and the
immune system: strain-specific
immune responses are directed
against specific HIV antigens, but
each virus strain can impair all
immune responses regardless of
their specificity. Therefore, increas-
ing HIV diversity enables the virus
population to escape from cofitrol
by the immune system.

In this context, the observed
genetic variability is responsiblefor
the fact that the virus establishes a
persistent infection without being
cleared by the immune response



and induces immunodeficiency dis-
ease after a long and variable in-
cubation period.

HIV can also evolve drug re-
sistance after about six months
of treatment. Resistance against
zidovudine, the drug most widely
used to treat HIV infections, is
mediated by three or four amino
acid substitutions in the virus-
encoded reverse transcriptase’.

Conclusions

Quasispecies theory, which is
based on chemical kinetics,
provides a mathematical framework
in order to understand molecular
evolution. Selection and mutation
form a distribution of mutants that
is called a quasispecies. The target
of selection is not an individual
mutant sequence but the whole
quasispecies. Therefore, fitness is a
property of the quasispecies and
not of individual mutants.

The fitness of a quasispecies
is mathematically defined as the
largest eigenvalue of the mutation—
selection matrix. Selection stabil-
izes a quasispecies distribution in
sequence space, and evolution can
be viewed as a destabilization of an
existing quasispecies upon arrival of
a new advantageous mutant that
establishes a new quasispecies?®,
© A quasispecies may be centered
around a master sequence with
high efficiency of reproduction.
The consensus sequence of the

quasispecies need not be identical
with the master sequence. For larger
mutation rates, the frequency of the
master sequence in the population
can be very low. Evolution seems to
work fastest close to the error
threshold. The quasispecies has
changed the classical view of
evolution from the picture of a single
wild type moving through sequence
space by random walk® into the
picture of a quasispecies with
its mutant distribution migrating
through sequence space in an
internally self-controlled manner
and guiding itself to the peaks of
the fitness landscape.
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