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Abstract. RNA viruses and retroviruses fix substitu- immunodeficiency virus (HIV) (Ho et al. 1995; Wei et
tions approximately 1 million-fold faster than their hosts. al. 1995) and human hepatitis B and C viruses (HBV and
This diversification could represent an inevitable drift HCV) (Nowak et al. 1996; Zeuzem et al. 1998). Follow-
under purifying selection, the majority of substitutions ing therapeutic intervention, plasma viral loads were
being phenotypically neutral. The alternative is to sup-measured revealing massive destruction—betwe&tol0
pose that most fixed mutations are beneficial to the virus10*? virions per day, or 50-90% of the total. Calculations
allowing it to keep ahead of the host and/or host popu+elated to the genesis of sequence diversity concur with
lation. Here, relative sequence diversification of differentthese findings and indicate that the majority of infected
proteins encoded by viral genomes is found to be linearcells are destroyed before they can give rise to progeny
The examples encompass a wide variety of retroviruseéWain-Hobson 1993; Pelletier et al. 1995). In other
and RNA viruses. The smoothness of relative divergencevords, only a small fraction of infected cells are produc-
spans quasispeciation following clonal infection, totively infected. The obvious predators are immune re-
variation among different isolates of the same virus, tosponses. The other hurdle viruses have to overcome is
viruses from different species or those associated withransmission, which may represent a severe bottleneck—
different diseases, indicating that the majority of fixed infection can be initiated by a single virion. The massive
mutations likely reflects drift. This held for both mam- destruction and precariousness of transmission could
malian and plant viruses, indicating that adaptive immu-well introduce a strong stochastic component into the
nity doesn’t necessarily shape the relative accumulatiomvolution of their genomes.
of amino acid substitutions. When compared to their In terms of genetic variation, a major distinction can
hosts RNA viruses evolution appears conservative. be made between RNA and DNA viruses. In lieu of any
nucleic acid proofreading mechanism, the mutation rates
Key words: RNA virus — Retrovirus — Virus evo- for RNA viruses and retroviruses are between 0.2-2 per
lution — Sequence divergence — Genetic drift genome per cycle (Drake 1991, 1993; Domingo and Hol-
land 1997). This shows up in the amino acid fixation
rates for RNA viral and retroviral proteins, which is of
the order of 16 greater than those of their vertebrate,
invertebrate, and plant hosts (Gojobori and Yokoyama
. S . . 1985). By contrast, DNA viruses either encode proof-
Viral replication is accompanied by destruction of huge . .
s . : reading enzymes (e.g., herpes and pox viruses) or are
numbers of progeny. This is particularly evident from . S . .
recent work on the dynamics of three viruses: humane.dlte<j by the h"?t replication maphmery (g, papllloma
viruses). Accordingly, the mutation rates for DNA vi-
ruses are 1B-1C°-fold lower than their RNA counter-
Correspondence tdS. Wain-Hobson parts (Domingo and Holland 1997). To what extent do
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RNA viruses exploit genetic variation, if at all? Given Results
such a superior fixation rate, are they adapting or merely
changing? HCV is a member of the Flaviviridae with a positive,

A handful of studies have tracked viral sequence di-single-stranded RNA genome averaging 9.4 kb. It in-
versification over time, frequently revealing molecular cludes two untranslated regions at tfebd 3 ends, and
clock—like behavior—that is, there was a linear increasea large orf encoding &3020-residue polyprotein, which
in the number of fixed mutations over time, much like is posttranslationally cleaved into structural (core, E1,
molecular clocks established for a variety of chromo-E2) and nonstructural (NS2, NS3, NS4A, NS4B, NS5A,
somal genes. The examples included HIV, HBV, coro-and NS5B) proteins. Thirty complete sequences were
naviruses, and influenza A (Elena et al. 1992; Gojoborirecovered from data banks, allowing 15 comparisons for
et al. 1990; Hayashida et al. 1985; Leitner et al. 1997;any pair of mature proteins.

McGeoch et al. 1995; Plikat et al. 1997; Querat et al. Figure 1A gives a series of comparisons for amino
1990; Sanchez et al. 1992; Villaverde et al. 1991; Yangacid divergence among HCV E1, E2, NS2, NS3, NS4B,
et al. 1995; Fitch et al. 1997). Such studies requireNS5A, and core proteins with respect to the NS5B pro-
clearly defined time points, which are not always avail-tein (RNA polymerase) taken as reference. In all cases a
able. linear relationship was noted, which proved to be statis-

