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hosts and other viruses, see references 7 and 61. The foregoing
examples attest to the dynamic character of herpesvirus ge-
nomes.

Molecular resource partitioning. The exclusion principle of
ecological community theory states that coexisting life forms
strive to establish independent niche breadth with respect to
resources and associated mechanisms (e.g., see text of Rough-
garden [73] on the Gause exclusion principle). It is proposed
that the otherwise similar a-HV, HSV1 and VZV, have
evolved divergent base compositions and patterns of codon
usage in part to avoid competition for host resources such as
nucleic acid precursors, aminoacyl-tRNAs, and other cellular
processes and machinery (74). The avoidance of competition
between the ancestral HSV1 and VZV viruses may also have
led to spatial and/or temporal isolation. In this connection, we
note that the replication of HSV1 has been observed to occur
in a few special cellular locations (69) and that the epithelial
sites of reactivation and the sites of latency of HSV1 and VZV
are distinct (21). The large distance (the largest distance
among all herpesviruses analyzed) between BHV1 and BHV4
may also be a phenomenon of molecular resource partitioning.
Paraphrasing ecological developments, there may be advan-
tages to divergent molecular niche associations for transcrip-
tional, translational, replication, and genomic segregation ob-
jectives together with restrictions on the number of competing
species that a molecular environment can sustain. An ancestral
herpesvirus may have undergone adaptive radiation in order to
occupy the diverse array of molecular niches presented by the
host organism.

What are possible mechanisms and events affecting the
course of the evolutionary development of herpesviruses?
During or following phylogenetic speciation from an ancestral
herpesvirus (which we propose to be like HHV6), various
selective and historical events evoked changes in life processes
and behavior that are also reflected in alterations of DNA and
some amino acid sequences. Such events could include hori-
zontal transfer among host species or cell types; altered
modalities (such as replication at different times in different
tissues, cell types, or compartments of cells) coupled to cellular
systems during both the latent and lytic cycles; gain or loss of
special genes and control elements; major genomic deletions,
transpositions, amplifications, or rearrangements; or novel
interactions with host macromolecules. From the perspective
of an invading herpesvirus, a human (or other host) cell must
appear as a rich and varied habitat, replete with niches
compatible with transcriptional, translational, and replica-
tional objectives of the virus. In this context, we note that the
human and all vertebrate genomes are quite heterogeneous,
with alternating compartments of high and low G+C content
(5, 49) and a gene collection with a multimodal codon distri-
bution (50), possibly reflecting gene subclasses which replicate
at different times and/or nuclear locations.

What do distances between genome sequences defined in
terms of dinucleotide relative abundances discriminate? The
distance measure between DNA sequences based on dinucle-
otide relative abundances (equation 1) rather than straight
dinucleotide frequencies (equation 2) seems to work very well
and to provide meaningful and revealing comparisons. It is not
entirely clear why this should be the case, but it should be
noted that many factors that influence DNA oligonucleotide
composition and structures have been identified; these include
dinucleotide thermodynamic stacking energies (11, 26), DNA
packaging, conservation, and variation of codon positions [(I,
II), (11, II) or (III, I)], methylation and other nucleotide
modifications of various kinds, including methylase of restric-
tion systems in prokaryotes, the standard methylase in verte-
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brates, and RIPping in N. crassa and Ascobolus spp. (75). All of
these factors could affect dinucleotide relative abundances in
different ways and give clues about phylogenetic relationships.
In addition, there is some evidence that dinucleotides may be
of vital importance in determining local DNA structure (15,
87).

Dinucleotide relative abundances effectively assess residuals
of dinucleotide frequencies from those expected from the
component mononucleotide frequencies. These deviations
may reflect on DNA duplex curvature, twist, roll, and hence
supercoiling and other higher-order DNA structural features.
DNA structures perhaps more than specific sequences may be
essential in modulating processes of replication and repair and
in characterizing the salient signature of sequences for these
purposes. Many enzymes, especially DNA repair enzymes,
recognize lesions or shapes in DNA secondary structures
rather than specific sequences. Nucleosome positioning, inter-
actions with DNA-binding proteins, and ribosomal binding of
mRNA appear to be strongly affected by dinucleotide arrange-
ments (15, 84, 87). Intimately involved in the generation of the
DNA helix are the second-order (15) effects centering on
propeller twist and base stacking which are considered driving
forces behind many of the relationships between base pairs
seen in DNA structure. These authors further emphasize
correlations between successive base pairs, especially between
roll and slide parameters and cases of bi-stable structures.
There are data suggesting that the dinucleotide relative abun-
dance distance reflects largely on commonalities and differ-
ences in DNA structures.

