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Different Trajectories of
Parallel Evolution During Viral
Adaptation
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The molecular basis of adaptation is a major focus of evolutionary biology, yet
the dynamic process of adaptation has been explored only piecemeal. Exper-
imental evolution of two bacteriophage lines under strong selection led to over
a dozen nucleotide changes genomewide in each replicate. At least 96 percent
of the amino acid substitutions appeared to be adaptive, and half the changes
in one line also occurred in the other. However, the order of these changes
differed between replicates, and parallel substitutions did not reflect the chang-
es with the largest beneficial effects or indicate a common trajectory of

adaptation.

The wealth of molecular data now available
reveals that genetic variation is virtually ubig-
uitous not only between species but also within
species. Yet the extent to which this variation is
adaptive is.enigmatic. This question has taken
on new importance as molecular data find in-
creasing use to deduce the mechanism of drug
resistance, monitor pathogen populations for
incidence of resistance, and compare molecular
responses to different drugs and treatment re-
gimes. DNA sequence comparisons are com-
monly used to address this question, because
they carry legacies of their histories that may
reflect adaptive change. For example, historical
occurrences of adaptive evolution can some-
times be recognized by the high rate of nonsyn-
onymous to synenymous substitution in coding
regions, which is a statistical landmark adaptive
change (I/-4). However, for two reasons, this
statistical approach may be less useful for look-
ing at contemporary adaptation of pests and
pathogens. First, adaptive responses to strong
selection may require too few changes at the
molecular level to leave such “statistical
tracks.” Second, these methods reveal the oc-
currence but not the identity of adaptive chang-
es. Parallel evolution—the same change having
evolved repeatedly and independently—is also
regarded as evidence of adaptation and can
reveal the identity of at least some adaptive
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amino acid substitutions (5—8). In fact, parallel
evolution is a standard criterion used to identify
the amino acid substitutions responsible for
drug resistance. Although some believe that
organisms have too many degrees of freedom to
allow this type of predictability, it is not out of
the question that the short-term course of adap-
tation in response to specific selective agents
can be predicted, and the short-term course is
the one most relevant to human health and
infectious disease. It is thus important to deter-
mine the extent to which parallel evolution
allows us to predict the mechanisms and dy-
namics of evolution. Here we assess the
genomewide dynamics of evolution to examine
the molecular basis for and process of adapta-
tion in a viral population under strong selection.
The single-stranded DNA bacteriophage
$X174 was adapted to high temperature and
a novel host (Salmonella typhimurium) in a
two-stage chemostat for about 1000 popula-
tion doublings over 10 days. Methods were as
described (9) except that the temperature was
43.5°C throughout the 10 days of selection.
To guard against contamination, which
could be misinterpreted as parallel evolution,
we grew replicate lineages in our geographi-
cally separated laboratories; we refer to them
as the TX and ID replicates. The chemostats
were sampled every 24 hours, and isolates
from these daily samples were archived into
microtiter plates for later analysis. Population
sizes in the chemostats were typically in ex-
cess of 107 except during the first few days of
the TX chemostat, when population sizes
were closer to 10*. Our goal was to observe
the process of adaptation in a very strong
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selective environment rather than to dissect
responses to specific conditions in the envi-
ronment. These conditions—Ilarge population
size and strong selection—are highly favor-
able to adaptation.

In previous experiments (9), we found
that adaptation to these conditions resulted in
over a dozen substitutions genomewide, with
25 to 50% of them occurring in parallel be-
tween any two replicates. On the basis of this
parallel evolution alone, we concluded that
substitutions were adaptive at more than one-
third of the sites where differences were de-
tected. However, the underlying dynamics of
evolution and the extent of genetic differen-
tiation within populations was unknown. At
one extreme, substitutions might quickly
sweep through the population to fixation, so
that most genotypes in the population are
very similar at any point in time; at the other
extreme, there could be multiple competing
genotypes present throughout the history of
the population. Furthermore, it is not known
to what extent high levels of parallel evolu-
tion are a signature of similarity of adaptation
at the phenotypic level.

Adaptation to chemostat conditions was
evident by massive improvements in phage
growth rates at the high temperature (Fig. 1).
Phage population growth rates were mea-
sured as doublings of phage concentration per
hour at 43°C under defined conditions (9);
this assay measures a major component of
fitness in the chemostat but does not measure
all relevant fitness components. The popula-
tion growth rate of the ID replicate increased
from —5 to 7.1 over the course of the 10 days
of selection, with no gain detectable after day
4. This corresponds to a 4000-fold improve-
ment in the number of descendants per hour.
The population growth rate of the TX repli-
cate increased from —5 to 12.5 (about
18,000-fold) over the course of the 10 days of
selection, with major improvements at several
time points. A difference in correlated response
to selection was also detected: ID lost its ability
to plate on Escherichia coli C, whereas TX
retained this ability. From this fitness evidence
alone, it is obvious that both replicates accumu-
lated changes but that they followed at least
somewhat different pathways.