A way around this is to compare the extent of aminotically robust (Table 1). Furthermore the x and y inter-
acid fixation from different viral proteins. Any two cod- cepts were close to the origin. To show that linear rela-
ing regions on the same genome will be replicating detionships were not a chance characteristic of the way
spite decimation by immune responses and the bottlegenomes were initially paired, the results of 15 alterna-
necking inherent to transmission. They may only becomdive pairings for the NS2/NS5B pair are shown in Fig.
uncoupled via frequent recombination between divergeniB. As can be seen from Table 1, the difference among
viruses. Hence, time is factored out. For a large andjradients was=12%. Finally, plotting dependent data,
diverse selection of viruses it is shown here that amind.e., NS2/NS5B comparisons from all pairwise analyses
acid substitutions for pairs of viral proteins are accumu-yielded a linear relationship (Fig. 1C and Table 1) indis-
lated in a linear manner. This goes for vertebrate virusesinguishable from the mean for all the 15 data sets shown
as well as those of plants and even bacteriophages, inn Fig. 1B.
dicating that this feature is not shaped by pressure from No matter the protein, its relative divergence with
adaptive immune systems. respect to the NS5B protein was linear out to Blosum

distances of 0.1-0.5 and 0.3 for NS5B. Blosum correc-
tions were introduced as protein sequence comparisons
Materials and Methods are more informative when weights are used based on
genetic and structural biases for amino acid replacements
SequencesSequences were recovered from Los Alamos Web sites fo{Henikoff and Henikoff 1993). To explore the impact of
HIV-1, HIV-2, and simian immunodeficiency virus (SIV) (hitp://hiv-  Blosum corrections on the relative divergence of viral
web.lanl.gov) and papillomavirus (http://HPV-we_b.IanI.gov) as well as proteins, pairwise comparisons were made for the HCV
throug!’l Ge_nBank and EMBL Bank_ for other viruses. AII Sequenc?SNSSA/NSSB and E2/NS5B without any correction. As
used in this study as well as alignments are available at ftp:// ) . .
www.pasteur.fr/pub/retromol/Sala99 through anonymous login. can be seen from Table 1, the linear relatlonshlps, par-
ticularly the gradients, were hardly affected. Hence, rela-

Relative Rates of Viral Gene Diversificatiolhe study encom- tlv_e dlvergen.ce.seems to be a SmOOth process, the rate
passed 85 different protein data sets, comprising 1174 sequences co€iNg an intrinsic property of the proteins.
ering 15 groups of mammalian, plant, and bacterial viruses (see Table The absence of points far from the linear regression
1). The majority (92%) of sequences were taken from completely sesubstantiates the assumption that recombination between
quenced genomes. Data were used from some incomplete viral S%igh'y divergent genomes is a rare phenomenon. This

quences, for example, the influenza hemagglutinins and some addi(-j td binati v that the f "
tional HIV-1, HIV-2, and SIV protein sequences. In general, only oesnitdeny recombination, merely that the irequency o

residues corresponding to a nonoverlapping portion of the open readinfOmMologous recombination is probably a function of se-

frame (orf) were used. For HBV the S and P orfs overlap extensively.quence divergence. Hence the closer the sequences the

This example was explored explicitly. ~more probable the event. Such examples would not result
Sequences were aligned using ClustalW1.6. After gap stripping,in 4 Iarge deviation from a linear regression.

divergence was calculated following weighting using Blosum matrices .
(Henikoff and Henikoff 1993). Viral genomes were paired arbitrarily, . The approac_h was extended to a number of different
each genome being analyzed only once. Accordingly, all the data point¥iruses for which there were a substantial number of
were independent. Relative divergence was calculated in the followingcomplete sequences. Not surprisingly, HIV-1, HIV-2,
manner using HCV as an example: for a pair of HCV genomes theand SIV provide a particularly voluminous data base.
divergence among all homologous proteins (core, E1, etc.) were ComUSing p66 reverse transcriptase (RT) as reference, sig-

puted and plotted with respect to the divergence between NS5B pro- ifi tli lati hi btained f .
teins (viral polymerase) arbitrarily taken as reference. Comparisons o mcant linear relationships were obtained for comparl-

the relative divergence for pairs of proteins from other twinned HCv SONS with the p17 Gag, p24 Gag, integrase, gp41, gp120,
genomes provided additional points. Vif, and Nef proteins (Table 1). Furthermore, linear re-
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gression passed close to the origin except for a plot of
Nef versus RT. Despite this, the correlation coefficient
was highly significant. As for HCV, the relative rates of
sequence divergence (y/x) varied by little more than a
factor of two. The reason why the hypervariable gp120
protein shows a relatively low degree of change with
respect to RT is that gap stripping effectively eliminates
the hypervariable regions. Consequently, the analysis
pertains to the conserved regions of gp120. All other
alignments were only marginally influenced by gap
stripping. Using larger data sets from partially se-
quenced HIV/SIV genomes yielded linear relationships
for p17 Gag/p24 Gag, integrase/RT, and gp41/gp120
(Table 1).