DNA has at least two functions: (i) to effect genome
replication and segregation and (ii) to encode appropriate
gene products. The first may be mostly DNA structure specific,
while the second certainly emphasizes sequence specificity.
The genome presumably requires flexibility and balance to
accomplish both. Evolution of a genome may be constricted by
the protein functions it encodes. There are indications that
chromosomal replication and segregation depend on DNA
stacking in a decondensed structure. In this context, DNA
produces loops, which have to be resolved. The replication
cycle is not well understood in eukaryote organisms, and the
controls may be more structure specific than sequence specific
(3). Along these lines, the p* relative abundance values appear
to discriminate more structure specificity.

Our discussion continues with interpretations of the protein
sequence comparisons.

Protein sequence scores within and between «o-, -, and
v-HV classes. For two of the proteins (gB and tegument), the
SAS scores among the a-HV class sequences tend to be about
30 to 100% higher than the within-y-HV class and within-
B-HV class SAS scores. However, for the larger essential
proteins, i.e., DNA polymerase and the major capsid protein,
the within-a-HV class and within y-HV class SAS scores have
similar magnitudes. The comparisons between a-, B-, and
v-HV sequences with respect to each of the proteins tend to
produce SAS scores 30 to 100% lower than the within-class
comparisons. The foregoing results support the coherence of
the a-, B-, and y-HV classes and the clear demarcation
between classes. The B-HV class (HCMYV and HHV6) appears
on the protein level to be the least conserved.

Reduced within-B-HYV class scores. For all protein types, the
within-B-HV class (HCMV versus HHV6) comparisons yield
SAS scores significantly lower than those for the within-o-HV
class comparisons. The within--HV class and within-y-HV
class SAS scores for the tegument protein are in accord. On the
basis of our dinucleotide relative abundance distances analysis,
we found that the a- and B-HV genomes are quite close;
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FIG. 3. Protein similarities depicted by tree topology.

especially, the HHV6 and EHVI1 genomes are significantly
closer than the a- versus y-HV genomes. This is in contrast to
the results of the four protein similarity evaluations which
mostly place the B- and y-HV sequences equally far from the
a-HV sequences. Corresponding conclusions are valid (data
not shown) for comparisons of the helicase subunit (homolog
of ULS of HSV1) for ribonucleotide reductase (large subunit),
for dUTPase, and for thymidine kinase, among others.

Genomic relationships and specific gene comparisons. The
DNA polymerase and major capsid proteins presumably
change more slowly (are more conserved) relative to gB and
the tegument protein, which could account for the almost
congruent SAS score of EBV versus HVS with HSV1 versus
VZV. Consistent with this interpretation is the observation
that the SAS score for the major capsid protein is greater
between y- and B-HV sequences than between - and a-HV
sequences.

The arrangement of genes flanking the DNA polymerase
gene discriminate the a-, - and y-HV classes, with the most
rearrangements observed in the y-HV sequences (82). How-
ever, we find the SAS score within the y-HV (EBV versus
HVS) to be of about the same magnitude as that among the
a-HV sequences (EHV1, HSV1, and VZV) but significantly
greater than the score within the B-HV (HHV6 versus
HCMV).

The major capsid gene of HSV1 and PRV1 is part of a
colinear set of four open reading frames (54). Klupp et al. find
that the degree of similarity of this gene is about the same
between PRV1 and VZV as between PRV1 and HSV1 (54). In
agreement, our evaluation (Table 8) indicates significant sim-
ilarity, but the strongest similarity of the major capsid protein
gene is observed between PRV1 and EHVI1, with an interme-
diate level of similarity for PRV1 with VZV and a further
reduced level of similarity for PRV1 with HSV1.

Chou and Marousek (20) observe that the gB protein
sequences of HHV6 and HCMV are more similar to each
other than to the gB sequences of other herpesviruses. Our
analysis of four essential proteins (see Results) suggests that
this comparison prevails for all conserved genes, connoting
that the within-B-HV group (HHV6 versus HCMV) gene
similarity is significantly greater than the average similarity
scores between B-HV and corresponding o- or y-HV se-
quences.

Some speculations and hypotheses. The diminished SAS
scores for the within-B-HYV class protein comparisons relative
to the within-a- or within-y-HV class scores and the pervasive
lower similarity scores between a-, 8-, and y-HV suggests that
HHV6 and HCMV separated earlier than did the other
herpesviruses. A pictorial representation of the protein simi-
larities is furnished by the tree topology shown in Fig. 3.

The higher similarity scores in protein sequence compari-
sons and the closer DNA distances among a-HV supports the
hypotheses that a-HV are of more recent ancestry. EHV1
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stands out as the most central a-HV, with stronger similarities
on both the DNA and protein levels to the other a-HV.

It is interesting to observe that for protein gB all the mutual
SAS scores among EHV1, PRV1, BHVI, and VZV exceed
2.75 (Table 8), and the SAS score of the pair HSV1 and BHV2
is 2.82, while all SAS scores between these two groups range
from 2.39 to 2.62, projecting a division of the a-HV genomes
into two subgroups (67a). The SAS score for the MDV
sequence with all other a-HV sequences is generally the
lowest.
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