The genetic basis of adaptation was stud-
ied at both a nucleotide level and a population
level over time. To identify substitutions at
high frequency at the end of selection, we
obtained complete genome sequences from
polymerase chain reaction products amplified
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from aliquots of the day 10 populations. This
yields a consensus genotype for the popula-
tion. Additionally, we sequenced two isolates
from each day 10 population completely, re-
vealing two substitutions at low frequency
in ID. We then studied the population fre-
quencies of all detected changes by oligo-
nucleotide hybridization of plaque isolates ar-
chived daily (10). For each substitution, we
designed separate oligonucleotides to detect the
evolved and the ancestral states. We screened
eight isolates from each daily sample to identify
when each substitution appeared, and we
screened 96 isolates per day across the period of
polymorphism.

Fourteen nucleotide substitutions and one
intergenic deletion were detected in the TX
replicate; 13 substitutions and 1 intergenic de-
letion were detected in the ID replicate (Table
1). The average fitness increase per substitution
is thus about one doubling per hour, which
indicates that at least some of the changes car-
ried profound advantages. If we assume a gen-
eration time of 20 min, this translates into a
relative fitness of about 1.26 per substitution,
which is very large in evolutionary terms.
These substitutions occurred in 6 of the 11
&X174 genes (/1) in TX (A, A*, C, E, F, and
H) and in 4 genes in ID (A, A*, F, and H).
Consistent with the other evidence of adapta-
tion in this system, all 14 of the TX substitu-
tions, and 11 of the 13 ID substitutions were
nonsynonymous.

Additional information must be used to
determine which changes are adaptive. One
powerful indication of selection is parallel
evolution. About 50% of the changes oc-
curred in parallel between both replicates: six
substitutions (F101, F177, H79, A44, A63,

o

Population doublings

H A ODM MO ®

Days

Fig. 1. Phage population growth rate at 43°C.
Phage population growth rates were measured
as doublings of phage concentration per hour at
43°C under defined conditions (9), except that,
in contrast to this earlier assay, aeration was
achieved by bubbling to closely match the che-
mostat environment. The TX replicate is shown
as a solid line; the ID replicate is shown as a
dashed line. Bars represent one standard error
above and below the mean. Each fitness assay
included all 11 of the cultures shown here. The
values for each assay were standardized by
adding a common correction factor to render
the mean equal between assays performed at
different times. This standardization affects
only the variances and not the means.
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and A462) and the 27-base deletion. Further-
more, of the 29 changes in these two repli-
cates, only 5 have not been observed in other
lineages we have propagated (/2): E72, F361,
H15, and the silent changes at positions 1300
and 4637. (These 5 changes are referred to
below as unique substitutions.) Equally strik-
ing, 4 of our 19 different amino acid substi-
tutions are convergent with the closely relat-
ed bacteriophage S13. S13 was originally
isolated on Salmonella (13) and differs from
$X174 at 113 sites, including 30 nonsynony-
mous differences (/4, 15). One of our four
convergences with S13 is the unique substi-
tution F361, suggesting that it, too, is adap-
tive. This was further supported when selec-
tion of S13 on E. coli C resulted in conver-
gence with the X174 ancestral sequence at
this site (data not shown).

The adaptive value of a change may also
be assessed from the dynamics of its ascent in
a population. Substitutions occurred as a se-
ries of rapid sweeps through both populations
(Fig. 2). Genetic drift is not a plausible mech-
anism for these rapid increases in so large a
population, but genetic hitchhiking could al-
low one beneficial change to drag other, non-
adaptive changes through the population.
Substitutions that increased in frequency in-
dependently of all others can be considered
adaptive. Dynamics reveal the adaptive na-
ture of 8 of the 29 changes, including one of
the unique changes (E72). In contrast, one of
the silent changes in the ID replicate (1300)
appeared and swept through in strict coupling
with the change at 1460 (F153), which is
consistent with genetic hitchhiking of a neu-
tral change. From the combined evidence of
parallelism and dynamics, only the silent sub-
stitutions and H15 remain as candidate non-

adaptive substitutions. Thus, in each repli-
cate, at least 86% of the substitutions appear
to be adaptive.

In contrast to the patterns seen for popu-
lation growth rate, the overall picture of mo-
lecular dynamics is remarkably similar be-
tween the two replicates, except that the onset
of change was delayed somewhat in TX. In
both populations, changes swept through rap-
idly and, except during the initial 2 days of
TX, they accumulated throughout the entire
10-day period. Chemostat populations were
successively dominated by the new geno-
types as changes appeared, instead of gener-
ating a stable coexistence of different, com-
plex genotypes as observed in some bacterial
chemostats (/6). Substitutions in F were
among the first changes in both replicates and
coincided with large increases in population
growth rate; additional substitutions in F also
arose late in both populations. In two cases,
we detected substitutions that entered and
were soon lost from the population (C64 in
TX; F204 in ID). Other substitutions swept
through the population as these changes
dropped out. These two losses were detected
serendipitously; other losses may have oc-
curred but went undetected.