This HIV-1, HIV-2, and SIV data set is particularly
interesting as it covers the earliest phase of genetic di-
B 0.5+ , versification (intrapatient variation, generally <10% at

NS2 the nucleic acid level), continuing smoothly to cover in-
terclade, intertype, and finally interspecies comparisons.
The same forces are apparently uppermost during all
stages of diversification. Yet this in spite of different
0.3 environments—that of an individual’s immune system,
i different immune systems stigmatized by highly poly-
morphic HLA, and finally differences between humans,
chimpanzees, mandrills, and African green monkeys ac-
cumulated over 30 million years. It is remarkable that
such very different proteins as gpl120 and the gp41l
ectodomain (surface glycoproteins), pl7 Gag and p24
Gag (structural proteins), RT and integrase (enzymes),
and Nef and Vif (cytoplasmic proteins), all yielded linear
relationships (Table 1) as though the fixation amino
acid substitutions were an intrinsic property of each pro-
C 0.5- tein.

NS2 Highly significant linear regression relationships were
also in evidence for another set of retroviruses, human
type 1 and 2 and simian T-cell leukemia viruses (HTLV-
1, HTLV-2, and STLV-1). Despite the fact that immu-
0.31 nodeficiency viruses and HTLVs infect the same host
' (human and simian) and the same cell (CD4+ lympho-

cytes, HTLV-1 and STLV-1), they differ markedly in
their viral cycles. HTLVs replicate essentially through
clonal expansion of the infected cell (Wattel et al. 1995;
Cimarelli et al. 1996), whereas immunodeficiency vi-
ruses achieve high proviral loads through hundreds of
1 rounds of reverse transcription per year. As a conse-
0.3 quence, HIV fixes substitutions approximately a thou-
NS5B sand fold faster than HTLV (Mahieux et al. 1997). De-

. . . . spite this, relative divergence of proteins from both
Fig. 1. Graphical representation of paired divergence for orthologous . .
groups of viruses was linear.

proteins taken from complete HCV genomes. X and Y values corre- : .
spond to Blosum-corrected fractional divergence. The straight lines VWhen extended to other viruses, the approach yielded

were obtained by linear regression analysis. Their characteristics arinear relationships in all cases. Whether the data was for
given in Table 1A Y = different proteins, X= NS5B proteinB 15 influenza A viruses, hepatitis B, E, or G viruses, rhino-
independent NS2/NS5B data sets superposed. Each graph is mdlcatgﬁlruses enteroviruses. or flaviviruses (other than HCV)
as NS2.n, where 5= 1 to 15 (Table 1)C NS2/NS5B dependent data . L . ’ . ’
set. linear relationships were found (Table 1). The influenza
A hemagglutinin surface and transmembrane protein




Table 1. Pairwise amino acid sequence divergence for a wide col-Table 1. Continued
lection of viruses

Virus Linear Correlation
Virus Linear Correlation Paired proteins (y/x) n relationship coefficient: r
Paired proteins (y/x) n relationship coefficient: r
HGV
HCV E1/NS5A 5 y=1.06x+0.00 0.78
E1/NS5B 15 y= 1.64x+0.02 0.96* E2/NS5A 5 y= 1.36x+0.02 0.68
E2/NS5B 15 y= 1.01x+0.07 0.96* NS2/NS5A 5 y= 1.68x+0.00 0.9%4
NS2/NS5B 15 y=1.87x+0.00 0.99* NS3/NS5A 5 y= 0.57x+0.00 0.96
NS3/NS5B 15 y=0.71x+0.02 0.96* NS4/NS5A 5 y= 0.85x+0.00 0.69
NS4B/NS5B 15 y=1.28x-0.02 0.98* NS5B/NS5A 5 y= 0.84x+0.00 0.8%1
NS5A/NS5B 15 y=142x+0.01 0.98* Rhinoviruses
core/NS5B 15 y=0.52x+0.00 0.84* 3C/3D 5 y=1.05x-0.01  0.98*
NS5A/NS5B P2A/3D 5 y=120x-0.04 091

Blosum matrix 15 y=1.42x+0.01 0.98* P2C/3D 5 y=1.14x-0.02  0.99*
NS5A/NS5B VP1/3D 5 y=1.27x+0.02  0.99*

Identity matrix 15 y=1.46x+0.01 0.98* VP2/3D 5 y=0.77x+0.03  0.97
E2/NS5B VP3/3D 5 y=0.96x+0.02 0.95

Blosum matrix 15 y=1.01x+0.07 0.96* Enteroviruses
E2/NS5B 3C/3D 14  y=1.39x+0.00 0.99*

Identity matrix 15 y=1.02x+0.07 0.97* P2A/3D 14 y=1.22x+0.05 0.93*
NS2/NS5B (dd) 435 y=1.65x+0.02 0.98* P2B/3D 14 y=1.43x+0.03 0.97*
NS2/NS5B.1 15 y=1.87x+0.00 0.99* P2C/3D 14 y=1.28x+0.00 0.98*
NS2/NS5B.2 15 y=177x+0.01 0.97* VP1/3D 14 y=144x+0.16 0.95*
NS2/NS5B.3 15 y=1.77x+0.01 0.99* VP2/3D 14 y=103x+0.12 0.94*
NS2/NS5B.4 15 y=1.63x+0.02 0.98* VP3/3D 14 y=114x+0.12 0.92*
NS2/NS5B.5 15 y=1.60x+0.03 0.97* Flaviviruses
NS2/NS5B.6 15 y=1.64x+0.03 0.99* CINS5 20  y=177x+0.00 0.98*
NS2/NS5B.7 15 y=1.74x+0.01 0.99* prM/NS5 20 y=160x+0.00 0.99*
NS2/NS5B.8 15 y=1.56x+0.04 0.98* E/NS5 20  y=1.42x+0.00 0.99*
NS2/NS5B.9 15 y=1.50x+0.05 0.97* NS1/NS5 20 y=1.40x+0.00 1
NS2/NS5B.10 15 y= 1.59x+0.03 0.98* NS2A/NS5 20 y=1.89x+0.03 0.98*
NS2/NS5B.11 15 y=158x+0.03 0.98* NS2B/NS5 20  y=1.82x+0.01  0.99*
NS2/NS5B.12 15 y=1.74x+0.01 0.97* NS3/NS5 20 y=122x-0.01 0.99*
NS2/NS5B.13 15 y=1.64x+0.03 0.97* NS4A/NS5 20 y=1.64x+0.00 1
NS2/NS5B.14 15 y=1.58x+0.04 0.96* NS4B/NS5 20 y=1.97x+0.00 0.95*
NS2/NS5B.15 15 y=1.70x+0.01 0.96* Potexviruses (plants)

Means 166 0.02 0.98* capsid/pol 6 y= 1.40x +0.03  0.98*
HIV-1, -2, SIV ORF2/pol 6 y= 1.28x+0.02  0.99*

pl7/RT 22 y=1.15x-0.02 0.98* Potyviruses (plants)

p24/RT 22 y=0091x+0.03 0.96* P1/CI 21  y=142x+0.15 0.94*

integrase/RT 22 = 0.94x-0.01 0.99* HC-Pro/Cl 21  y=1.26x-0.01 0.99*

gp41/RT 22 y=1.16x+0.01 0.96* P3/CI 21 y=153x+0.06 0.97*

gp120/RT 22 y=1.50x+0.02 0.96* Nla/Cl 21  y=1.13x+0.00 0.99*

VIf[RT 22 y=1.49x+0.01 0.97* NIb/CI 21  y=0.87x+0.01 0.99*

nef/RT 22 y=1.19x+0.12 0.94* CPI/CI 21  y=092x-0.01 0.98*

pl7/p24 53 y=1.01x+0.09 0.93* Papillomaviruses

integrase/RT 24 y=0.95x-0.01 0.96* L2/L1 Blosum matrix 25 y= 1.29x-0.02  0.96*

gp41/gp120 63 y=0.79x-0.02 0.97* L2/L1 Identity matrix 25  y= 1.28x-0.01  0.96*

nef/vif 23 y=0.71x+0.12 0.88* E1/L1 Blosum matrix 25  y=1.02x+0.08  0.90*
HTLV-1, -2, STLV E1/L1 Identity matrix 25  y= 1.01x+0.08  0.89*

p24/RT 7 y=0.35x+0.02 0.88* Geminiviruses (plants)

pl9/RT 7 y=1.09x+0.00 0.99* V2(AR1)/C1(AL1) 17 y=1.21x-0.06 0.80*

integrase/RT 7 y=0.96x+0.02 0.98* Inoviridae (bacteria)

gp21/RT 7 y=0.35x+0.01 0.96* protein I/Il (dd) 15 y= 1.06x+0.03 1

gp46/RT 7 y=0.83x+0.01 1 protein I1I/11 (dd) 15 y=1.02x+0.11 0.91*
HBV protein IV/Il (dd) 15 y=102x+0.05 0.99*

pol/preS1-preS2-HBsAg 17 % 1.07x+0.00 0.96*

pol overl/preS1-preS2- HIV/SIV: human and simian immunodeficiency viruses; HBV, HCV,