The high degree of parallel evolution and
the superficially similar dynamics suggest
that many similarities underlie the evolution-
ary processes in both replicates. Yet there are
surprising differences. The order of appear-
ance of the seven parallel changes differs
between TX and ID (/7). By comparison, the
accumulation of mutations in the human im-
munodeficiency virus (HIV-1) reverse tran-
scriptase or protease gene has been studied
under a variety of drug treatments. Parallel
changes are frequent, and often there is a

Table 1. Molecular changes in $X174 during adaptation to high temperature and a novel host. Changes
are listed in the order in which they appeared in the population. The nucleotide position in the published
sequence (GenBank accession no. J02482) is listed, followed by the protein affected, with the number of
the amino acid residue, and the nature of the amino acid substitution where applicable (33). Protein A
functions in viral-strand synthesis; A* shuts off host DNA synthesis; C functions in DNA maturation; E is
a lysis protein; F is the major coat protein; H is the minor spike or pilot protein. Parallel changes are shown
in boldface, and superscript indicates the order of those changes in the other replicate. Order corresponds

to the numbering of changes shown in Fig. 2.

Order TX site Amino acid change ID site Amino acid change
1 782 E72, T— | 2167 F388,H—Q
2 1727 F242, L— F 1613 F204, T—S
3 2085 F361,A—V 15336 F177, T— |
4 319 C63,V—F 1460 F153,Q—E
5 2973 H15,G— S 1300 F99, silent
6 323 C64,D—G 13053 F101,G—D
7 4110° Ad4,H—Y 1308 F102, Y—C
8 1025 F8, E—K 4110" A44,H—Y
9 31667 H79,A—V 4637 A219, silent

10 5185 A402, T—-M 965-914 A

11 13052 F101,G—D, 5365° A462M—T
12 965-91* A 41687 A63,Q—R
13 5365° A462M— T 31662 H79,A—>V
14 15337 F177, T— | 1809 F269, K—R
15 4168° A63,Q—R
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common order to the appearance of these
changes (/8, 19). Substitutions may confer
increasing levels of drug resistance per se or
may compensate for deleterious pleiotropic
effects of earlier resistance mutations (20).
Compensatory substitutions will, by defini-
tion, follow the changes that directly confer
resistance, thus giving rise to an order effect.
A common order is also expected in large
populations on the grounds that mutations
with the largest beneficial effect sweep
through before those of lesser effect (21).
However, observation of the evolution of
HIV suggests that the effective population
size of viruses within a person appears to be
orders of magnitude smaller than the total
number of viruses, which may account for the
lack of order in some treatments (22).

The fact that a common order did not pre-
vail in our lines suggests that these parallel
changes may provide a benefit in the chemostat
that accrues over a wide range of genotypic
backgrounds—that the sign of fitness effect (if
not the magnitude) is stable across many geno-

types. The earliest changes in F coincided with -

large initial increases in population growth rate
in both replicates, but another difference be-
tween ID and TX was that the changes in F that
underlie these initial fitness increases were not
the same. When there are multiple pathways of
adaptation, as appears to be the case here, the
beneficial effect of a particular substitution may
be greater when the virus suffers low fitness
than after much fitness has been recovered (23).
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Fig. 2. Population dynamics of molecular evolu-
tion during adaptation of $X174 to a novel host
and high temperature. The frequency of each
substitution is shown daily for the TX and ID
lineages over the 10-day period of selection.
Numbering of changes to the order shown in
Table 1. Line and gene designations are color
coded; A is the 27-base intergenic deletion from
965 to 991.
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This model would explain why different early
changes cause the largest boosts in fitness and
also may explain why mutations conferring a
high fitness in one replicate do not always
appear in other replicates. Many later substitu-
tions fixed without obvious increase in phage
growth rate; their benefit may lie in fitness
components not measured by growth rate or
may just lie outside the scale of detection (24).

Most parallel substitutions did not occur
in all five selections carried out under the
same experimental conditions (25). Why is
parallel evolution not complete? Given the
population size in the chemostat, all these
substitutions would have arisen multiple
times during the course of these selections.
This variation among replicates suggests that
stochastic features, such as the identity of the
earliest change to sweep through the popula-
tion and the order in which substitutions
arise, may influence the pattern of adaptation
even in systems where parallelism is the rule
rather than the exception. And, as in the case
of HIV (22), the effective population size
may be much smaller than the total number of
phage in the chemostat at any point in time.

There is considerable precedent for exper-
imental studies of microbial adaptation with
patterns of fitness change used to infer the
underlying genetic changes (16, 26—31). Our
work extends those earlier studies by identi-
fying the nucleotide changes genomewide
during adaptation. From our observations of
parallel evolution and the dynamics of sub-
stitutions sweeping through the populations,
we were able to conclude that all but 1 of the
25 amino acid substitutions seen in these
populations was adaptive. Although our anal-
ysis would not have detected most changes
that appeared and that were ultimately lost,
we nonetheless have observed a complexity
that would defy analysis at only the fitness
level. Further studies are needed to determine
how such patterns are affected by rates of
recombination (32), mutation, and environ-
mental change.
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