HBsAg 17 y=0.85x+0.00 0.97* HEV, HGV: human hepatitis B, C, E, and G viruses, respectively; HTLV/

pol overl/HBsAg 17 y=111x+0.00 0.94* STLV: human and simian T-cell leukemia viruses. The protein compari-
HEV sons made for paired genomes are listed as y and x and identify each in the
M/polymerase 5 y=0.78x+0.00 0.96 linear regression analyses. The numbers of paired genomes per virus group
Y/polymerase 5 y=0.51x+0.02 0.45 is n. The significance of the correlation coefficients is as foltotvg <
Pr/polymerase 5 y 256x-0.01 0.99* 0.001,"p<0.005/p<0.01"p<0.02%p<0.1,and p= 0.1. For HCV
P/polymerase 5 y 4.40x+0.01 0.98* there were 15 arbitrarily chosen pairs of genomes, which yielded as many
X/polymerase 5 y=175x-0.01 1 independent data points (NS2/NS5B.n, where 4—15). Occasionally all
H/polymerase 5 y=0.91x+0.00 0.98* pairwise comparisons were made resulting in dependent data (dd); see also
ORF2/polymerase 5 y 0.48x+0.01 0.99* the inoviridae. For HBV the comparisons are for the entire pol (P) and the
Influenza A viruses PreS1-PreS2-HBsAg orf, uniquely the overlapping region of these two

HA1/HA2 47 y=1.32x+0.03 0.97* orfs and the P region overlapping only the HBsAg coding region, respectively.
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(HA1/HAZ2) pair is salutary as it is considered the para- (.8 =
digm for positive selection (Fitch et al. 1997). Others
have long noted a molecular clock behavior for the hem-
agglutinin and some structural proteins as well as the
accumulation of synonymous substitutions (Gojobori et

al. 1990; Fitch et al. 1997).

All the above viruses infect mammals endowed with
powerful adaptive and innate immune systems. Plants
and insects are hosts to a wide variety of viruses and
defend themselves uniquely via a multitude of innate
defense systems markedly different to those of mammals
(Brey and Hultmark 1998). Although there are insuffi-
cient data to allow a comparable analysis of insect vi-
ruses, there are large numbers of complete plant virus
sequences available. When applied to proteins encoded
by either potexviruses or potyviruses (positive stranded
RNA genomes), relative divergence was always linear
with intercepts close to the origin. These examples show
that the adaptive immune system does not a priori un-
derlie the linear relationships. Again, the degree of varia—o -
tion seems to be more a feature of the particular protein, - El
rather than the host species.

Among all the different protein comparisons, very
few failed to yield significant linear relationships (e.g.,
HGV and HEV data sets, Table 1). These failures had
two common features: a small sample size<{n5) and
low divergence (Blosum distances <0.1). It would seem
to be the conjunction of the two features, for all rhino-
virus (n = 5) comparisons were significant (Blosum
distances <0.7) as were the potexvirus<n6) compari-
sons (Blosum distances <0.8). Consequently, it is pos-
sible that as more and more HEV and HGV genomes are .. L1
sequenced comparisons of the divergence among pairs of T T T T T .
proteins will prove to be significant in a linear regression 0 0.6
analysis.

. AS DNA repllpat!on is subject to proofreading, DNA Fig. 2. Graphical representation of paired divergence for orthologous
viruses fix substitutions at a much reduced rate compareghoteins taken from complete papillomavirus genomes encompassing
to their RNA counterparts (Drake 1991, 1993; Domingo45 human, 3 bovine, and 1 dog, rabbit, and deer viruses. Units corre-
and Holland 1997). This apart, might not the relative spond to Blosum-corrected fractional divergence. The straight lines
accumulation of sequence diversity among DNA viral were obtained by linear regression analysis (Table 1). Given the extent

. N . of papillomavirus sequence variation, the analysis was also performed
s )
proteins parallel the findings for RNA viruses? When using uncorrected amino acid sequence differences. The results for the

applied to papillomavirus (double-stranded DNA Vi- |21 and E1/L1 pairs were almost the same (Table 1) as those using
ruses) linear relationships were to be had (Fig. 2, Tabl@losum distances, again indicating that the Blosum correction was not

1). Note the large Blosum distances and a particularlytself responsible for the phenomenon.

diverse collection spanning oncogenic or benign human,

chimpanzee, bovine, canine, deer, and elk viruses. The _

same was true for a pair of proteins encoded by thé?!Scussion

double-stranded DNA geminiviruses of plants, again in-

dicating that linearity has nothing to do per se with theWhether the comparisons were between capsid proteins
adaptive immunity. A final example is provided by the versus enzymes, secretary versus cytoplasmic molecules,
inoviruses, single-stranded DNA bacteriophages of ther proteins of very different three-dimensional structure,
fd group, which includes M13. Comparisons of their |, Il, significant linear relationships were obtained in all cases.
I, and IV protein sequences yielded linear relationshipsThis pertains to proteins encoded by both RNA and DNA
(Table 1). And of course, bacterial defenses against inviruses replicating in mammals, plants, and bacteria. Fur-
fecting viruses are markedly different from both mam-thermore, the intercepts were very close to the origin,
malian and plant immune responses. indicating a smooth process spanning quasispeciation
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following clonal infection, to variation among different lection, the rate of accumulation being intrinsic to each
isolates of the same virus, to viruses from different spejprotein. This is not to say that positive selection is inop-
cies or those associated with different diseases. Althoughrative—the case of influenza A HA1 being a case in
linear relationships were maintained out to large Blosumpoint—merely that thenajority of fixed substitutions are
distances, they were not dependent on this correctioessentially neutral (Haydon et al. 1998), so much so that
(e.g., HCV and papillomaviruses; Table 1 and unpub-it does not strongly distort the data from a linear rela-
lished data). tionship expected for genetic drift.

What is the significance of the linear relationships? By contrast, it could be postulated that positive selec-
The gradients correspond to ratios of amino acid fixationtion is continually operative on all proteins. The obvious
for pairs of viral proteins and are therefore scalar quanselection pressure on all mammalian viral proteins is
tities. However, they are indistinguishable from the rateT-cell immunity, which may recognize processed pep-
of amino acid fixation for protein A divided by that for tides from all viral proteins. However, linearity was
protein B. Formally, the rate of fixation need not be noted for the relative divergence of plant viruses and
constant, i.e., clocklike, so long as concurrent ratebacteriophages, indicating that viruses such as HIV,
changes showed up among all viral proteins studiedHCV, and influenza A are not necessarily mutating to
However, molecular clocks for viral proteins have beenoutwit their host's immune system. Or in terms of the
observed over small degrees of divergence (Elena et ahbove language, it is not axiomatic that the majority of
1992; Gojobori et al. 1990; Hayashida et al. 1985; Leit-amino acid changes reflects escape from host adaptive
ner et al. 1997; McGeoch et al. 1995; Plikat et al. 1997;immune systems. In fact, an examination of the literature
Querat et al. 1990; Sanchez et al. 1992; Villaverde et alreveals very few unambiguous examples of escape from
1991; Yang et al. 1995), certainly for a number of virusesadaptive immune systems by ongoing variation within
analyzed here (e.g., influenza A hemagglutinin (HA), the host (Wain-Hobson 1996; Borrow and Shaw 1998).
HIV Nef, HBV HBsAQ). Hence it may be concluded that Adaptive immunity is intimately associated with mem-
for small Blosum distances, out to 0.2-0.3, the linearityory, which allows rapid secondary responses and protec-
of relative sequence divergence is reflecting moleculation of offspring by transfer of antibodies via the pla-
clock behavior. centa and milk (Zinkernagel 1996; Mason 1998).

What may be said for the fixation at larger distances Pursuing the argument in favor of continuous positive
when multiple substitutions must be occurring? (1) For aselection, what other mechanism(s) could be envisaged
data set spanning 64 orthologous sets of chromosomdhat are compatible with the smoothness of relative di-
proteins, a molecular clock behavior was evident aftervergence in a protein specific manner? Fitness selection
applying the Blosum correction (Doolittle et al. 1996; is an alternative, but presents a conundrum. For example,
Feng et al. 1997). Therefore plotting Blosum-correctedthe data in Fig. 1 were all for the human hepatotropic
distances for paired proteins would be expected to yieldiirus, HCV. Being able to exclude T-cell immunity, it
a straight line. (2) For the same data set (Doolittle et albecomes reasonable to assume that the niche is fairly
1996; Feng et al. 1997) it can be shown that the uncoreonstant. Yet to conclude fithess selection is to assume
rected distances vary with time according to the relationthat HCV is not adapted to its niche despite &-fidld
ship AA = at™, whereAA is the sequence divergence increased mutation rate over host cell replication. Fur-
among evolutionary related members of the set of prothermore, given such an advantage, continual fithess se-
teins A, and a and m are constants. Similarly for proteinlection, unrelated to T-cell immunity, should be measur-
B the relationship would bAB = bt", where b and n are able over a decade or so, then one would expect a steady
constants. Obviously, since the maximum valuedAf increase in virulence. A similar argument could be made
and AB tend to 1, m n < 1. Comparing divergence for HBV, HEV, or HGV. There is no evidence that
among two proteins, say, A and B, encoded by the saméllV-1 is increasing in virulence. In contrast, the HIV/
genome yieldsAA/AB = a/bt™™. The format of the SIV, rhino-, entero-, flavi-, influenza A, potex-, poty-,
presentations in Figs. 1 and 2 is thatAA versusAB. A papilloma-, and geminiviruses data sets included viruses
linear relationship is only possible when m n, while  from different hosts and in some cases viruses of differ-
the gradient equals the ratio of two constants, a and bent tropism (Table 1, Fig. 2, ftp site). It is safe to con-
Rewriting the equations for a set of proteins one obtainglude that some degree of adaptation must have occurred.
AA = at™, AB = bt™...AZ = zt™. Hence, differences Despite this, linear relationships were found for all cases.
in the rate of fixation of amino acid substitutions for ~ The data support the hypothesis that thajority of
different proteins are directly related to a constant (a, kixed substitutions are phenotypically neutral. The num-
... Z), intrinsic to each protein. ber of substitutions allowing adaptation cannot be so

A simple hypothesis to explain the smoothness ofgreat, otherwise the lineage would become extinct. Since
protein sequence diversification over a wide variety ofviral populations sizes in vivo are rarely >f0at any
differing hosts or niches is that thmajority of fixed = moment, the number of mutations necessary to allow
amino acid substitutions reflect drift under purifying se- adaptation cannot be more than three per genome, given
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able appears to be the nature of the protein as shown by
differing slopes (Figs. 1, 2, Table 1). The analogy with
. the differential accumulation of substitutions among fi-
echinoderm-chordate bronectins, globins, and cytochromes is striking. These
are the classic examples used to illustrate regular mo-
lecular clock—like behavior (Zuckerkandl 1997; Wilson
eubacteria-eukaryia et al. 1977, 1987; Kimura 1983). It is obvious that if the
divergence among pairs afglobin sequences are com-
archea- pared to that for pairs of cytochrome ¢ from the same
eubacteria genomes, then a straight line would result. The interest of
RNA viruses and retroviruses is their much enhanced
0 . . . . mutation and fixation rates.

0 1000 2000 3000 4000 It is possible to compare the evolution of viral and
host proteins in view of the £&old difference in muta-
tion and fixation rates? In a study of sequence variation
for 64 groups of enzymes over geological time scales
B 100 1 (Fig. 3A) different enzymes fixed substitutions at rates
that varied by little more than a factor of 2-3 (Doolittle
% amino | g et al. 1996; Feng et al. 1997). The parallel with viral
_ aCiC_1 HIV-1 vs SIVcpz proteins is striking: the range of relative rates was rarely
identity more than a factor of 2—3-fold (gradients in Table 1),

1 rhinovirus 3C which indicates that there is little qualitative difference
50 HIV-1vs HIV-2 in the way viral proteins fix substitutions. The compari-
son of sequence divergence among orthologous viral and
~—— _

rhinovirus 2A cellular pr.otelns suggests a means to compare the two.
] RNA viruses encode a number of proteases that are
orthologous to well-known serine, cysteine, or aspartic
acid proteases (Bakend Craik 1997). For example, all
0 10'00 20'00 30'00 40'00 retroviruses encode an aspartic protease whased:

ordinates overlap remarkably those of pepsin (Wlodawer
time (Myr) and Erickson 1993). Equally the picornaviruses and fla-

Fig. 3. A Mean percent sequence divergence for an ensemble of GAViViruseS encode proteases orthologous to serine and cys-
sets of proteins over geological time. The time of major divisions in teine proteases (Ryan and Flint 1997; Ryan et al. 1998).
evolution are noted. Adapted from (Doolittle et al. 1996; Feng et al. Among the 64 groups of enzymes analyzed was trypsin,
1997).B_ The percent sequenc_e div_ergence for pairs of viral proteaseg; gerine protease. Albeit absent from the original study,

are projected onto the geological time scale. . . .

it is a reasonable assumption that the fixation of replace-
ment substitutions for the chromosomal cysteine or as-

viral mutation frequencies of 1‘6 to 10_5 per base per partiC acid proteases falls within the range described.
cycle and a genome length Bl.0* bases. Of course, if Superimposing rhinovirus 2A or 3C proteases sequence
the effective population size was much lower than thedivergence onto this figure is tantamount to >700 million
census population, as some studies suggest (Leigyears of chromosomal protein evolution (Fig. 3B). Se-
Brown 1997), the requirements become more stringentquence variation within the HIV-1 aspartic protease
Numerous studies of protein mutagenesis have showalone is equivalent to >300 million years. Other ex-
that the fraction of viable mutants is surprisingly large amples reinforce these observations. In fact some 10
while only a handful of substitutions are sufficient to years ago it was noted that sequence variation among
confer enhanced thermal stability or even novel catalytiaetroviral aspartic acid proteases was comparable to bil-
activities (Klein et al. 1997; Olins et al. 1995; Rennell etlions of years of DNA-based chromosomal evolution
al. 1991; Martinez et al. 1996; Kucher and Arnold 1997; (Doolittle et al. 1989). Figure 3B extends this thesis.
Quameneur et al. 1998). The acquisition of drug resis-  Yet there exists a major difference. The enzyme se-
tance is the affair of a handful of residues, which isquences were taken from a highly diverse group of or-
readily achieved by an RNA virus or retrovirus. The ganisms, ranging from bacteria to plants and humans.
number is a trivial fraction of the total possible or even The viral counterparts illustrated occupy, so far as is
the total that can be surmised from known lineagesknown, a single niche. All HIV-1 genomes are isogenic.
(Maynard Smith 1970). The same is true for many other viruses listed in Table 1.
The present data indicate that viral proteins accumuBy contrast autonomous microbial, plant, and human ge-
late substitutions in a concerted manner. The major varinomes differ hugely in organization (e.g., number of

A 100 +

mammal/bird-reptile

% amino
acid
identity
plant-animal

time (Myr)
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chromosomes, gene inventories and families, synteny) foot-and-mouth disease virus behave as a molecular clock? J Mol

despite a 4—6-log handicap in terms of point mutation ~Evol 35:223-229 S _
rate Feng D-F, Cho G, Doolittle RF (1997) Determining divergence times

. . . . with a protein clock: update and reevaluation. Proc Natl Acad Sci
Why is the evolution of RNA viral genome organiza- ;s 94:13028-13033

tion so conservative with respect to that of their cellularfiich wMm, Bush RM, Bender CA, Cox NJ (1997) Long term trends in

hosts? This probably stems from the size limit inherentto  the evolution of H(3) HAL human influenza type A. Proc Natl Acad

RNA viral genomes. Due to the lack of proofreading the  Sci USA 94:7712-7718

range is genera”y 5-15 kb, with the coronaviruses pro_Gojobori T, Yokoyama S (1985) Rates of eV(_)Iution of the_ retroviral
I, .. oncogene of Moloney murine sarcoma virus and of its cellular

viding an upper _"mlt at arou_nd 30 kb. G.eneral!y 50~ homologues. Proc Natl Acad Sci USA 82:4198-4201

100% of a RNA viral genome is taken up with coding for Gojobori T, Moriyama EN, Kimura M (1990) Molecular clock of viral

structural proteins, enzymes, and proteins involved in evolution, and the neutral theory. Proc Natl Acad Sci USA 87:

gene regulation. There is little room for additional coding ~ 10015-10018

material or gene duplication with subsequent diversifi-Hacker J, Blum-Oehler G, Muhldorfer I, Tschape H (1997) Pathoge-

. . P . : : nicity islands of virulent bacteria: structure, function and impact on
cation. DNA viral replication involves proofreading ei microbial evolution. Mol Microbiol 23-1089—1097

ther by the host cell machinery or by viral encoded er"'Haydon D, Lea S, Fry L, Knowles N, Samuel AR, Stuart D, Woolhouse
zymes. DNA viruses genomes can be as small as the Mg (1998) Characterizing sequence variation in the VP1 capsid
[2-kb circuloviruses, extending up to the pox and herpes proteins of foot and mouth disease virus (serotype 0) with respect
viruses (70-240 kb), which have picked up host cell to virion structure. J Mol Evol 46:465-475 -
genes (Smith et al. 1997)_ One of the Iargest viral ge_Hayashlda_t H, Toh H, Klkung R, Miyata T (1985) Evolution of influ-

. . enza virus genes. Mol Biol Evol 2:289-303
nomes, that of bacterlophage C-B(70 kb)’ IS Iarger tha_n Henikoff S, Henikoff JG (1993) Performance evaluation of amino acid
that of the smallest cellular microbklycoplasma geni- substitution matrices. Proteins 17:49-61
talium (580 kb). Among many other things, the explo- Ho DD, Neumann AU, Perelson AS, Chen W, Leonard JM, Markowitz
sion in bacterial genomics is revealing large numbers of M (1995) Rapid turnover of plasma virions and CD4 lymphocytes
multigene families, insertion elements, phage remnants, in HIV-1 infection. Nature 373:123-126 _
and pathogenicity islands (Hacker et al. 1997). By r]otKlmura M (1983) The neutral theory of molecular evolution. Cam-

di freadi RNA Vi t bridge University Press, Cambridge
encoding prooireading enzymes, viruses canno exF(Iein BK, Feng Y, McWherter CA, Hood WF, Paik K, McKearn JP

plore large genome configurations allowing gene dupli-  (1997) The receptor binding site of human interleukin-3 defined by

cation, domain shuffling, and gene capture. mutagenesis and molecular modeling. J Biol Chem 272:22630—
In conclusion, it appears that RNA viruses change 22641
more than they adapt. Kucher O, Arnold FH (1997) Directed evolution of enzyme catalysts.

Trends Biotechnol 15:523-530
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